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v

 Integral membrane proteins (IMPs) account for roughly 30 % of all open reading frames in 
fully sequenced genomes. These proteins are of main importance to living cells. They are 
involved in fundamental biological processes like ion, water, or solute transport, sensing 
changes in the cellular environment, signal transduction, and control of cell-cell contacts 
required to maintain cellular homeostasis and to ensure coordinated cellular activity in all 
organisms. IMP dysfunctions are responsible for numerous pathologies like cancer, cystic 
fi brosis, epilepsy, hyperinsulinism, heart failure, hypertension, and Alzheimer’s disease. 
However, studies on these and other disorders are hampered by a lack of information about 
the involved IMPs. Thus, knowing the structure of IMPs and understanding their molecular 
mechanism not only is of fundamental biological interest but also holds great potential for 
enhancing human health. This is of paramount importance in the pharmaceutical industry, 
which produces many drugs that bind to IMPs and recognizes the potential of many recently 
identifi ed G-protein-coupled receptors (GPCRs), ion channels, and transporters as targets 
for future drugs. Fifty percent of all drug targets are GPCRs, which belong to one of the 
largest and most diverse IMP families encoded by more than 800 genes in the human 
genome. However, whereas high-resolution structures are available for a myriad of soluble 
proteins, atomic structures have so far been obtained for only 600 IMPs, with about 300 
structures determined in the last 5 years (see: http://blanco.biomol.uci.edu/mpstruc/). 
Only about 10 % of the unique IMP structures are derived from vertebrates. The fi rst IMPs 
were crystallized due to their natural abundance, circumventing all the diffi culties associated 
with overexpression. However, the majority of medically and pharmaceutically relevant 
IMPs are present in cells at very low concentrations, making expression of recombinant 
IMPs in heterologous systems suitable for large-scale production a prerequisite for structural 
studies. In recent years, the panel of possibilities for the production of IMPs has became 
larger and larger, from  E. coli  to mammalian cells, passing by other bacteria such as  L. Lactis , 
protozoa such as  L. tarentolæ , yeast, insect cells, frog oocytes, and even acellular systems, in 
order to create the “right expression system” for each IMP. Indeed, physical-chemical prop-
erties of IMPs are very different, and, therefore, it is diffi cult to predict the best approach. 
In any case, each system has its pros and its cons, and the choice of the best system allowing 
the best levels of functional protein production is often empirical. Concurrently with the 
advances in recombinant IMP production, improvement of the stabilization strategies of 
IMPs in solution has contributed to the growing number of IMP structures solved. Indeed, 
purifi cation of IMPs requires the use of detergents to extract IMPs from the membrane and 
to maintain them in solution. Many IMPs are unstable in detergent solution, and fi nding 
suitable detergent and conditions that ensure protein homogeneity, functionality, stability, 
and crystallization is often a limiting and crucial step. Lots of tools and strategies in the fi eld 
of heterologous expression systems and stabilization of IMPs for structural analyses are still 
under development. This volume encompasses chapters from leading experts in the area of 
membrane proteins who outline step-by-step protocols developed these last few years to 
improve recombinant IMPs’s functional production and stabilization.  

  Valbonne, France     Isabelle     Mus-Veteau     
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    Chapter 1   

 Cell-Free Production of Membrane Proteins in  Escherichia 
coli  Lysates for Functional and Structural Studies                     

     Ralf-Bernhardt     Rues    ,     Erik     Henrich    ,     Coilin     Boland    ,     Martin     Caffrey    , 
and     Frank     Bernhard      

  Abstract 

   The complexity of membrane protein synthesis is largely reduced in cell-free systems and it results into 
high success rates of target expression. Protocols for the preparation of bacterial lysates have been 
optimized in order to ensure reliable effi ciencies in membrane protein production that are even suffi cient 
for structural applications. The open accessibility of the semisynthetic cell-free expression reactions allows 
to adjust membrane protein solubilization conditions according to the optimal folding requirements of 
individual targets. Two basic strategies will be exemplifi ed. The post-translational solubilization of mem-
brane proteins in detergent micelles is most straightforward for crystallization approaches. The co-transla-
tional integration of membrane proteins into preformed nanodiscs will enable their functional 
characterization in a variety of natural lipid environments.  

  Key words     G-protein-coupled receptors  ,   Nanodiscs  ,   Synthetic biology  ,   Membranes  ,   Membrane pro-
tein crystallization  ,   Lipid screening  

1      Introduction 

 Cell-free (CF) expression in lysates of certain  Escherichia coli  strains 
has become a standard tool for the preparative-scale production of 
a wide variety of membrane proteins [ 1 ]. In particular advanta-
geous is the adaption and fi ne-tuning of the expression environ-
ment by supplied compounds according to the requirements of 
individual membrane proteins and their intended applications [ 2 ] .  
CF expression can be considered as a core technology in the emerg-
ing fi eld of synthetic biology as it combines natural biosynthetic 
pathways with artifi cial folding environments. The continuously 
growing number of CF expression conditions for membrane pro-
tein production can generally be classifi ed into three basic modes 
[ 3 ]. In the precipitate forming P-CF mode, the synthesized mem-
brane proteins precipitate after translation due to the lack of any 
supplied hydrophobic environment. The proteins need then to be 

Isabelle Mus-Veteau (ed.), Heterologous Expression of Membrane Proteins: Methods and Protocols, Methods in Molecular Biology, 
vol. 1432, DOI 10.1007/978-1-4939-3637-3_1, © Springer Science+Business Media New York 2016
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solubilized post-translationally (Fig.  1 ). In the detergent-based 
D-CF or membrane-based L-CF modes, the membrane proteins 
will be co-translationally solubilized by supplied detergents or 
membranes, respectively. The selected expression modes can have 
strong impact on effi ciencies, costs, and fi nal sample quality and 
should be carefully and extensively screened before preparative- 
scale production is approached.

   The structural as well as the functional characterization of 
membrane proteins synthesized in all three CF modes has already 
been accomplished [ 3 ]. The development of customized reaction 
protocols and screening of additives are mostly indispensable for 
obtaining suitable and effi cient CF production protocols. However, 
based on the currently accumulated knowledge, some preliminary 
guidelines start to appear that could help to focus on the screening 
of the most promising reaction compounds and expression condi-
tions. In this chapter, we present most recent optimizations in pro-
tocol  and   reaction design that streamline membrane protein 
expression projects and reduce costs as well as workload. We fur-
ther highlight new technical details that could be valuable upon 
establishing CF expression technologies. 

  Fig. 1    CF expression modes exemplifi ed in the protocols. DgkA is synthesized in the P-CF mode as initial pre-
cipitate and post-translationally solubilized in detergent for its subsequent crystallization. The ETB receptor is 
synthesized in the L-CF mode and co-translationally inserted into supplied NDs       

 

Ralf-Bernhardt Rues et al.
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 CF expression in  E. coli  lysates is excellent for prokaryotic as 
well as for eukaryotic membrane proteins. We describe applica-
tions of CF-synthesized membrane protein samples from two 
core expression modes in the most effi cient continuous-exchange 
cell- free (CECF) confi guration [ 4 ]. The P-CF production of the 
membrane- integrated enzyme DgkA results into suffi cient qual-
ity for its subsequent high-diffraction crystallization [ 5 ]. The 
L-CF production of G-protein-coupled receptors (GPCRs) in 
the  presence   of supplied nanodiscs (NDs) allows their  subse-
quent   characterization of ligand-binding properties [ 6 ]. This 
production strategy is in particular suitable for critical membrane 
proteins that are sensitive against contact with detergents. Both 
described protocols might serve as guidelines for similar work 
with related proteins.  

2    Materials 

 All stock solutions should be prepared with ultrapure water and 
stored at −20 °C if not otherwise stated. 

       1.    Fermenter for bacterial cultures, e.g., 5–10 L volume.   
   2.    French Press.   
   3.    Photometer.   
   4.    Standard centrifuges and set of rotors.   
   5.    Thermo shaker for incubation.   
   6.    Chromatographic system (e.g., Äkta purifi er, GE Healthcare).   
   7.     Q-Sepharose column   (GE Healthcare).   
   8.    Immobilized Metal Affi nity Chromatography (IMAC) mate-

rial  or   column (Cube Biotech).   
   9.    Sonicator.   
   10.    Centriprep fi lter devices, 10 kDa  MWCO   (Millipore).   

   11.    Mini-extruder (Avanti Polar Lipids).      

       1.      E. coli  strains  A19  , BL21,    or C43.   
   2.    2× TPG medium: 10 g/L yeast extract,    16 g/L tryptone, 5 

g/L NaCl, 100 mM glucose, 22 mM KH 2 PO 4 , 40 mM 
K 2 HPO 4.    

   3.    Antifoam (Sigma).   
   4.    40× LY-A/B buffer: 400 mM Tris-acetate pH 8.2, 560 mM 

Mg(OAc) 2 , 2.4 M KCl.   
   5.    1× LY-A buffer (washing buffer) diluted from the 40× LY-A/B 

stock, supplemented with 6 mM ß-mercaptoethanol.   

2.1  General 
Materials

2.2   E. coli  Lysate 
Preparation
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   6.    1× LY-B buffer (lysis buffer) diluted from the 40× LY-A/B 
stock,    supplemented with 1 mM DTT and 1 mM phenylmeth-
anesulfonylfl uoride (PMSF).   

   7.    40× LY-C buffer: 400 mM Tris-acetate pH 8.2, 560 mM 
Mg(OAc) 2 , 2.4 M KOAc.   

   8.    1× LY-C + DTT buffer (dialysis buffer): Diluted from the 40× 
LY-C stock, supplemented with 0.5 mM DTT.   

   9.    5 M NaCl.      

       1.     E. coli  BL21 (DE3)    Star × pAR1219 [ 7 ].   
   2.    LB medium: 10 g/L peptone,    5 g/L yeast extract, 5 g/L 

NaCl.   
   3.    1 M isopropyl-β-D-1-thiogalactopyranoside (IPTG).   
   4.    30 % (w/v)  streptomycin   sulfate in H 2 O.   
   5.    Buffer-T7RNAP-A (equilibration buffer): 30 mM Tris–HCl 

pH 8.0, 50 mM NaCl, 1 mM EDTA, 10 mM ß- mercaptoethanol, 
5 % glycerol.   

   6.    Buffer-T7RNAP-B (dialysis buffer): 10 mM K 2 HPO 4 /
KH 2 PO 4  pH 8.0, 10 mM NaCl, 0.5 mM EDTA, 1 mM DTT, 
5 % glycerol.   

   7.    Resuspension buffer: 30 mM Tris–HCl, pH 8.0, 10 mM 
EDTA, 50 mM NaCl, 5 % glycerol, and 10 mM 
β-mercaptoethanol .      

       1.    Specifi c primers designed for the target DNA.   
   2.    Vent polymerase (New England Biolabs).   
   3.    PCR purifi cation kit (Qiagen).   
   4.    Restriction enzymes and ligase for template preparation.   
   5.    Plasmid DNA purifi cation kit (Machery-Nagel/Qiagen).   
   6.    Agarose (Rotigarose, Roth).      

       1.     MD100 dialysis cartridges as reaction mix containers 
(Scienova).   

   2.    96-Deep-well microplates as  feeding   mix containers (Ritter 
riplate PP, 2 mL).   

   3.    Dialysis tubes, 12–14 kDa MWCO (Spectrum).   
   4.    Slide-A-Lyzer devices, 10 kDa MWCO (Thermo Scientifi c).   
   5.    Optional: High-yield  E. coli  lysates including T7RNAP (Cube 

Biotech) as controls.   
   6.    Stock solutions required for CECF reactions are listed in Table  1  .

2.3  T7-RNA 
Polymerase 
Preparation

2.4  DNA Template 
Preparation

2.5  CECF Expression 
Reactions
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         Table 1  
  Reagent example for CECF expression  reaction   with 1 mL RM and 14 mL FM   

 Compound  Stock conc.  Final conc.  Mix  μL 

 Preparation of master mix:  μL/16.5 mL a  

 Mix of 20 amino acids  25 mM b   1 mM  RM + FM  660 (44/616) 

 Acetyl phosphate (Li + , K + ), pH 7.0 c   1 M  20 mM  RM + FM  330 (22/308) 

 Phospho(enol)pyruvic acid (K + ), pH 7.0 c   1 M  20 mM  RM + FM  330 (22/308) 

 75 × NTP mix, pH 7.0 c   90 mM ATP  1.2 mM 

 60 mM G/C/
UTP 

 0.8 mM  RM + FM  221 (15/206) 

 HEPES/KOH, pH 8.0 c   2.4 M  100 mM  RM + FM  688 (46/642) 

 50 × Salt mix  50x  1x  RM + FM  330 (22/308) 

 DTT  500 mM  2 mM  RM + FM  66 (4/62) 

  Preparation of 1 mL RM:    μL/1 mL  

 MilliQ water  fi nal 1 mL d  

 Master-mix  154 

  E. coli  lysate + T7RNAP  1×  0.33–0.4×  RM  330–400 

 DNA template  0.2–0.5 μg/μL  2–20 ng/μL  RM  4–100 

 t-RNA  (E. coli)   40 mg/mL  0.5 mg/mL  RM  12.5 

 Pyruvate kinase  10 mg/mL  0.04 mg/
mL 

 RM  4 

 RiboLock  40 U/μL  0.3 U/μL  RM  7.5 

  Preparation of 14 mL FM:    mL/14 mL  

 MilliQ water  fi nal 

 14 mL d  

 Master mix  2.15 

 LY-C buffer e   4.62–5.60 

  Optional compounds    f   

  Nanodiscs    0.5–1.2 mM  30–100 μM  RM  Variable g  

 DTT h   500 mM  2–10 mM  RM + FM  Variable g  

 Complete cocktail (Roche) i   50×  1×  RM + FM  20 + 280 

 PEG 8,000  40 %  2 %  RM + FM  50 + 700 

 Glutathione reduced/oxidized  200 mM each  0.2–5 mM  RM + FM  Variable g  

 Mix of 20 amino acids j   25 mM b   +1–2 mM  FM  Variable g  

(continued)
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Table 1
(continued)

 Compound  Stock conc.  Final conc.  Mix  μL 

  Preparation of 50  ×  salt mix    k     Stock conc.    g/20 mL  

 Folinic acid (Ca 2+ )  5 mg/mL  0.1 

 Mg(OAc) 2  × 4 H 2 O l   355 mM  1.523 

 KOAc  6.5 M  12.759 

   a A 10 % excess volume is added in order to compensate for the loss of volume effect upon mixing of the individual com-
pounds in the master mix (i.e., 1.1 mL RM + 15.4 mL FM). Nevertheless, the calculation is for a fi nal volume of 1 mL 
RM and 14 mL FM. Volumes are rounded. Given are the total volumes with the individual volumes for RM and FM in 
parenthesis. 
  b Stock stays turbid, mix thoroughly before pipetting. 
  c Adjusted with KOH. 
  d Fill up to a fi nal volume of 1 mL (RM) or 14 mL (FM). 
  e LY-C buffer is added in order to compensate for the Mg 2+  and K +  ions brought into the RM by the  E. coli  lysate (=4.9 
mM Mg 2+  with 0.35×). The volume of LY-C buffer in the FM corresponds therefore with the lysate volume in the RM. 
  f If optional compounds are added, the MilliQ water volumes of the RM and/or FM have to be adjusted accordingly. 
  g Volume depends on concentration of stocks and/or on desired fi nal concentration. 
  h Concentration of DTT might be increased for improving target protein quality. 
  i Dissolve one tablet in 1 mL MilliQ water. 
  j An additional supply of amino acids in the FM can improve expression effi ciencies. 
  k Dissolve in water at 40 °C. 
  l Final Mg 2+  concentration will be 12 mM in the reaction (7.1 mM from salt mix and 4.9 mM from lysate/LY-buffer).  

          NDs  are   prepared by using  the   membrane  scaffold   protein deriva-
tive MSP1E3D1 and DMPC, DMPG, DOPC, or  DOPG    lipid   in 
appropriate molar ratios.

    1.    pET-28-MSP1E3D1 vector [ 8 ].   
   2.    BL21(DE3)  Star   cells.   
   3.    LB-medium: 10 g/L peptone, 5 g/L yeast extract, 5 g/L 

NaCl.   
   4.    10 % (w/v) glucose stock solution.   
   5.    1 M IPTG stock solution.   
   6.    Complete EDTA- free   protease inhibitor (Roche).   
   7.    10 % (v/v)  Triton X-100 stock   solution.   
   8.    MSP-A buffer:    40 mM Tris/HCl, pH 8.0, 300 mM NaCl, 1 % 

(v/v) Triton X-100.   
   9.    MSP-B buffer: 40 mM Tris/HCl, pH 8.9, 300 mM NaCl, 50 

mM cholic acid.   
   10.    MSP-C buffer: 40 mM Tris/HCl, pH 8.0, 300 mM NaCl.   
   11.    MSP-D buffer: 40 mM Tris/HCl, pH 8.0, 300 mM NaCl, 50 

mM imidazole.   

2.6  MSP1E3D1 
Preparation and ND 
Formation
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   12.    MSP-E buffer: 40 mM Tris/HCl, pH 8.0, 300 mM NaCl, 
300 mM imidazole.   

   13.    MSP-F (dialysis) buffer: 40 mM Tris/HCl, pH 8.0, 300 mM 
NaCl, 10 % (v/v) glycerol.   

   14.    Lipid-cholate  stock   solutions: 50 mM Lipid, 100 mM  sodium 
  cholate.   

   15.    10 % DPC stock solution (for complete solubilization ultra-
sonic  water   bath is required).   

   16.    ND-A buffer: 10 mM Tris/HCl, pH 8.0, 100 mM NaCl.   
   17.    Bio-beads (Bio-Rad).   

   18.    Ni-NTA resin (Cube Biotech).    

         1.    Empigen BB dissolved.   
   2.    DgkA-buffer-1: 1 mM TCEP, 300 mM NaCl, and 20 mM 

HEPES, pH 7.5.   
   3.    DgkA-buffer-2: 1 mM TCEP, 150 mM NaCl, and 20 mM 

HEPES, pH 7.5.   
   4.    DgkA-buffer-3: 1 mM TCEP, 150 mM NaCl, and 10 mM 

HEPES, pH 7.5.   
   5.    DgkA-buffer-4: 1 mM TCEP, 100 mM NaCl, and 10 mM 

Tris/HCl, pH 7.4.       

3    Methods 

    Depending on the nature or intended application of the synthe-
sized protein, a particular  E. coli  strain may be selected for lysate 
 preparation   ( see   Note    1  ).  Some   preferred  E. coli  strains are A19, 
BL21, or C43 and the resulting effi ciencies of the corresponding 
lysates in CF membrane protein production are comparable.    Strain 
A19 is low in endogenous RNase and  BL21   derivatives generally 
contain different endogenous pools  of   proteases if compared with 
 E. coli  K strains such as A19.    The strains C43 and C41 are well 
known as standard for the cellular production of membrane pro-
teins and copy numbers of benefi cial proteins may be increased. In 
the suggested 2x TPG medium, the fi nal yield of lysate will be in 
between 4 and 7 mL per 1 L of fermenter broth. The processing of 
the crude cell lysate depends on the intended application of the 
CF-synthesized proteins and several options will be discussed. The 
following protocol exemplifi es lysate preparation out of a culture 
volume of 10 L:

    1.    For the pre-culture, inoculate 120 mL 2× TPG medium with 
freshly grown overnight cultures of the selected  E. coli  strain 
and shake overnight at 37 °C ( see   Note    2  ).   

2.7  P-CF Production 
of DgkA

3.1   E. coli  Lysate 
Preparation
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   2.    Inoculate a fermenter with 2× TPG medium with the pre- 
culture in a ratio of 1:100 and incubate at 37 °C with vigorous 
stirring (500–700 rpm) and aeration until mid-log phase 
(OD 600  approximately 3.5–4.5,  see   Note    3  ).   

   3.    Cool down the fermenter broth from 37 °C to approximately 
20 °C within 20–40 min.   

   4.    Harvest the cells by centrifugation at 6800 ×  g  for 15 min.   
   5.    Suspend and wash the pellet with 300 mL LY-A buffer, and 

centrifuge at 8000 ×  g  for 10 min.   
   6.    Repeat this step two more times.   
   7.    Weigh the pellet and suspend it in 110 % (w/v) LY-B buffer.   
   8.    Disrupt cells with French Press or a similar device; the solution 

should become grayish and viscous. Centrifuge the solution at 
30,000 ×  g  for 30 min.   

   9.    Transfer supernatant into a fresh tube ( see   Note    4  ). Centrifuge 
the supernatant one more time at 30,000 ×  g  for 30 min.   

   10.    Transfer supernatant to a fresh tube and adjust to a fi nal con-
centration of 400 mM NaCl with a 5 M NaCl stock solution. 
Incubate at 42 °C in a water bath for 45 min ( see   Note    5  ).   

   11.    Dialyze the turbid solution overnight against approx. 100 
times volume of LY-C+ DTT buffer using a 12–14 kDa cutoff 
membrane. Apply two changes of LY-C + DTT buffer.   

   12.    Fill the turbid solution into a centrifuge tube and centrifuge at 
30,000 ×  g  for 30 min.   

   13.    Transfer supernatant into a fresh tube and repeat centrifuga-
tion once (= S30 lysate). 
  Option : Lysates can be centrifuged for an additional 1 h at 
60,000 ×  g  (= S60 lysate) in an ultracentrifuge in order to 
reduce residual background of endogenous porins such as 
OmpF ( see   Note    6  ). Centrifugation at higher g-forces could 
be applied in order to further reduce backgrounds [ 9 ] but 
protein expression effi ciencies of the lysate might be reduced 
as well.   

   14.    Remove supernatant and mix shortly. The fi nal total protein 
concentration of the lysate should be in between 20 and 50 
mg/mL.   

   15.    Adjust the lysate with appropriate concentration of T7RNAP 
( see  Subheading  3.2 ). The optimal concentration should be 
determined with a pilot screen after T7RNAP purifi cation ( see  
 Note    7  ).   

   16.    Aliquot into suitable volumes ( see   Note    8  ). Shock-freeze in 
liquid nitrogen and store at −80 °C. Frozen extract is stable 
for many months. Aliquots can be thawed on ice and left on 
ice for few hours during setup of reactions.   

Ralf-Bernhardt Rues et al.
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   17.    Check effi ciency of each new lysate  batch   with the expression 
of GFP or any other suitable protein standard and determine 
the basic Mg 2+  ion optimum. The Mg 2+  ion optimum is usually 
within the range of 12–24 mM .    

      T7RNAP is produced from the  E. coli  strain BL21 (DE3) Star × 
pAR1219  by   conventional cultivation in Erlenmeyer fl asks with LB 
medium:

    1.    Inoculate 1 L LB medium 1:100 with  a   fresh pre-culture of 
BL21 (DE3) Star × pAR1219.   

   2.    Incubate the culture at 37 °C on a shaker until 
OD 600  = 0.6–0.8.   

   3.    Induce  T7RNAP   expression with 1 mM IPTG.   
   4.    Incubate for further 3–5 h at 37 °C.   
   5.    Harvest the cells by centrifugation at 6800 ×  g  for 15 min at 4 

°C.   
   6.    Resuspend the pellet in 30 mL resuspension buffer.   
   7.    Disrupt the cells with French Press, centrifuge at 20,000 ×  g  

for 30 min, and transfer supernatant into a fresh tube.   
   8.    Precipitate nucleic acids in the supernatant with a fi nal con-

centration of 3 % streptomycin sulfate. Add dropwise the 
required amount of stock solution, mix, and incubate for 
5 min on ice.   

   9.    Centrifuge the turbid solution at 20,000 ×  g  for 30 min.   
   10.    Load the supernatant on a 40 mL Q-Sepharose column equili-

brated  with   2 column volumes (CV) equilibration buffer.   
   11.    Wash the column with equilibration buffer at a fl ow rate of 4 

mL/min until A 280  of the elution is stable.   
   12.    Elute bound proteins with a gradient from 50 to 500 mM 

NaCl at a fl ow rate of approximately 3 mL/min.   
   13.    Check for a prominent band  at   approximately 90 kDa by SDS- 

PAGE analysis and Coomassie Blue staining and pool the frac-
tions with highest T7RNAP content.   

   14.    Dialyze pooled fractions against dialysis buffer.   
   15.    Concentrate T7RNAP to 4–8 mg/mL by ultrafi ltration ( see  

 Note    9  ).   
   16.    Adjust T7RNAP solution to fi nal concentration of 50 % glyc-

erol and store at −80 °C. Stored aliquots are stable for many 
months. Working aliquots could be stored at −20 °C.    

       In general, two different transcription systems can routinely be 
employed for CF expression. Most effi cient is expression under 
control of T7 regulatory elements and with supplied T7RNAP. DNA 

3.2  T7RNAP 
Preparation

3.3  DNA Template 
Design and 
Preparation
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templates for CF expression can be prepared either by amplifi ca-
tion of linear transcriptional units by polymerase chain reactions 
(PCR), or by cloning the gene of interest into suitable vectors such 
as plasmids from the pET (Merck Biosciences) or pIVEX (Roche 
Diagnostic) series.    An alternative option is to use the endogenous 
bacterial RNA polymerase already present in the lysate in combina-
tion with corresponding regulatory regions such as the  tac  pro-
moter. The T7RNAP and the  E. coli  RNA polymerase have different 
characteristics in view of processivity and initiation of transcription 
events. It could therefore be helpful to evaluate both transcription 
systems in particular for the production of very large transcripts. 
High-quality and -purity standards of the DNA template are essen-
tial for CF expression. Final concentrations of DNA template 
within CF reactions are in between 0.1 and approx. 20 ng/μL of 
reaction mixture. 

 Plasmid templates should be prepared with commercial stan-
dard kits such as “Midi” or “Maxi” DNA purifi cation kits or PCR 
purifi cation kits (Qiagen, Macherey Nagel) according to the man-
ufacturers’ instructions. The fi nally purifi ed DNA should best be 
dissolved in pure MilliQ water or in low-molarity buffers without 
EDTA. The fi nal concentrations of template stocks should be in 
between 0.2 and 0.5 mg/mL. 

 Templates may be engineered with several modifi cations in 
order to improve expression, purifi cation, or monitoring. (i) Small 
N-terminal expression tags comprising up to six codons could be 
valuable in order to reduce secondary structure formation of the 
mRNA and to facilitate interactions of the mRNA ribosomal bind-
ing site with the ribosomal subunits. We recommend the H-tag 
sequence (AAA CCA TAC GAT GGT CCA) immediately placed 
behind the ATG start codon as a fi rst choice [ 10 ]. (ii) C-terminal 
standard purifi cation tags such as a poly(His) 10 -tag or the StrepII- 
tag will streamline the purifi cation of the synthesized membrane 
protein out of the reaction mixture. In order to improve accessibil-
ity of the purifi cation tag and thus the recovery of the protein from 
affi nity purifi cation, a small linker of 4–10 amino acids should be 
placed in between target protein and purifi cation tag. (iii) 
Derivatives of green fl uorescent protein (GFP) such as superfolder 
 GFP   could be attached to the C-terminus of the target protein. 
   GFP-tags will help to monitor and to quantify solubilization effi -
ciencies of membrane proteins CF synthesized in the presence of 
supplied  hydrophobic   additives directly in the RM. Monitor tags 
could signifi cantly accelerate the screening of compounds such as 
different sets of NDs as well as the determination of specifi c activi-
ties of the resulting membrane protein samples.  

    With  E. coli  lysates and T7RNAP transcription,  routine   GFP 
expression yields of 4–5 mg/mL  of   RM can be obtained ( see   Note  
  10  ). The RM volume is separated from a 14 to 20 times larger 

3.4  Basic CECF 
Expression Reactions
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feeding mix (FM) volume via a semipermeable membrane with a 
molecular weight cutoff (MWCO) of 12–14 kDa. The FM supplies 
a reservoir of small-molecule precursors and additionally acts as a 
dilution reservoir for inhibitory by-products formed during the 
expression reaction in the RM. The choice of reaction containers is 
important in order to ensure effi cient reagent exchange in between 
the two compartments. We recommend commercial dialysis car-
tridges (Xpress Micro Dialyzer MD100, 12–14 kDa MWCO, 
Scienova) as convenient reaction containers for analytical or semi- 
preparative- scale CECF reactions. The cartridges hold the RM vol-
ume and are placed into cavities of 96-deep-well plates (Ritter) 
holding appropriate volumes of FM (Fig.  2 ). Analytical scale CECF 
expressions necessary for protocol optimization or compound 
screening are best performed in RM volumes of 25–100 μL ( see  
 Note    11  ).

   CF expression protocols established in analytical scale reac-
tions can be scaled up to many mL RM volumes without any loss 
of effi ciencies as long as suffi cient exchange surface in between RM 
and FM is provided. For preparative-scale CECF reactions with 
higher RM volumes, commercial Slide-A-Lyzer devices with an 
MWCO of 10 kDa (Thermo Scientifi c) are suitable. Slide-A-Lyzers 
are available in sizes for 0.5–3 mL or 3–12 mL RM volumes. The 

  Fig. 2    MD100 MicroDialyzer cartridges for CECF expression reactions. The RM is 
fi lled into the round opening of the cartridge and  the   FM is fi lled into the cavities 
of 96-deep-well plates       
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Slide-A-Lyzers are placed into suitable containers holding appro-
priate volumes of FM such as plastic or glass trays or custom-made 
Plexiglas containers [ 11 ]. Alternatively, commercial  d -tube dialyz-
ers (Novagen) with screw cups or standard dialysis tubes closed 
with knots or clips can be used as RM container ( see   Note    12  ). 
Suitable 15–50 mL plastic tubes (Falcon) could serve as FM 
container.

    1.    Calculate the desired total RM and FM volumes. Depending 
on the selected reaction containers, the total FM volume is 
approximately 14–20 times the volume of the RM.   

   2.    Calculate total volumes of the individual compound stocks ( see  
Table  1 ). For the preparation of master mixes, the calculation 
of a 10 % excess volume of the individual compounds is recom-
mended in order to compensate for the loss of volume effect 
upon mixing of the individual reagent volumes.   

   3.    Prepare the common master mix for RM and FM ( see  Table  1 ).   
   4.    Option: Additional low-molecular-weight compounds such as 

DTT may now be added to the master mix if desired.   
   5.    Mix the master mix thoroughly and remove appropriate vol-

ume for the preparation of the FM.   
   6.    Add appropriate volume of LY-C buffer to the FM ( see  Note  13 ).   
   7.    Fill up with MilliQ water to the fi nal FM volume.   
   8.    Remove appropriate volume from the master mix for the prep-

aration of the RM.   
   9.    Complete RM with the high-molecular-weight compounds 

( see  Table 1).   
   10.    Option: Additional high-molecular-weight compounds such 

as ND may now be added to the RM.   
   11.    Fill up with MilliQ water to the fi nal RM volume.   
   12.    Transfer FM into a suitable container (e.g., cavities of 96-deep- 

well plates).   
   13.    Transfer RM into a suitable container (e.g., dialysis cartridges).   
   14.    Combine the RM and FM containers (e.g., place fi lled dialysis 

cartridge into the corresponding cavity of a 96-deep-well 
plate).   

   15.    Incubate reaction for 6–9 h or overnight at 25–30 °C ( see  
 Note   14 ). The reaction should be slightly agitated while incu-
bating in order to promote reagent exchange through the 
membrane.   

   16.    After incubation, mix the RM thoroughly in order to suspend 
potentially formed precipitates. Then remove the RM from the 
container with a pipette and analyze protein expression .    
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     Problems are caused either by low performance of the expression 
system or by bad sample quality. The complexity of protein expres-
sion is largely reduced in CF reactions as issues with membrane 
translocation, proteolytic degradation, or toxicity are less relevant. 
Optimization of system performance is therefore usually fast and 
initial problems with insuffi cient expression effi ciencies can be 
addressed by systematic and standardized screening procedures as 
listed below. In contrast, sample quality optimization is a very indi-
vidual process that depends on characteristic properties of the tar-
get proteins and on the availability of quality assays. However, the 
open nature of CF reactions offers a unique versatility in order to 
optimize membrane protein sample quality by testing different 
expression modes and by screening individually designed hydro-
phobic environments [ 2 ]. 

 The performance of CF membrane protein production is best 
optimized in the P-CF expression mode. Turbidity of the RM and 
precipitate formation will already serve as preliminary indicator for 
expression success. Analytical scale screening reactions should 
always be performed in duplicate. In addition, control reactions 
with expression of GFP should be  included   in order to rule out 
technical problems.

    1.    Quality and purity of the DNA template are important and 
should be checked by spectroscopy or agarose gel electropho-
reses. Templates should be purifi ed by standard affi nity chro-
matography ( see  Subheading  3.3 ).   

   2.    The concentration of Mg 2+  ions is crucial for effi cient expres-
sion and must be screened for each new template or even new 
reagent stock. Screening should be performed within the range 
of 10–24 mM and appropriate amounts of additional Mg(OAc) 2  
must be added into the FM and RM.   

   3.    Ineffi cient initiation of translation is a frequent problem and 
can be addressed by addition of small expression tags to the 
5-prime end of the coding region ( see  Subheading  3.3 ). 
Alternatively, the natural nucleotide sequence within the fi rst 
six to ten codons could be AT enriched by silent mutagenesis 
in order to suppress secondary structure formation.   

   4.    Codon usage in particular of larger reading frames of eukary-
otic origin might be adjusted to the  E. coli  preferences. In 
addition, an overall high GC content of the coding region 
should be avoided.    

      NDs are assembled in vitro out of purifi ed membrane scaffold pro-
teins (MSP) and detergent-solubilized  lipids. Thereby   the use of 
defi ned MSP-to-lipid ratios is crucial for optimal ND assembly per-
formance.    Several engineered MSP derivatives can be used and 
they direct the fi nal diameter of the NDs ranging from some 5 nm 
to approximately 15 nm [ 8 ]. We exemplify production and 

3.5  Troubleshooting 
and CF Expression 
Optimization

3.6  Preparation 
of NDs
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assembly with the MSP derivative MSP1E3D1 resulting into NDs 
with a diameter of approximately 12 nm. As controls, preassem-
bled NDs with a variety of MSP derivatives and lipid combination 
and  suitable   for L-CF expression approaches can be obtained from 
commercial sources (Cube Biotech).

    1.    For MSP1E3D1 production, 4 × 600 mL LB supplemented 
with a fi nal concentration of 0.5 % (w/v) glucose and 30 μg/
mL kanamycin in 2 L buffl ed Erlenmeyer fl asks are  inoculated 
  1:12 with a fresh overnight culture of strain BL21 (DE3) Star 
× pET-28-MSP1E3D1.   

   2.    Incubate at 37 °C and at 180–220 rpm until OD 600  = 1.0 is 
reached.   

   3.    Induce  MSP1E3D1   expression with 1 mM fi nal IPTG 
concentration.   

   4.    Continue incubation for 1 h at 37 °C.   
   5.    Reduce temperature to 28 °C and continue incubation for fur-

ther 4 h.   
   6.    Harvest cells by centrifugation at 6000 ×  g  for 10 min at 4 °C 

and discard supernatants.   
   7.    Combine the pellets and wash once with MSP-C buffer; store 

at −20 °C or continue with preparation.   
   8.    Suspend the pellets in 50 mL MSP-C buffer supplemented 

with one tablet of complete protease inhibitor (Roche).   
   9.    Adjust to a  fi nal   concentration of 1 % (v/v) Triton X-100.   
   10.    Disrupt cells by ultra-sonication (3 × 60 s and 3 × 45 s), with a 

rest period of at least 60 s on ice between each cycle. Gently 
mix after each sonication cycle.   

   11.    Centrifuge the suspension for 20 min at 30.000 ×  g  at 4 °C and 
fi lter supernatant through a 0.45 μm fi lter.   

   12.    Equilibrate a Ni 2+ -immobilized IMAC column (10 mL bed 
volume) with 5 CV MSP-A buffer and load fi ltered  superna-
tant   on the column. Flow rate should be 1–2 mL/min.   

   13.    Wash the column with each 5 CV MSP-A, -B, -C, and -D buf-
fer and with a fl ow rate of 2 mL/min.   

   14.    Elute protein in 1 mL fractions with MSP-E buffer and pool 
MSP1E3D1 containing fractions. Adjust to 10 % (v/v) 
glycerol.   

   15.    Dialyze for 3 h at 4 °C against 5 L MSP-F buffer, change to 
fresh 5 L MSP-F buffer, and continue dialysis overnight.   

   16.    Remove precipitated protein by centrifugation at 18,000 ×  g  
for 30 min at 4 °C. The protein concentration in the superna-
tant should be in between 80 and 100 μM. Aliquot the super-
natant, shock-freeze in liquid nitrogen, and store frozen at 
−80 °C.   

Ralf-Bernhardt Rues et al.
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   17.    For ND assembly, mix  purifi ed   MSP1E3D1, selected lipid- 
cholate stock, DPC, and ND-A buffer in a tube. The fi nal 
concentration of DPC is 0.1 % (w/v), and the MSP1E3D1:   lipid 
ratio is variable, e.g., 1:115 (DMPC), 1:110 ( DMPG), 1:80 
  (DOPC), and 1:90 (DOPG).   

   18.    Incubate the mixture  at   room temperature for 1 h.   
   19.    Add 0.5 g Bio- beads   (equilibrated with ND-A buffer) per mL 

solution and incubate for further 4 h on a shaker at room tem-
perature in order to remove the detergent. Alternatively, dialy-
sis against ND-A buffer might also be used for the removal of 
detergent.   

   20.    Centrifuge the solution at 18,000 ×  g  for 30 min in order to 
completely remove Bio-beads from the solution.   

   21.    Fill the supernatant into a Centriprep concentrating unit 
(MWCO 10 kDa) equilibrated with ND-A buffer and centri-
fuge at 2000 ×  g  for 20 min several times until the fi nal 
MSP1E3D1 concentration is approximately 2.4 mM, corre-
sponding to 1.2 mM ND concentration. The homogeneity of 
ND samples could be checked by size-exclusion chromatogra-
phy  using a   Superdex 200 3.2/30 column.   

   22.    Aliquot and freeze ND samples in liquid nitrogen and store 
the aliquots at −80 °C until further use.    

     Diacylglycerol kinase DgkA is a membrane-integrated  enzyme   cat-
alyzing the ATP/Mg 2+ -dependent conversion of diacylglycerol to 
phosphatidic acid. Engineering resulted into the stabilized but still 
functionally active derivative ∆7 DgkA [ 5 ]. The protein is modi-
fi ed by a C-terminal poly(His)-tag for purifi cation. The protein is 
P-CF synthesized from a pIVEX vector under control of a  T7   pro-
moter (Fig.  3 ). Reactions are incubated at 30 °C with slight shak-
ing for 16 h. Upon P-CF expression, the reactions will become 
cloudy during incubation due to the precipitation of the synthe-
sized membrane protein.

         1.    Set up reactions according to Table  1  and with a fi nal plasmid 
template concentration of 2–10 ng/μL RM.   

   2.    Determine optimal Mg 2+  concentration in 50 μL analytical 
scale reactions with 825 μL feeding mixture in a fi rst screen 
covering a Mg 2+  range of 12–24 mM.   

   3.    After incubation, mix the reaction in order to suspend the pel-
leted fraction and transfer the suspension into a fresh 1.5 mL 
Eppendorf tube.   

   4.    Centrifuge at 12,000 ×  g  for 10 min at 4 °C.   
   5.    Remove the supernatant and wash the pellet twice with 500 μL 

of LY-C buffer.   

3.7  Application I: 
P-CF Expression 
of Membrane Proteins 
for Crystallization 
(Example of DgkA)

3.7.1  Expression 
Protocol Development
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   6.    Suspend the fi nal washed pellet in 50 μL (= initial reaction mix 
volume) of LY-C buffer.   

   7.    Analyze suitable aliquots (usually in between 1 and 10 μL) of 
the suspension by 12 % SDS-PAGE and estimate the DgkA 
 expression   according to a standard on the gel ( see   Note    15  ).      

       1.    If expression effi ciency  is   suffi cient, express 100 μL of DgkA, 
make 5 × 20 μL aliquots of the resulting suspensions, and cen-
trifuge and wash the pellet as described above.   

   2.    With the fi ve pellet aliquots, screen the post-translational solu-
bilization by addition of detergent solutions at  fi nal   concentra-
tions of 1–3 %. A comprehensive solubilization screen should 
include mild as well as some harsh detergents and we  would 
  recommend to start with a set composed  out   of the detergents 
DDM, DH 7 PC, DPC, LMPG, and  SDS  . Detergents could be 
dissolved in LY-C buffer but other buffer compositions could 
be used as well. P-CF-synthesized DgkA is solubilized in a 
solution of 3 % (w/v) Empigen  BB   dissolved in DgkA-buffer-1 
within 30 min by incubation at 4 °C.   

   3.    Suspend the pellets in 100 μL of detergent solution and incu-
bate with slight shaking for 0.5–2 h ( see   Note    16  ).   

   4.    Centrifuge, evaluate the solubilization  effi ciency   by the resid-
ual pellet size, and analyze the supernatants by SDS-PAGE.      

       1.    Prepare and incubate a preparative-scale reaction with several 
mL of RM and an RM:FM ratio of 1:14 (e.g., 3 mL RM and 
42 mL FM).   

   2.    Suspend the formed precipitate in the reaction container thor-
oughly by pipetting, and then transfer the RM into a fresh 
tube. Perform all the following steps at 4 °C or on ice.   

   3.    Pellet the precipitate by centrifugation and wash the pellet 
twice in LY-C buffer.   

   4.    Solubilize DgkA in a solution of 3 % (w/v) Empigen BB dis-
solved in DgkA-buffer-1 within 30 min by incubation at 4 °C.   

   5.    Centrifuge at 20,000 ×  g  for 10 min to remove insoluble material.   
   6.    Transfer the clear supernatant in a fresh tube and add 5 mL 

Ni-NTA resin pre-equilibrated with 0.5 % (w/v) Empigen BB 
in DgkA-buffer-1.   

3.7.2  Solubilization 
Screen

3.7.3  Preparative-Scale 
Production and Purifi cation

  Fig. 3    Flow charts for the CF production of DgkA in the P-CF mode and the ETB receptor in the L-CF mode. The 
production process is systematically optimized in individual steps. I: Template design, e.g., tag optimization; II: 
yield optimization, e.g., Mg 2+  optimization; III: protein production in the corresponding CF expression modes; 
IV: purifi cation and quality control of the protein samples; V: application, e.g., crystallization or biochemical 
characterization       
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   7.    Incubate for 30 min by slight shaking and then pack the resin 
into a gravity column (1 × 15 cm) and wash with 10 CV of 3 % 
(w/v) Empigen BB in DgkA-buffer-1.   

   8.    Perform a second wash with 15 CV 3 % (w/v) Empigen BB in 
DgkA-buffer-1 supplemented with 40 mM imidazole.   

   9.    Exchange the detergent  Empigen   BB with the detergent DM 
on column by  washing   with 12 CV with 0.25 % (w/v) DM in 
DgkA-buffer-2.   

   10.    Elute the protein  with   0.25 % (w/v) DM and 250 mM imid-
azole in DgkA-buffer-3 ( see   Note    17  ).   

   11.    Concentrate the protein in the elution fraction to 12 mg/mL 
in an Amicon 50 kDa concentrator.   

   12.    Load the concentrated DgkA  sample   on a gel-fi ltration col-
umn Superdex S200 16/60 equilibrated with 0.25 % (w/v) 
DM in DgkA-buffer-4.   

   13.    Peak fractions elute at approx. 4.5 mL and are concentrated to 
12 mg/mL.   

   14.    Samples can be fl ash frozen in liquid nitrogen and stored at 
−80 °C up to 6 months or immediately used for crystallization 
or functional characterization [ 5 ].       

    The co-translational  insertion   and functional folding of GPCRs 
into pre-assembled NDs strongly depend on the lipid properties 
including head group composition, fl uidity, as well as matching of 
the bilayer thickness with the hydrophobic area of the membrane 
protein [ 12 ]. Screening for optimal lipid composition of the NDs 
is therefore essential for the production of high-quality samples. 
The fi nal ND concentration in the reaction is furthermore deter-
mined by the expression effi ciency of the GPCR. An  initial   concen-
tration screen should therefore subsequently be performed with 
each selected ND/lipid combination. Membrane protein-GFP 
fusions will accelerate the lipid screening by monitoring the fl uo-
rescence in the supernatant of the reaction.    The following protocol 
exemplifi es the production of ND complexes of the human full- 
length endothelin-B (ETB) receptor, a key modulator in blood 
pressure regulation (Fig.  3 ). The resulting ETB/ND complexes 
are suitable for the characterization of ligand-binding properties, 
e.g., by surface plasmon  resonance   techniques [ 6 ]. The protocol 
might be suitable for other GPCRs as well.

    1.    Prepare a set of pre-formed NDs  containing   membranes with 
various lipid  compositions   ( see  Subheading  3.6 ).  Commonly 
  used  lipids for   initial screens are DMPC, DMPG, DOPC, and 
DOPG. The  ND   stocks should be at 0.5 mM to 1 mM.   

   2.    For each pre- formed   ND type, set up three analytical scale 
(25–100 μL) CECF reactions for  expression   of the ETB- 

3.8  Application II: 
L-CF Expression 
of GPCR Samples 
in the Presence of NDs 
for Biochemical 
Studies

Ralf-Bernhardt Rues et al.
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superfolderGFP construct. Prepare a master mix for a corre-
sponding number of reactions according to Table  1 .   

   3.    Split master mix into RM and FM and complete FM ( see  Table  1 ).   
   4.    Supplement RM according to Table  1  but leave out the water.   
   5.    Divide RM into aliquots according to the number of analyzed 

ND types and complete with corresponding volumes of ND 
stock and water. Final ND concentrations in the RM should be 
equal for each reaction and within the range of 60–80 μM. The 
high ND concentration should ensure  a   suffi ciently  high   ratio 
of NDs to the synthesized GPCR. The  solubilization   of the 
GPCR is then determined by its  association   with the lipids.   

   6.    Fill RM and FM into the containers, assemble CECF reactions, 
and incubate overnight at 30 °C with continuous shaking.   

   7.    Remove RMs into fresh tube, centrifuge at 18,000 ×  g  for 10 
min, and analyze supernatants by superfolderGFP fl uorescence 
( see   Note    18  ).   

   8.    Select the ND types giving highest fl uorescence in the reaction 
supernatant and refi ne the optimal ND concentration. Prepare 
a master mix for ten reactions for the screening of fi ve ND 
concentrations (e.g., 0, 20, 40, 80, 100 μM) in triplicates. 
Proceed according to  step 3 .   

   9.    GPCR/ND complexes may be purifi ed  from   the reaction 
supernatant by affi nity chromatography by taking  advantage   of 
terminal purifi cation tags attached to the GPCR ( see   Note    19  ) 
or by affi nity to immobilized ligands .    

4                          Notes 

     1.    Strains selected for lysate preparation may further contain spe-
cifi c mutations in order to reduce non-desired background 
activities or they may contain additional gene copies encoding 
for helper proteins such as chaperones. Although not tested, it 
appears very likely that many  E. coli  strains can be used suc-
cessfully for lysate preparation according to the described pro-
tocol. However, a growth curve of new strains should always 
be recorded in order to determine the optimal time points for 
cooling and harvesting.   

   2.    Using freshly grown overnight cultures for inoculation is 
essential in order to obtain reliable growth curves.   

   3.    The time of harvesting at mid-log phase is most important for 
lysate preparation. The indicated OD 600  values are only examples 
and may vary with each individual fermentation setup. Please 
also consider that cells continue to grow during cooling.   

   4.    Carefully transfer the supernatant by pipetting.   

Cell-Free Expression of Membrane Proteins
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   5.    The salt and temperature step is essential for high-quality 
lysate and it will cause a signifi cant precipitate.   

   6.    S30 lysate still contains small vesicles originating from the cell 
membrane in amounts of approximately 100 μg/mL lysate. In 
particular porins such as OmpG and OmpF are still detectable 
in these vesicles. The porin background is almost completely 
removed in S60 lysates.   

   7.    From a T7RNAP stock of 4 mg/mL, approximately 20–30 μL 
in 1 mL of lysate is usually appropriate.   

   8.    Repeated freezing and thawing cycles may reduce lysate effi -
ciencies. Effi ciency of lysate batches is usually evaluated by 
 GFP   expression. The synthesis of membrane proteins in par-
ticular upon co-translational solubilization in the D-CF and 
L-CF  modes   might be lower due to feedback mechanisms on 
the translation process. Highest membrane protein produc-
tion can usually be obtained in the P-CF mode.   

   9.    T7RNAP may already start to precipitate at these concentra-
tions and ultrafi ltration should be stopped as soon as fi rst pre-
cipitates are formed.   

   10.    Commercial lysates with pre-adjusted T7RNAP concentra-
tions (Cube Biotech) may be used as controls.   

   11.    MD100 MicroDialyzers fi t volumes from 10 to 100 μL while the 
cavities of 96-deep-well plates can fi t up to 2 mL. However, we 
do not recommend using volumes below 25 μL for RM and 500 
μL for FM. The MicroDialyzers should be loaded and unloaded 
from the  round  opening (Fig.  2 ). We recommend usage of auto-
claved MicroDialyzers for optimal expression effi ciency.   

   12.    Standard dialysis tubes should be washed before usage. Boil 
the membranes for 1–2 min in 5–20 mM NaH 2 PO 4 , wash 2–3 
times with MilliQ water, and boil again for 1–2 min in 10 mM 
EDTA (pH 8.0). Afterwards wash the membrane extensively 
with MilliQ water, including one boiling step in MilliQ water 
for 1 min in order to completely remove the EDTA.   

   13.    Addition of LY-C buffer is necessary in order to compensate 
for the Mg 2+  and K +  ions present in the lysate in the RM.   

   14.    Incubation time and temperature may be subject of optimiza-
tion and can depend on the target protein. Lower incubation 
temperature may reduce the expression yield but the resulting 
sample quality could be improved.   

   15.    Membrane proteins may migrate faster in SDS gels as  expected 
  according to their molecular mass due to incomplete 
denaturation.   

   16.    The solubilization procedure may be refi ned  by   adjusting tem-
perature, incubation time, and volume of the added detergent 
solution.   
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   17.    The yield of purifi ed DgkA out of 1 mL RM is approximately 
1 mg.   

   18.    GFP fl uorescence is only  a   preliminary monitor for solubiliza-
tion effi ciency and does not necessarily correlate with  the   func-
tional folding of the GPCR.    Specifi c  functional   assays such as 
radioligand-binding assays or measurements by surface plasmon 
resonance are necessary in order to defi ne sample quality [ 6 ].   

   19.    The MSP protein usually contains a poly(His) 6 -tag. Purifi cation 
of the target protein via metal chelate affi nity chromatography 
is therefore not recommendable if empty NDs need to be 
removed. The GPCR should therefore be  modifi ed   with alter-
native purifi cation tags like the StrepII-tag. Alternatively, the 
poly(His) 6 -tag of the MSP may be removed via TEV- protease 
cleavage.         
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    Chapter 2   

 Membrane Protein Production in the Yeast,  S. cerevisiae                      

     Stephanie     P.     Cartwright    ,     Lina     Mikaliunaite    , and     Roslyn     M.     Bill      

  Abstract 

   The fi rst crystal structures of recombinant mammalian membrane proteins were solved in 2005 using 
protein that had been produced in yeast cells. One of these, the rabbit Ca 2+ -ATPase SERCA1a, was 
synthesized in  Saccharomyces cerevisiae . All host systems have their specifi c advantages and disadvan-
tages, but yeast has remained a consistently popular choice in the eukaryotic membrane protein fi eld 
because it is quick, easy and cheap to culture, whilst being able to post-translationally process eukaryotic 
membrane proteins. Very recent structures of recombinant membrane proteins produced in  S. cerevisiae  
include those of the  Arabidopsis thaliana  NRT1.1 nitrate transporter and the fungal plant pathogen 
lipid scramblase, TMEM16. This chapter provides an overview of the methodological approaches 
underpinning these successes.  

  Key words     Membrane protein  ,   Recombinant  ,    S. cerevisiae   ,   P  GAL   promoter  

  Abbreviations 

   BCA    Bicinchoninic acid   
  BSA    Bovine serum albumin   
  CCD    Charge-coupled device   
  DoE    Design of experiments   
  GFP    Green fl uorescent protein   
  GOI    Gene of interest   
  GPCR    G protein-coupled receptor   
  h    Hour   
  LioAc    Lithium acetate   
  P GAL1      GAL1  promoter   
  PEG    Polyethylene glycol   
  s    Second   
  T4L    T4 lysozyme   
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1        Introduction 

 Over 1,500 species of yeast are known, but only a small minority 
of them have been employed as host organisms for the production 
of recombinant membrane proteins [ 1 ]. The two most important 
are  Saccharomyces cerevisiae  and  Pichia pastoris ; these eukaryotic 
microbes grow quickly in complex or defi ned media in a range of 
convenient formats (from multi-well plates to shake fl asks and bio-
reactors) of various sizes [ 1 ]. 

 In 2005, the fi rst crystal structures of mammalian mem-
brane proteins derived from recombinant sources were solved 
using protein that had been produced in yeast: the rabbit Ca 2+ -
ATPase SERCA1a was produced in  S. cerevisiae  [ 2 ] and the rat 
voltage-dependent potassium ion channel Kv1.2 was produced 
in  P. pastoris  [ 3 ]. Several other host cells have been used since 
then for eukaryotic membrane protein production [ 4 ], all with 
their own specifi c advantages and disadvantages. However, 
yeasts have remained a consistently popular choice [ 5 ,  6 ] because 
they are quick, easy, and cheap to culture whilst still being able 
to post-translationally process eukaryotic membrane proteins. 
Recent structures of recombinant membrane proteins produced 
in  S. cerevisiae  include those of the  Arabidopsis thaliana  NRT1.1 
nitrate transporter and the fungal plant pathogen lipid scram-
blase, TMEM16. 

  S. cerevisiae  has several advantages over the other commonly- 
used yeast species,  P. pastoris : its genetics are better understood 
(  http://www.yeastgenome.org/    ); it is supported by a more exten-
sive body of literature; and there is a wider range of tools and 
strains available from both commercial and academic sources. In 
our laboratory, we often start with  P. pastoris  and, if the production 
is not straightforward, turn to  S. cerevisiae  to troubleshoot, thereby 
benefi tting from the best attributes of the two hosts [ 1 ]. Notably, 
the structure of the human histamine H 1  receptor was obtained in 
this way: initial screening to defi ne the best expression construct 
was performed in  S. cerevisiae  [ 7 ] followed by protein production 
in  P. pastoris  [ 8 ]. 

   Yeast expression plasmids used for recombinant protein produc-
tion typically contain a 2 μ origin of replication and have a copy 
number of approximately 20 per cell [ 9 ]. Critical elements of such 
expression plasmids are the gene sequence encoding the target 
membrane protein, the promoter and terminator sequences, and 
any tags that might aid functional gene expression and protein 
purifi cation. 

 In 2013 and 2014, all eight α-helical transmembrane protein 
structures derived from yeast (structures with PDB codes 4CL4, 
4WIS, 4NEF, 4RDQ, 4M1M, 4JCZ, 3WME and 4WFF) were 
synthesized under the control of a strong, inducible promoter. For 

1.1  Designing 
a Yeast Expression 
Plasmid
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the two structures solved using protein produced in  S. cerevisiae  
(4CL4 and 4WIS), the promoter was P  GAL1  , which is induced with 
galactose. This promoter is the basis of  the   commercially- available 
pYES2 plasmid (Life Technologies V825-20, Fig.  1 )  as   well as 
the plasmid, pRS426GAL1 [ 10 ]; both are suitable plasmids for 

  Fig. 1    A schematic representation of ( a ) the  pYES2   plasmid  backbone   and ( b ) the 
pYES2 plasmid containing the gene of interest (GOI)       
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initiating expression trials in  S. cerevisiae . Notably, neither  plasmid 
contains the  S. cerevisiae  α-mating factor sequence signal, which is 
believed to correctly target recombinant membrane proteins to the 
yeast membrane. For example,    its presence had a  positive impact 
on the yield of the mouse 5-HT 5A  serotonin receptor [ 11 ] but 
dramatically reduced expression of the human histamine H 1  recep-
tor [ 8 ]. The following sequence (containing the Kex2/Ste13 pro-
cessing sites) may therefore be added by PCR or gene synthesis as 
an optional element when designing the expression plasmid: 
5 ′ AT G A G AT T T C C T T C A AT T T T TA C T G C A G T T T
TATTCGCAGCATCCTCCGCATTAGCTGCTCCAGTCAAC
ACTACAACAGAAGATGAAACGGCACAAATTCCGGCT
GAAGCTGTCATCGGTTACTTAGATTTAGAAGGGGAT
TTCGATGTTGCTGTTTTGCCATTTTCCAACAGCACAAAT
AACGGGTTATTGTTTATAAATACTACTATTGCCAGCATTG
CTGCTAAAGAAGAAGGGGTATCTTTGGATAAAAGAGAGG
CTGAAGCT 3′    

 Other commonly-used sequences in  S. cerevisiae  expression 
plasmids include those that encode polyhistidine (hexa-, octa- 
(present in  pRS426GAL1), and   decahistine tags are all common), 
green fl uorescent protein (GFP; present in pRS426GAL1), and T4 
lysozyme (T4L).    These and others have been reviewed  extensively 
  elsewhere [ 12 ,  13 ].    In summary, polyhistidine tags are routinely 
fused to recombinantly-produced membrane proteins to facilitate 
rapid purifi cation by metal chelate chromatography using Ni 2+ -
affi nity resins. In many cases, the tag is not removed prior to crys-
tallization trials, although protease cleavage sites can be engineered 
into the expression plasmid if this is desired [ 6 ]. GFP tags are  used 
  differently, typically to assess functional yield or homogeneity of 
the purifi ed recombinant protein prior to crystallization trials. 
   However, GFP tags remain fl uorescent in yeast (and other eukary-
otic) cells irrespective of whether the partner membrane protein is 
correctly folded in the plasma membrane [ 14 ]. GFP is therefore  an 
  inappropriate marker to assess the folding status of recombinant 
membrane proteins produced in yeast, although it is still useful in 
analyzing the stability of a  membrane   protein by fl uorescence size- 
exclusion chromatography [ 15 ]. Finally,  most   G protein-coupled 
receptor (GPCR) crystal structures have been obtained using a 
fusion protein strategy where the fl exible third intracellular loop is 
replaced by T4L; recently modifi ed T4L variants having been 
developed to optimize crystal quality or promote alternative pack-
ing interactions [ 16 ]. Overall, the precise combination and loca-
tion (at either terminus or within the protein sequence) of any tags 
needs to be decided based upon their proposed use (for targetting, 
as an epitope, to promote stability, for purifi cation or as a tool to 
assess protein quality) and the biochemistry of the target recombi-
nant membrane protein. Once the fi nal, preferred sequence has 
been designed, it is possible to codon optimize it for expression in 
 S. cerevisiae ; recent data suggest that the codon sequence around 
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the translation start site has a bigger infl uence on membrane 
 protein yields than codon choice in the rest of the open reading 
frame when recombinant proteins are produced in  E. coli  [ 17 ] or 
 P. pastoris  [ 18 ]. The use of degenerate PCR primers to screen for 
the optimal codon sequence around the start codon may therefore 
be worth considering [ 19 ].  

   A popular expression strain for structural applications is the  pep4  
deletion strain, FGY217 ( MATa, ura3-52, lys2Δ201, pep4Δ ) (34)  in 
  which the gene for proteinase A has been deleted to reduce 
protease- mediated protein degradation. In addition, the yeast 
deletion collections comprise over 21,000 mutant strains with 
deletions of the approximately 6,000  S. cerevisiae  ORFs [ 20 ] avail-
able as both  MAT a and  MAT α mating types. These strains can be 
obtained from Euroscarf (  http://web.uni-frankfurt.de/fb15/
mikro/euroscarf/    ) or the American Type Culture Collection 
(  http://www.atcc.org/    ). Complementing this, Dharmacon sells 
the Yeast Tet-Promoters Hughes Collection (yTHC) with 800 
essential yeast  genes   under the control of a tetracycline-regulated 
promoter that permits their experimental regulation. These strain 
resources are supported by a wealth of information in the 
 Saccharomyces  Genome Database (  http://www.yeastgenome.org/    ). 
Use of specifi c strains from these collections offers the potential to 
gain mechanistic insight into the molecular bottlenecks that pre-
clude high recombinant protein yields [ 21 ].  

    The yeast membrane has a different composition from  that   of 
mammalian membranes which may be important for some mem-
brane protein targets. Yeast strains have therefore been developed 
that contain cholesterol rather than the native yeast sterol, ergos-
terol. This was achieved by replacing the  ERG5  and  ERG6  genes 
of the ergosterol biosynthetic pathway with the  higher   eukaryotic 
(e.g., zebrafi sh and human) genes of the cholesterol biosynthesis 
pathway,  DHRC24  and  DHRC7  [ 22 – 24 ], respectively. Cell viabil-
ity does not appear to be impaired in these “humanized” yeast 
cells, although growth rates and densities are somewhat affected. 
However, this may be an acceptable trade-off in return for higher 
yields of functional recombinant membrane protein. Since a rela-
tively small number of heterologous membrane proteins have been 
produced in cholesterol-producing yeast strains to date, potential 
exists to optimize recombinant protein production by using them.   

   During a recombinant membrane protein production experiment, 
understanding the relative importance of the different experimen-
tal variables and their infl uence on protein yield and quality is an 
essential part of its optimization. Common approaches to increase 
functional yields are to lower the growth temperature of the 
expressing culture, alter the pH or composition of the growth 
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medium, or to change the culture aeration strategy [ 25 ]. The 
addition of molecules such as dimethyl sulfoxide (DMSO), histi-
dine, glycerol, or  specifi c   ligands has also been used to increase 
yields of GPCRs in  P. pastoris  [ 26 ]  and   transporters in  S. cerevisiae  
[ 27 ]. Often these variables are optimized in a stepwise manner, 
one factor at a time. A more effective method is to implement a 
statistical design of experiments (DoE) approach because the infl u-
ence of numerous factors and their interactions, which may be 
nonlinear in nature, can be determined [ 28 ]. Irrespective of the 
approach taken, it is important to systematically investigate the 
effects of all input parameters in order to maximize membrane 
protein yields from recombinant yeast cultures.   

2    Materials 

       1.    Yeast expression strain, e.g.,    the  pep4  deletion strain, FGY217 
( MATa, ura3-52, lys2Δ201, pep4Δ ) [ 29 ].   

   2.     Expression   plasmid, e.g., pYES2 (Life Technologies,    V825-
20) or pRS426GAL1 [ 10 ] containing the gene and other 
sequences of interest.      

       1.    YPD medium (stable at  room   temperature): 1 % yeast extract, 
2 % bacto-peptone, 2 % glucose. For plates, add 2 % bacto-agar.   

   2.    40 % glucose stock solution in water, fi lter sterilized (0.2 mm 
pore size).   

   3.    Carrier DNA: 7 mg/ mL   sonicated salmon testes DNA; store 
at −20 °C.   

   4.    100 mM lithium acetate (LiOAc).   
   5.    Polyethylene glycol (PEG) 3350 (50 % w/v).   
   6.    1 M LiOAc.      

       1.     Growth/induction medium lacking  uracil   with either 2 % glu-
cose (for growth) or 2 % galactose (for induction). For plates, 
add 2 % bacto-agar.   

   2.    Breaking buffer: 50 mM Na 2 HPO 4 , 50 mM NaH 2 PO 4 , 2 mM 
EDTA pH 7.4, 100 mM NaCl, 5 % glycerol.   

   3.    Protease inhibitor cocktail IV (Merck Millipore).   
   4.    Acid-washed glass beads, 500 μm.   
   5.    2 mL screw-cap breaking tubes.   
   6.    Buffer A: 20 mM HEPES, 50 mM NaCl, 10 % glycerol, pH 7.   
   7.    Bicinchoninic acid (BCA) protein assay kit.   
   8.    Tris-glycine SDS gels.   
   9.    Powdered  milk   or BSA.   
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   10.    Primary anti-His 6  monoclonal antibody (Clontech).   
   11.    Secondary antibody peroxidase conjugate.   
   12.    PBS (phosphate buffered saline) (for 1 L): 1.44 g Na 2 HPO 4 - 2H 2 O 

(8.1 mM phosphate), 0.25 g KH 2 HPO 4  (1.9 mM phosphate), 
8 g NaCl, 0.2 g KCl, adjust pH to 7.4 using 1 M NaOH or 
HCl.   

   13.    PBS-Tween 20 (PBST): 1 L PBS, 2 mL Tween 20 (0.2 %).   
   14.    5× Laemmli sample buffer: 0.08 M Tris–HCl pH 6.8,    12.5 % 

glycerol, 2.5 % SDS, 6.25 % β-mercaptoethanol, 0.01 % bromo-
phenol blue.   

   15.    Pre-stained protein standard.   
   16.    ECL detection kit.   
   17.    Coomassie brilliant blue R-250.       

       1.    50 mL, 500 mL, and 2.5 L baffl ed shake fl asks.   
   2.    Water bath or heat block.   
   3.    TissueLyser (Qiagen)    for small-scale membrane preparation.   
   4.    Cell disruptor (e.g., Avestin C3) for large-scale membrane 

preparation.   
   5.    Floor-standing centrifuge such  as   Beckman Coulter Avanti 

J-20 and rotors such as JLA 8.1000 and JA 25.50 (Beckman).   
   6.    Benchtop ultracentrifuge, Beckman Coulter Optima MAX 

series with TLA-55 and TLA-120.1 rotors (Beckman).   
   7.    1 mL, 10.4 mL and 50 mL polycarbonate ultracentrifuge tubes 

(Beckman).   
   8.    LAS-1000–3000 charge-coupled device (CCD) imaging 

system.       

3    Methods 

       1.    Aseptically pick a single colony from a freshly streaked YPD 
agar plate ( see   Note    1  ) into 5 mL YPD medium and culture 
overnight at 30 °C with 220 rpm agitation.   

   2.    Dilute the overnight culture into 5 mL YPD (to an OD 600  ~ 0.25) 
and culture to an OD 600  of 1.0 ( see   Note    2  ).   

   3.    Harvest the cells by centrifugation at 5,300 ×  g  for 3 min and 
remove the supernatant.   

   4.    Wash the  cell   pellet in 500 μL 100 mM lithium acetate (LiOAc) 
and transfer to a 1.5 mL microcentrifuge tube.   

   5.    Harvest the cells by centrifugation at 13,000 ×  g  for 15 s and 
remove the supernatant.   

   6.    Repeat  steps 4  and  5 .   
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   7.    Boil salmon testes DNA for 5 min and chill on ice for 2 min.   
   8.    Add the individual components of the transformation solution 

to the yeast pellet in the following order ( see   Note    3  ):
   (a)    240 μL PEG 3350 (50 % w/v).   
  (b)    35 μL 1 M LiOAc.   
  (c)    25 μL boiled and chilled salmon testes DNA.   
  (d)    0.5 μg plasmid DNA made up to 50 μL with water.    

      9.    Vortex the mixture vigorously until the pellet has been com-
pletely suspended, which can take up to a minute.   

   10.    Incubate the cells with the transformation mixture at 30 °C for 
30 min.   

   11.    Shock the cells at 42 °C for 20 min.   
   12.    Pellet the cells at 6,000 × g for 15 s and remove the transforma-

tion mixture.   
   13.    Add 0.5 mL sterile water to the cells and gently suspend them 

with a pipette ( see   Note    4  ).   
   14.    Plate 100 μL of the  cell   suspension on a selective agar plate 

lacking uracil (this is  the   appropriate selection for use with 
pYES2 or pRS426GAL1).   

   15.    Incubate plates for 2–3 days at 30 °C; if colonies do not form 
continue to incubate the plate for up to a week.      

           1.    Inoculate 10 mL growth medium (lacking uracil plus 2 % glu-
cose) with a single colony in a 50 mL baffl ed shake fl ask. 
Typical screens involve assaying 10–20 single colonies.   

   2.    Incubate the cultures overnight in an orbital shaker at 30 °C, 
220 rpm.   

   3.    Spot 10 μL from each overnight culture onto a selective plate 
and allow the spots to dry. Clearly label each spot on the plate 
then incubate it at 30 °C for 2–3 days.   

   4.    Measure the OD 600  of each overnight culture. Dilute the cul-
tures to OD 600  = 0.12 in 10 mL of growth medium (lacking 
uracil plus 2 % glucose) and culture them to an OD 600  of 0.6 
( see   Note    5  ).   

   5.    Harvest the cultures by centrifugation in 15 mL Falcon tubes 
at 1,500 ×  g  for 5 min. Remove the supernatants and suspend 
each pellet in 10 mL of induction medium (lacking uracil plus 
2 % galactose). Incubate the cultures for 22 h at 30 °C, 
220 rpm.   

   6.    Harvest cells at 5,300 × g, 4 °C for 3 min; remove superna-
tants and keep the cell pellet on ice.   

   7.    Wash cells once in 2 mL ice-cold breaking buffer then harvest 
by centrifugation at 5300 ×  g , 4 °C for 3 min.   

3.2  Screening 
for High-Yielding 
Transformants
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   8.    Add 1 mL glass beads to a breaking tube and place on ice; 
repeat this so there is one breaking tube for each colony being 
screened.   

   9.    Suspend the cells (from  step 7 ) in 1 mL breaking buffer (sup-
plemented with protease inhibitor cocktail IV at a dilution of 
1:500) and add to the breaking tube that contains the glass 
beads. Repeat for all harvested cell samples and keep the tubes 
on ice.   

   10.    Place a TissueLyser breaking tube holder at −80 °C (or −20 °C) 
for 10 min.   

   11.    Place the breaking tubes into the chilled TissueLyser breaking 
tube holder and lyse the cells in a TissueLyser at 50 Hz for 
10 min.   

   12.    Remove the supernatants from the glass beads using a pipette 
and transfer them to clean microcentrifuge tubes.   

   13.    Remove cell debris by centrifugation at 17,000 ×  g  for 15 min 
at 4 °C and transfer the supernatants to clean ultracentrifuge 
tubes ( see   Note    6  ).   

   14.    Harvest total membrane pellets by centrifugation at 190,000 ×  g  
for 1 h. Remove the supernatants and suspend each membrane 
pellet in 100 μL buffer A. Membrane suspensions can be stored 
at −20 °C.   

   15.    Assay the amount of total membrane protein in each mem-
brane suspension using a BCA assay kit according to the kit 
instructions.   

   16.    Confi rm the presence and relative amount of target protein in 
each membrane suspension by immunoblot:
   (a)    Each sample to be loaded on an SDS-PAGE gel should 

 contain   approximately 50 μg total membrane protein, 
although this will vary according to the expression level of 
the protein of interest.   

  (b)    In preparing each sample, mix 4 volumes membrane sus-
pension and 1 volume 5× Laemmli sample buffer. Incubate 
this mixture for 10 min ( see   Note    7  ).   

  (c)    Load samples on an SDS-PAGE gel remembering to 
include both a  protein   ladder and a standard to allow com-
parisons between blots. Follow the “Bio-Rad General 
Protocol for Western Blotting” (  http://www.bio-rad.
com/webroot/web/pdf/lsr/literature/Bulletin_6376.
pdf    ).   

  (d)    Depending on the availability of protein-specifi c anti-
bodies or the presence of tags (such as polyhistidine), 
incubate the blot with appropriate primary and second-
ary antibodies.   
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  (e)    Visualize the blot using an ECL kit and a CCD imaging 
system.   

  (f)    Analyze the blot to identify high-yielding colonies (using 
ImageJ for example).       

   17.    Pick high-yielding colonies from the spot plate ( step 3 ) and 
prepare a glycerol stock for long-term storage ( see   Note    8  ) and 
subsequent scale up to produce large quantities of the target 
membrane protein, as described in Subheading  3.3 .      

        1.     Isolate a single colony on a selective plate from a glycerol stock 
(Subheading  3.2 ,  step 17 ) or use a fresh  transformant   (iso-
lated on a spot plate as in Subheading  3.2 ,  step 3 ).   

   2.    Inoculate 10 mL growth medium (lacking uracil plus 2 % glu-
cose) with the single colony and incubate overnight in an 
orbital shaker at 220 rpm and 30 °C.   

   3.    The following day, transfer the 10 mL overnight culture to a 
500 mL shake fl ask containing 150 mL growth medium (lack-
ing uracil plus 2 % glucose) and incubate overnight as in  step 1 .   

   4.    On the third day, dilute the 150 mL overnight culture to 
OD 600  = 0.12 in 1 L medium lacking uracil and containing 
0.1 % glucose and grow in a 2.5 L baffl ed shake fl ask at 
220 rpm and 30 °C. Induce the culture with 2 % galactose 
(although this can be optimized further) when the OD 600  has 
reached 0.6.   

   5.    Harvest the cells ( see   Note    9  ) by centrifugation at 5,300 ×  g , 4 
°C for 10 min in a fl oor-standing centrifuge such as a Beckman 
Coulter Avanti J-20; the JLA 8.1000 rotor holds bottles of 1 L 
capacity that can be used for this step. Discard the supernatant. 
The pellet should ideally weigh between 10 and 20 g  for   effi -
cient large-scale membrane preparation. If the weight is less 
than 10 g, the protocol in Subheading  3.2  (from  step 7 ) can 
be used instead.   

   6.    Suspend the cell pellet in 25 mL breaking buffer for every 1 L 
of original culture. Add protease inhibitor cocktail IV at a 
1:500 dilution.   

   7.    Break the cells using a high pressure homogenizer, such as an 
Avestin C3, according to the manufacturer’s instructions. It is 
important to keep the sample at low temperature (~4 °C) to 
prevent protein degradation. The low temperature should be 
maintained from this step onwards.   

   8.    Separate the cell lysate from the cell debris and unbroken cells 
by centrifugation at 8,000 ×  g , 4 °C for 30 min.   

   9.    Collect the membrane fraction by centrifugation of the super-
natant at 100,000 ×  g , 4 °C for 60 min (allow extra time for 
acceleration and deceleration) in an ultracentrifuge such as a 
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Beckman Coulter Optima L-80 XP; the 70.1 Ti rotor holds 12 
tubes. Discard the supernatant and suspend the pellets in 6 mL 
per original 1 L culture. To ease the resuspension of membrane 
pellet, the membranes can be soaked overnight at 4 °C in 1 mL 
buffer A per tube; pellets should then be homogenized and 
made up to the required volume with buffer A. Measure total 
membrane protein concentration using a BCA protein assay kit 
according to the manufacturer’s instructions prior to extrac-
tion and purifi cation of the target protein .       

4             Notes 

     1.    The plate should be no older than 5 days; if the colonies are 
older, this can lead to a reduction in the competence of the 
cells.   

   2.    Transformation is more likely to be successful when cells are 
growing logarithmically.   

   3.    It is important to add the PEG 3350 fi rst to protect the yeast 
cells from the high concentration of LiOAc.   

   4.    At this point the cells are fragile and need to be suspended 
gently with a pipette; do not vortex.   

   5.    This ensures that the cells are in the logarithmic growth phase 
during induction.   

   6.    An alternative method for separating cell lysates from glass 
beads is to collect them into 15 mL Falcon tubes. To do that, 
cut a round hole in the cap of a Falcon tube, pierce the bottom 
of the breaking tube with a needle, and insert it into the cut 
cap. Place the cap onto the Falcon tube and collect the lysate 
by centrifugation at 5,300 ×  g  for 3 min; the glass beads and 
cell debris are retained in the breaking tube. Transfer the 
supernatants to clean ultracentrifuge tubes.   

   7.    Incubate the mixture between 4 °C (on ice) and 70 °C; the 
best temperature for the particular protein of interest must be 
determined empirically by examining the immunoblot to 
ensure the protein has entered the gel and has not aggregated 
or degraded. Lower temperatures may require longer incuba-
tion times.   

   8.    Transformants can often be stored as glycerol stocks at −80 °C, 
but their stability should be assessed to confi rm this on a case- 
by- case basis. For unstable transformants, it will be necessary to 
do a fresh transformation prior to each scale-up experiment.   

   9.    The incubation period may need to be optimized; recombi-
nant protein may be detected 4 h post-induction, but a 22 h 
culture period is often used for convenience. To optimize the 

Recombinant Membrane Protein Production in Yeast



34

post- induction incubation period, collect samples at several 
time intervals and analyze by immunoblot as detailed in 
Subheading  3.2 ,  step 16 .         
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    Chapter 3   

 Membrane Protein Production in  Escherichia coli : 
Protocols and Rules                     

     Federica     Angius    ,     Oana     Ilioaia    ,     Marc     Uzan    , and     Bruno     Miroux      

  Abstract 

   Functional and structural studies on membrane proteins are limited by the diffi culty to produce them in 
large amount and in a functional state. In this review, we provide protocols to achieve high-level expression 
of membrane proteins in  Escherichia coli . The T7 RNA polymerase-based expression system is presented 
in detail and protocols to assess and improve its effi ciency are discussed. Protocols to isolate either 
 membrane or inclusion bodies and to perform an initial qualitative test to assess the solubility of the 
recombinant protein are also included.  

  Key words     Production of recombinant proteins  ,    E. coli   ,   T7 RNA polymerase  

1      Introduction 

 Membrane protein (MP) production is still a challenge for 
 biochemists and biophysicists. Over the last decade, eukaryotic 
expression systems have emerged and have proven to be very useful 
for structural studies of eukaryotic MP such as G-protein-coupled 
receptors [ 1 ]. However bacterial expression systems remain widely 
used. We have recently conducted a global survey of the protein 
data bank (PDB) and found that half of unique MP structures 
deposited in the PDB have been produced in  E. coli  [ 2 ]. Provided 
that the recombinant MP is well folded within the membrane of 
the host, bacteria can produce, at very low cost, suffi cient amount 
of the target MP for X-ray crystallization or NMR studies.  E. coli  is 
also the most versatile host for specifi c isotopic labeling of proteins 
required for NMR studies. In this review, we focus on the T7 RNA 
polymerase (T7 RNAP)  bacterial   expression system which is, so far, 
the most effi cient in producing large amount of membrane pro-
teins for structural studies [ 2 ]. Figure  1  provides an overview of 
how the expression system  works   in the bacterial host BL21λ(DE3). 
The gene encoding the T7 RNAP is inserted in the lambda DE3 
under the control of the   lacUV5    promoter. Upon addition of 



38

IPTG, isopropyl β-D-1- thiogalactopyranoside, a non- metabolized 
  derivative of lactose, the T7 RNAP is produced and will specifi cally 
transcribe the target gene inserted in a T7 expression vector down-
stream of the T7 promoter. The mRNA of the target MP is  highly 
  expressed because the T7 RNAP transcriptional elongation rate is 
ten times faster than the  E. coli  enzyme. In addition, the T7 expres-
sion vector is present in multiple copies. In many cases, the target 
 mRNA   overloads the translation machinery triggering ribosome 
destruction and growth arrest [ 3 ]. Naked un-translated mRNA are 
rapidly degraded by RNases and, in some cases, the RNA degra-
dation is faster than the transcriptional activity of the T7 RNAP 
leading to lower yield of the target than expected [ 4 ]. For this 

  Fig. 1    Global view of the T7-based expression system in BL21λ(DE3). The  T7 RNA polymerase gene   is lyso-
genic in the genome and its expression is under the control of the IPTG-inducible  lacUV5  promoter. Upon addi-
tion of IPTG, the T7RNAP will  specifi cally   transcribe the target gene inserted in the T7 expression plasmid and 
the target MP might be produced at very high levels. However, overexpression of the target mRNA is, most of 
the time, toxic to the cell because it overloads the translation machinery and uncouple transcription from 
translation. The newly synthetized membrane protein might also overload the folding and secretion machiner-
ies causing mistargeting of the overproduced MP, protein aggregation, and ultimately proton leak and loss of 
energy homeostasis. To circumvent these diffi culties, the expression system can be regulated by several ways: 
 1 . Repressing the  lacUV5  promoter using a  lac  repressor;  2 .    expressing the T7 lysozyme from a pLys- S/E 
plasmid, which will inhibit its activity;  3 . inserting the  lac  repressor in the T7 multi-copy expression plasmid       
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reason, we provide here a rapid protocol to assess the levels of your 
target mRNA when the yield of the corresponding MP is low. 
Insertion of the target MP at the  E. coli  membrane can also over-
load the translocation and secretion machineries. The recombinant 
MP will then be not only misfolded and produced at low level but 
proton permeability of the bacterial membrane might be compro-
mised leading to cell death. Over the last 20 years, the T7 expres-
sion system has been optimized to improve its regulation and 
extend its ability to produce large amount of MP.    For instance the 
use of lysozyme has been shown to strongly inhibit the activity of 
the T7 RNAP, thus providing a means to decrease the basal activity 
of the LacUV5 promoter and to tune the activity of the T7-RNAP 
upon induction [ 5 ,  6 ]. Other groups have isolated mutant hosts 
from the parental strain BL21λ(DE3) [ 7 ,  8 ].     Some   of them namely 
C41λ(DE3) and C43λ(DE3) have proven to be extremely useful 
for structural biologists; these mutant hosts contributed to 28 % of 
non- E. coli  unique MP structures and 19 % of  E. coli  unique MP 
structures deposited into the PDB [ 2 ]. To illustrate that the mutant 
hosts are better regulated than the parental strain, we used the 
green fl uorescent protein (superfold version, sGFP) as gene 
reporter.    After transformation with the pRSET-sGFP  expression 
  plasmid, cells have been induced at OD 600nm  = 0.6 with 0.1 mM 
IPTG. Figure  2  shows the mean green fl uorescent  intensity   ana-
lyzed by fl ow cytometry. In all three bacterial hosts,  the   basal level 
of sGFP fl uorescence after an overnight culture in 2*TY-rich 

  Fig. 2    Analysis of GFP fl uorescence by fl ow cytometry. The pHis17-sGFP T7 expression plasmid has been 
transformed in the BL21λ(DE3) ( green ),  C41λ(DE3)   ( light green ), and C43λ(DE3) ( yellow ) bacterial hosts. The 
fl uorescence has  been   recorded with the fl ow cytometer Accuri C6 3 h and 18 h after induction with 0.1 mM 
of IPTG. To assess the basal level of expression of sGFP in each host, cells were grown for 18 h with no addition 
of IPTG       
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medium is very high showing that the expression system is leaky. 
However, basal fl uorescence intensities are 4 and 13 times decreased 
in C41λ(DE3) and C43λ(DE3), respectively.    Upon addition of 
IPTG, fl uorescence  intensity   increased twice in BL21λ(DE3) host 
3 h after  induction   and decreased strongly after overnight induc-
tion. This is due to loss of the expression plasmid, cell death, and 
lysis. In contrast, sGFP production reached a maximal value after 
overnight induction in both C41λ(DE3) and C43λ(DE3) hosts 
(13- and 11-fold induction, respectively).    At the molecular level, 
Wagner et al. have shown that, in C41λ(DE3) and C43λ(DE3) 
hosts, the strong  lacUV5  promoter  recombined   with the wild-type 
genomic copy of the  lac  promoter. Consequently, the amount of 
T7 RNAP enzyme produced upon addition of IPTG is ten times 
reduced in C41λ(DE3) and undetectable in C43λ(DE3) using the 
 commercially   available anti-T7 RNAP antibody from Novagene 
(Fig.  3 ). In this chapter we provide protocols to design your con-
struct and choose the appropriate host/vector combination, iso-
late new bacterial hosts, set up growth conditions, assess your 
expression system by fl ow cytometry, fractionate bacterial cells, and 
perform a fi rst biochemical analysis.

2         Materials 

       1.     Tips, plastic tubes, glass,    gloves, water must be RNase free.   
   2.    A dry bath to  warm   up the samples to 65 °C.   
   3.    A laboratory fume hood.   
   4.    A spectrophotometer.   

2.1  Materials 
for RNA Isolation 
and Sucrose Gradient

  Fig. 3    Immunodetection of the T7 RNAP enzyme in T7 expression hosts. Total cell extracts were loaded on 
SDS-PAGE and proteins were transferred on nitrocellulose membrane. The T7 RNAP protein was revealed 
using the anti-T7RNAP from Novagene and a second antibody coupled to peroxidase. Peroxidase activity was 
detected by chemiluminescence. ( a ) Time course of the T7 RNAP protein expression in BL21λ(DE3) upon  addi-
tion   of 0.7 mM IPTG. ( b ) Expression levels of T7 RNAP 2 h after 0.7 mM IPTG induction in BL21λ(DE3), 
C43λ(DE3), C41λ(DE3). For BL21λ(DE3) host,    decreasing amounts of total cell extract have been loaded to 
compare the intensity of the signal with the mutant hosts       
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   5.    QIAGEN RNase-Free DNase I Set.   
   6.    Lysis solution for 700 μL of culture: 35.5 μL 20 % SDS + 7 μL 

of 200 mM Na-EDTA + 500 μL water-saturated phenol.   
   7.    Water-saturated phenol.   
   8.    Phenol/chloroform solution v/v 1:1. The chloroform should 

contain isoamyl alcohol in a proportion v/v 24:1.   
   9.    3 M Na-acetate pH 5.   
   10.    Ethanol 100 % RNase free.   
   11.    Ethanol 70 % RNase free.   
   12.    Gradient maker.   
   13.    10 mM Tris–HCl, pH 8.   
   14.    Sucrose solutions: 50 % and 5 % (w/v) prepared in 10 mM 

Tris–HCl, pH 8.   
   15.    Beckman Coulter Ultra-Clear™ centrifuge tubes .      

       1.    1*LB Medium: 10 g Bacto Tryptone, 5 g Bacto Yeast Extract, 
and 5 g NaCl. Add ultrapure water to 900 mL. Adjust the pH 
to 7.2 with NaOH. Add water at a fi nal volume of 1 L and 
autoclave for 20 min at 121 °C.   

   2.    2*TY Medium: 16 g Bacto Tryptone, 10 g Bacto Yeast Extract, 
and 5 g NaCl. Add ultrapure water to 800 mL. Adjust the pH 
to 7.2 with NaOH, adjust the fi nal volume to 900 mL, and 
autoclave for 20 min at 121 °C.   

   3.    2*TY with glucose: 2 g Glucose in 100 mL of fi nal volume of 
water, fi lter sterilize. Add the glucose solution in  the   auto-
claved medium. Adding glucose could be useful if you wish to 
repress further the expression vector before induction.   

   4.    Isopropyl-beta- D -galactoside (IPTG): Prepare 100 mM, 500 mM, 
700 mM, and 1 M stock solutions in ultrapure water,  sterilize 
  with 0.22 μm fi lter, aliquot, and store at −20 °C.   

   5.    Antibiotics: Prepare 1000 times stock solutions of antibiotics. 
Ampicillin (100 mg/mL) can be prepared in ultrapure water 
and stored at −20 °C. Tetracycline (12,5 mg/mL) and kana-
mycin (30 mg/mL) are  freely   soluble in water but in time the 
solutions can turn turbid due to precipitation. It is thus recom-
mended to prepare it in 95 % ethanol. Dilute 1000 times the 
stock solution in medium prior to use.   

   6.    Phosphate-buffered saline (PBS): 10 mM Phosphate, 150 mM 
NaCl, pH 7.4 (tablets are commercially available).   

   7.    TEP buffer:    10 mM Tris–HCl, pH 8,    1 mM EDTA, and 
0.001 % PMSF.   

   8.     Triton X-100  .   
   9.    Dodecyl-maltoside (DDM).   

2.2  Media, Buffers, 
and Chemicals
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   10.     Phosphododecylcholine (Fc12)  .   
   11.     Sodium   dodecyl sulfate (SDS).      

         1.      SMART  (protein domain database):   http://smart.embl- heidel
berg.de/   

   2.      Jpred  (secondary structure prediction):   http://www.comp-
bio.dundee.ac.uk/jpred/index.html   

   3.      ExPasy :   http://www.expasy.ch/   
   4.      Amplify  (PCR simulation, oligonucleotide design)   http://

engels.genetics.wisc.edu/amplify/     

  Vector design: 

    5.      Dna20    :  https://www.dna20.com/resources/bioinformatics-
tools   

   6.     Serial-Cloner :   http://serialbasics.   free.fr/Serial_Cloner-
Download.html   

   7.     APE : http://biologylabs.utah.   edu/jorgensen/wayned/ape/    

   Molecular and structural biology websites 

    8.    Steewe White: http://blanco.   biomol.uci.edu/mpstruc/   
   9.    Dror Warschawski: http://www.drorlist.   com/nmr/MPNMR.

html    

   Academic expression plasmid resources 

    10.    Protein Science Initiative. http://psimr.   asu.edu/about.html    

3        Methods 

       1.    Before starting molecular cloning experiments, check if 
your target MP is already available in an expression vector 
( see  Protein Science Initiative Web site)    and search the litera-
ture to see if your MP target or related proteins have been 
produced in recombinant systems ( see   Note    1  ).   

   2.    Be aware that  E. coli  cannot produce at high levels proteins 
larger than 90 kDa. Ribosomes drop off very long mRNA 
leading to incomplete synthesis products. If possible break up 
your protein into  smaller   fragments. Use SMART (protein 
domain identifi cation) or Jpred (secondary structure predic-
tion) to defi ne the boundaries carefully.   

   3.    Addition of purifi cation Tag: For N-terminal constructs start 
protein synthesis with three amino acids before the Tag. In 
pRSET vector (Invitrogen),    the N-terminal sequence is 
 MRGS -(His)6 which gives a very good yield of recombinant 
protein. Consider adding more than 6 histidines (up to 12 but 
then preferentially in C-terminal position) to achieve a  stronger 

2.3  Web Resources

2.3.1  Sequence Analysis 
and Molecular Biology 
Tools

3.1  Designing 
Constructs 
for Expression
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binding on Nickel column. There is no generic rule regarding 
cleavage sequences after the Tag but TEV cleavage sequence is 
widely used for MP as the TEV protease is still active in the 
presence of the most commonly used detergents [ 9 ].   

   4.    Your target MP might not spontaneously  go   to the inner mem-
brane of the bacteria. Consider making a C-terminal fusion 
with periplasmic maltose-binding protein (MBP), which con-
tains a periplasmic signal sequence, to target your MP to the 
 E. coli  membrane [ 10 ,  11 ].   

   5.    If possible engineer dua-ribosome-binding site (RBS) expres-
sion vectors like pET-Duet (Novagen)  so   that you can clone  a 
  fl uorescent protein (FP) gene downstream of your target MP 
gene. This allows you to follow the cell population of bacteria 
by fl ow cytometry, to assess the stability and toxicity of your 
expression vector quickly, and to establish the optimal induc-
tion conditions ( see  Subheading  3.5.1 ). FP fusion with  your 
  target MP is also an option developed successfully by several 
laboratories [ 12 ].      

    Selecting the right combination  of   vector/bacterial host is an 
essential step to achieve the optimal production of your MP 
( see   Note    2  ). The following rules apply to the T7 RNAP-based 
expression system:

    1.     In   combination with C41λ(DE3) and C43λ(DE3) bacterial 
 hosts   use high-copy-number plasmids like those containing the 
pMB1 origin of  replication   (200–600 copies/cell).    A non-
exhaustive list is pMW7 and  derivatives   (pHis and pRun) 
[ 13 ,  14 ], pGEM (Promega), pRSET and pDEST (Invitrogen), 
pIVEX (5prime), and pPR-IBA (IBA). Avoid  lacI  and   lacO  
  sequences in  the   plasmid.   

   2.    In combination with BL21λ(DΕ3),  use   preferentially medium-
copy- number vectors and those containing  lacI  and  lacO  
sequences like pET (3, 9, 14, 17, 20, 23 from Novagen), to 
reduce the amount of T7 RNAP before induction. Consider 
using  the   companion plasmid pLyS to inhibit the T7 RNAP 
after induction.   

   3.    The BL21AI host,  which   contains the T7RNA polymerase 
gene under the control of the arabinose promoter, and the 
Lemo21 host [ 6 ],  which   contains a companion  plasmid 
  expressing the lysozyme under the rhamnose promoter,  may 
  also be useful to titrate the amount or activity of T7 RNA poly-
merase ( see   Note    3  ) .    

         1.    Preparing the agar plates: Melt 500 mL (or less) 2*YT agar 
medium in water bath at 100 °C. When the solution is 
clear switch the temperature to 55 °C. Add 500 μL 0.7 M 
 sterile IPTG and mix vigorously.    Add the required antibiotic. 

3.2  Selecting 
the Optimal 
Expression Vector/
Bacterial Host

3.3  Viability Test 
on Agar Plate
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Pour the plates and wait for 1 h till the agar is solid. Incubate 
the plate upside down O/N at 37 °C.   

   2.    Cell transformation: Take out of the −80 °C freezer a stock of 
competent cells and thaw them on ice. Add 10 ng of plasmid 
to 50 μL of cells and leave it on ice for 20 min. Place the micro-
centrifuge tube on a water bath set at 42 °C for 90 s. Replace 
the tube on ice for 5 min. Add 500–700 μL of SOC or LB 
media (without antibiotic) and allow the culture to grow for 
45 min at 37 °C. Plate 100 μL of transformation mix on 2*TY 
agar plate containing only the antibiotic and 100 μL on agar 
plate with both antibiotic and  IPTG.   Incubate O/N at 37 °C.   

   3.    Analysis of the cell population: Count the number of colonies 
on both plates. If you see no colony on IPTG-containing plates 
 then   expression of your target MP compromises cell growth. 
Transform the cells with the empty plasmid to verify if the plas-
mid is also toxic for the cell. If you have the same number of 
colonies in both conditions, then expression of your target MP 
is not toxic. Usually the size of the colonies is reduced  in   the 
presence of IPTG.      

   The protocol below allows you to genetically isolate low-frequency 
mutants when your bacterial host/vector expression system com-
promises cell growth upon induction ( see   Note    4  ). The protocol 
uses the green fl uorescent protein from Aequora Victoria [ 15 ] but 
can be  performed   without FP marker [ 7 ]. 

       1.    It is essential to work in a sterile environment. Pre-warm fi ve 
250 mL fl asks containing 50 mL of 2*TY media. Add antibi-
otic prior to use. Autoclave 40 microcentrifuge tubes and fi ll 
them with 900 μL of sterile water or 2*TY media.   

   2.    Transform the parental strain with your target MP expression 
vector, ideally in co-expression with a fl uorescent protein. 
 Inoculate   a freshly transformed colony in 50 mL 2*TY 
medium. Grow cells until OD 600nm  has reached 0.4–0.6. Add 
IPTG to 0.7 mM fi nal concentration. One, two, and three 
hours after induction, take 1 mL of culture. After a low-speed 
centrifugation (300 ×  g  for 2 min), gently resuspend the pellet 
in 1 mL of sterile water.   

   3.    Perform serial dilutions from 1/10 to 1/10 4  and immediately 
plate 100 μL of all dilutions on the IPTG/antibiotic-contain-
ing plates.    Incubate the plates O/N at 37 °C.   

   4.    Check the presence of green fl uorescent colonies (Fig.  4 ) 
under UV light (above 300 nm to avoid the mutagenic effect 
of UV). Select ten  small   fl uorescent colonies ( see   Note    5  ) for 
each selection experiment and make over-day cultures in tubes 
with 1 mL 2*TY containing ampicillin. After 2–3 h (when the 

3.4  Selecting a Host 
Strain Adapted 
to the Expression 
of Your Target MP

3.4.1  Selection 
Procedure
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culture becomes turbid) save the mutants on 2*TY ampicillin 
 agar   plates with and without IPTG. Incubate the plates O/N 
at 37 °C.

       5.    Check that all mutants now grow on IPTG-containing plate. 
The size of the colonies in the presence of  IPTG can   be con-
sidered as a characteristic feature for a couple of vector/host.      

   You need to check if the mutation is in the bacterial genome or in 
the plasmid.

    1.    Plasmid rescue: Purify the plasmid DNA from each clone and 
transform the initial host, i.e.,  BL21λ(DE3).   Plate 100 μL of 
the transformation mix on 2*TY plates  with   antibiotic and 
with or without IPTG. Incubate O/N at 37 °C. Check  the 
  presence of colonies on IPTG-containing agar plates. No col-
ony means that the mutation is not in the expression vector 
and  consequently   most likely in the bacterial host genome.   

   2.    Curing the bacterial host from the plasmid: Grow the bacterial 
mutant host in a 250 mL fl ask containing 50 mL of 2*TY 
without antibiotic. Make daily serial 10 times dilutions of the 
culture and plate 100 μL of the 1/10 8  and 1/10 7  dilutions on 
2*TY agar plates containing IPTG but no antibiotic. After 
O/N incubation at 37 °C, check the fl uorescence under UV 
light. Usually,    after 3–5 days of culture in the absence of anti-
biotic, large colonies that have lost their green fl uorescence 
and therefore the expression plasmid will appear.   

3.4.2  Localization 
of the Mutation

  Fig. 4    Selection of  bacterial   hosts using GFP as gene reporter. After transformation of the pMW7- GFP expres-
sion plasmid, cells are grown in 2*TY medium and induced at OD 600 nm  = 0.6. Two hours  after   induction, serial 
dilutions of the culture are plated on IPTG-containing plates. The next day, plates were  illuminated   under a 
normal light ( a ) or UV light ( b )       
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   3.    Isolate a large nonfl uorescent colony, make a glycerol stock, 
and prepare calcium-competent cells.    Transform the cured 
host with the original expression vector (not the cured one) 
and verify that the “colony size phenotype”  on   an IPTG-
containing plate is restored.       

       1.    General rules: Choose expression hosts where the T7 RNAP 
expression of activity is tightly controlled. Systematically test 
induction temperature below 25 °C. Check the optimal IPTG 
concentration  for   your target MP ( see  Subheading  3.5.1 ).   

   2.    Specifi c rules for BL21λ(DE3) host:  Do   not induce the target 
MP with IPTG or  follow   Alfasi’s protocol [ 8 ] by adding 
 extremely   low concentration of IPTG (10 μM). Use pLysS 
as companion plasmid to downregulate  the   activity of the 
T7RNAP.   

   3.     Specifi c   condition for C41λ(DE3) and C43λ(DE3) bacterial 
mutant hosts:    Test cell viability on IPTG plates. If the expres-
sion of your target  MP   is not toxic in C41λ(DE3) then keep 
this mutant host and induce with 0.1 and 0.7 mM  IPTG.   Test 
3-h and O/N induction. Use C43λ(DE3) when expression 
of  your   target gene is toxic for C41λ(DE3). Add IPTG at 
0.7 mM O/N.     

     If you co-express a  fl uorescent   protein, superfold GFP for instance, 
then you can detect GFP fl uorescence on FL1 graph ( see   Note    6  ) 
and also check the size (FSC) and  the   granularity (SSC) of your 
cells by using a density plot. As illustrated in Fig.  2 , this can be 
extremely useful to compare rapid expression hosts as well as 
expression conditions.

    1.    Native conditions: Collect cells by centrifugation (300 ×  g  
for 2 min) and remove the supernatant. Resuspend cells in 
0.5–1 mL PBS. Repeat the washing step three times. Dilute 
1/1000 the cells in PBS before loading the sample on the 
cytometer.   

   2.    Analysis on fi xed cells: Collect cells by centrifugation and aspi-
rate the supernatant. Resuspend cells in 0.5–1 mL PBS. Add 
formaldehyde to 4 %. Fix for 10 min at 37 °C. Wash the cells 
three times with PBS. Dilute 1/1000 the cells in PBS before 
loading the sample on the cytometer.    

     If your target  membrane   protein is not produced in several vector/
host combinations then you should check the mRNA stability of 
the target gene either by quantitative real-time PCR or by 
“Northern blot” analysis. Obtaining high-quality RNA is the fi rst 
and often most critical step. Phenol/chloroform extraction is an 
easy way to remove proteins from nucleic acid samples: nucleic 
acids remain in the aqueous phase while proteins separate into the 

3.5  Optimization 
of Growth Conditions

3.5.1  Exploring Induction 
Conditions and Mutant 
Hosts by Flow Cytometry

3.5.2  Testing the mRNA 
Stability: Phenol/
Chloroform RNA Extraction 
from  E. coli 
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organic phase or lie at the phase interface. This protocol can be 
used also to extract RNA from bacteria grown in a rich medium. 
Phenol is a dangerous poison that burns the skin and the lungs 
upon inhalation. You must wear gloves and manipulate carefully 
under fume hood. A solution of PEG400 is recommended for 
fi rst aid.

    1.    First phenol extraction: Add 700 μL of cell culture into the 
lysis solution maintained at 65 °C. Keep at 65 °C and vortex 
vigorously intermittently about ten times for 10 s. Cool the 
tubes on ice and centrifuge for 2 min, 15,000 ×  g , at 4 °C. 
Transfer the aqueous phase in a new Eppendorf tube, being 
careful not to contaminate with the interface phase.   

   2.    Second phenol extraction: Add an equal volume of water- 
saturated phenol. Place the tubes at 65 °C and vortex vigor-
ously intermittently about ten times for 10 s. Cool the tubes 
on ice and centrifuge for 2 min, 15,000 ×  g , at 4 °C. Transfer 
the aqueous phase in a new Eppendorf tube, being careful not 
to contaminate with the interface phase.   

   3.    First phenol/chloroform extraction: Add an equal volume of 
phenol/chloroform and vortex vigorously intermittently about 
ten times for 10 s; this step can be done at room temperature. 
Centrifuge for 2 min, 15,000 ×  g , at 4 °C. Transfer the aqueous 
phase in a new Eppendorf tube, being careful not to contami-
nate with the interface phase.   

   4.    First RNA precipitation: Add 1/10 the volume of 3 M 
Na-acetate, pH 5 (or 5 M NaCl) and 2.5 volume ethanol. Mix 
and place at −20 °C for 1–2 h ( see   Note    7  ). Centrifuge at 
15,000 ×  g  for 30–60 min at 4 °C. Remove carefully the super-
natant and wash the pellet with 1 mL of 70 % ethanol. 
Centrifuge at 15,000 ×  g  for 30 min at 4 °C. Dry pellet in air 
and resuspend in 400 μL of sterile water.   

   5.    Treatment with RNase-free DNase I ( see   Note    8  ; protocol 
provided from QIAGEN).   

   6.    Second phenol/chloroform extraction as described in  step 3 .   
   7.    Second RNA precipitation as described in  step 4 .   
   8.    Measure the RNA concentration with a spectrophotometer: 1 

A 260  corresponds to 40 μg/mL RNA. Check the purity of the 
RNA by estimating the ratio 260/280 nm which must be 2.0.    

       This section  provides   protocols for isolation of inclusion bodies 
and bacterial membranes when internal  membrane   proliferation 
occurs within the cell ( see   Note    10  ). 

3.6  Collecting 
Membranes or 
Inclusion Bodies 
from  E. coli 

 Membrane Protein Production in E. coli
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       1.    Breaking the cells:  Harvest   the culture by centrifugation at 
7000 ×  g , 10 min, at 4 °C. Resuspend the pellet in 25 mL of 
TEP buffer. Disrupt the bacteria by passing the suspension 
twice in a French Press or cell disruptor.   

   2.    Differential centrifugation: Pellet the cell debris at 600 ×  g  for 
10 min. Keep the supernatant. Collect the putative inclusion 
bodies by  centrifuging   the supernatant at 10,000 ×  g  for 15 min 
at 4 °C. You should see a white brawny pellet. Collect the bac-
terial membranes by centrifugation of the 10,000 ×  g  superna-
tant at 100,000 ×  g  for 1 h.   

   3.    Wash of the inclusion bodies: Wash  the   fi rst pellet obtained at 
10,000 ×  g  with 25 mL TEP buffer supplemented with 2 % 
Triton X-100. Centrifuge at 10,000 ×  g  for 30 min.    Inclusion 
body pellet is usually white ( see  Fig.  5a ). Repeat the wash. 
Resuspend the pellet in 25 mL TEP buffer without detergent 
and centrifuge at 10,000 ×  g . Repeat the wash in order to 
remove all traces of detergent.

       4.    Resuspend the pellet in 2 mL TEP buffer and proceed to pro-
tein assay.      

       1.    Breaking the cells: Harvest the culture  by   centrifugation at 
7000 ×  g , 10 min, at 4 °C. Resuspend the pellet in 25 mL of 
TEP buffer. Disrupt the bacteria by passing the suspension 
twice in a French Press or cell disruptor.   

   2.    Differential centrifugation: Collect the P1 pellet of internal 
membranes by low-speed centrifugation: 2500 ×  g  for 10 min 
( see   Note    11  ). Centrifuge the supernatant (S1) at 100,000 ×  g  
for 1 h to recover the inner and outer membranes.   

3.6.1  Check 
the Presence 
of Inclusion Bodies

3.6.2  Collecting  E. coli  
Membranes in the Absence 
of Inclusion Bodies

  Fig. 5    Pictures of inclusion bodies and  intracellular   membrane pellets. ( a ) 
 Inclusion bodies of OmpF   protein 10,000 ×  g  pellet, ( b ) intracellular membrane 
100,000 ×  g  pellet containing the b subunit of the ATP-synthase       
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   3.    Wash P1 with 25 mL of TEP buffer and centrifuge at 2500 ×  g  
for 10 min at 4 °C to remove unbroken cells (P2).   

   4.    The supernatant (S2) contains the washed internal membranes.   
   5.    Centrifuge for 1 h at 100,000 ×  g  in order to pellet the internal 

membranes. You should see a brown pellet ( see  Fig.  5b ).   
   6.    Resuspend the pellet in 2 mL of buffer and assay the protein 

concentration.      

    The purpose of  sucrose gradient is   to concentrate and separate 
membrane vesicles according to their specifi c density. For high- 
purity requirements, continuous gradients are used. If you do not 
have access to gradient maker, then use step gradients.

    1.    Setting up the gradient maker: Attach capillary tubes to the 
end of the tubing emerging from the gradient maker. Gradient 
maker tubing must be clean; otherwise the sucrose gradient 
will not fl ow correctly. Close the mixer between the two com-
partments of the maker. Add the higher percentage sucrose 
solution to the outlet side of the maker. Start the stirring and 
add the lower percentage sucrose solution to the other com-
partment. Place the capillary tube on the top of the ultracen-
trifuge tube. Switch on the peristaltic pump and open the 
mixer between the two sucrose solutions. Check the fl ow rate 
of the pump to ensure that the gradient is poured drop by 
drop. When the gradient is completed, stop the stirrer and 
carefully remove the capillary tube.   

   2.    Sample loading and centrifugation: Gently load 1 mL of 2 mg/
mL protein sample on the top of the gradient paying attention 
not to mix the sample with the gradient. Make sure to fi ll up 
the ultracentrifuge tube (12 mL) and balance tubes with 
10 mM Tris–HCl, pH 8. Centrifuge for at least 18 h at 
100,000 ×  g  and 4 °C. Collect 1 mL fraction in Eppendorf 
tubes from top to bottom.   

   3.    Run an SDS-PAGE gel with all the  fractions   to detect your 
target MP in the different types of membranes .    

     Usually, folded MP in native membranes can be solubilized with 
detergent. However after production in heterologous membranes, 
it is frequently occurring that the target MP is diffi cult to solubi-
lize. Although it is associated to the membrane fraction it might 
be misfolded and  therefore   behaves like inclusion bodies. A  simple 
  test is to compare the solubility of your target MP in three  differ-
ent   detergents: dodecyl-maltoside (DDM),    phosphododecylcho-
line (Fc12), and SDS.

    1.    Solubilization of the target MP: Prepare three Eppendorf 
tubes with 100 μg of your target MP in TEP buffer supple-
mented with 150 mM NaCl. In each tube add separately one 

3.6.3  Sucrose Gradient 
Protocol

3.6.4  Testing 
the Solubility of Your 
Target MP
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detergent to 1 % fi nal concentration for DDM and Fc12 and 
2 % for SDS (at least ten  times   above the critical micelle con-
centration). Adjust  the   fi nal volume to 100 μL with buffer  to 
  perform the solubilization at 1 mg/mL. Incubate for 1 h at 
4 °C  and   ultracentrifuge at 100,000 ×  g  for 30 min.   

   2.    Run an SDS-PAGE to check if the target MP is in the superna-
tant (solubilized) or in the pellet.   

   3.    If the target MP is solubilized only by SDS, then you have 
inclusion bodies. If it is solubilized by all three  detergents then 
  it is likely to be well folded. If DDM cannot solubilize your 
target MP then try other detergents but it is likely that your 
target MP is misfolded .    

4                  Notes 

     1.    Expression protocols are usually poorly described and you will 
have to go to several previous publications to fi nd out the exact 
expression vector or host that was used. Try to fi nd out the 
exact fi nal yield  of   purifi ed MP target per liter of culture. Below 
1 mg/L you may spend 90 % of your time growing cells to 
perform a single biophysical analysis.   

   2.    There is a plethora of vectors and expression systems commer-
cially available. A systematic analysis of expression protocols in 
bacteria [ 2 ] showed that for 80 % of membrane protein struc-
tures, the two main expression systems use the T7 and arabi-
nose promoter-based expression plasmids. The distribution of 
secondary structures among the different expression system is 
asymmetrical. For instance beta-barrel membrane protein 
structures were preferentially obtained using the arabinose 
promoter- based expression system or the T7 system with 
BL21λ(DE3) as expression host. In contrast, alpha helical inte-
gral membrane proteins (IMP) were almost all produced in the 
T7 system. The C41λ(DE3) and C43λ(DE3) bacterial hosts 
succeeded in producing 50 % of heterologous IMP.   

   3.     Lysozyme is a   natural inhibitor of T7 RNA polymerase. If you 
chose to downregulate your  expression   system by using com-
panion plasmids that express lysozyme (pLyS/E),  take   into 
consideration that it requires the addition of a second antibi-
otic which could affect considerably the cell growth.   

   4.    When the production of the target MP is toxic, the bacteria are 
unable to form colonies on plates containing the inducer. The 
selection of new bacterial hosts (mutation in the expression 
vector is rare) is based upon their ability to form colonies on 
plate in the presence of inducer, here IPTG. By analyzing their 
presence, number, and size you can determine the degree of 
toxicity of the expression of the target protein.   
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   5.    In order to isolate and select the new mutant hosts, it is critical 
to have no more than 200 colonies on the plate. The frequency 
of occurrence of mutant hosts varies from 10 −4  to 10 −6 , hence 
the importance of diluting the culture. Figure  4  shows a fairly 
good correlation between the size of the colonies and the 
intensity of fl uorescence. Most of the normal-size colonies do 
not exhibit fl uorescence; they have lost the ability to express 
the gene. The smaller colonies on the other hand are almost all 
highly fl uorescent.   

   6.    Flow cytometers measure a variety of cellular characteristics 
such as relative cell size, internal complexity/granularity, 
cell surface properties/refractive indices, levels of autofl uores-
cence, presence or absence of an exogenous fl uorescent probe, 
and relative fl uorescence intensities. Here we used the BD 
Accuri™ C6 Cytometer. The C6 cytometer is equipped with a 
blue and a red laser (488 and 640 nm, respectively) and 
four fl uorescent detectors. Standard optical fi lters are FL1 
533/30 nm (e.g., FITC/GFP), FL2 585/40 nm (e.g., PE/
PI), FL3 > 670 nm (e.g., PerCP, PerCP-Cy™5.5, PE-Cy7), 
and FL4 675/25 nm (e.g., APC). Follow the wash procedure 
of the cytometer before and after the analysis to avoid cells 
aggregating within the cytometer.   

   7.    If you are in hurry, you can stop the protocol at this step and 
store the samples at −20 °C. You can also shorten the protocol 
by omitting the fi rst phenol/chloroform extraction but this is 
possible only if you have not grown your cells in a rich medium.   

   8.    The treatment with DNase I-RNase free is necessary because 
samples from high-density  E. coli  culture may be contaminated 
with DNA.   

   9.    After the 4 °C centrifugation, leave the samples at room tem-
perature for few seconds. This clarifi es the solution and helps 
to transfer the aqueous phase in a new clean tube.   

   10.    On some occasions, upon overexpression of a membrane pro-
tein in  E. coli  membrane proliferation has been observed [ 16 – 20 ]. 
For instance, the overproduction of the  E. coli  b-subunit of the 
F1F o  ATP synthase resulted in the development of a large net-
work of intracytoplasmic membranes (ICM, Fig.  5b ). The bac-
terial host responds to the overproduction of a  membrane 
  protein by synthesizing lipids and by converting  phosphatidyl 
  glycerol into cardiolipids at the stationary phase [ 18 ,  19 ].   

   11.    It is highly unusual to collect membranes at 2500 ×  g . It might 
be due to the high number of cells (1 L culture at OD 600nm  = 8 
concentrated in 25 mL), or the high density of the membranes 
and their association with DNA and cell debris. However, after 
 washing of the 2500 ×  g  pellet, membranes will not anymore 
pellet at 2500 ×  g  but, as expected, at 100,000 ×  g .         

 Membrane Protein Production in E. coli
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    Chapter 4   

 Codon Optimizing for Increased Membrane Protein 
Production: A Minimalist Approach                     

     Kiavash     Mirzadeh    ,     Stephen     Toddo    ,     Morten     H.H.     Nørholm    , 
and     Daniel     O.     Daley      

  Abstract 

   Reengineering a gene with synonymous codons is a popular approach for increasing production levels of 
recombinant proteins. Here we present a minimalist alternative to this method, which samples synony-
mous codons only at the second and third positions rather than the entire coding sequence. As demon-
strated with two membrane-embedded transporters in  Escherichia coli , the method was more effective than 
optimizing the entire coding sequence. The method we present is PCR based and requires three simple 
steps: (1) the design of two PCR primers, one of which is degenerate; (2) the amplifi cation of a mini- 
library by PCR; and (3) screening for high-expressing clones.  

  Key words     Membrane protein  ,   Protein expression  ,   Codon optimization  ,   Synonymous codon  

1      Introduction 

 In recent years, codon optimization has emerged as a popular and 
often necessary approach for boosting production levels of recom-
binant proteins. In a nutshell it involves reengineering the gene or 
coding sequence (CDS) of interest with optimal synonymous 
codons. The codons that  are   deemed optimal are those whose cor-
responding tRNA concentration in the host cell is highest, as this 
is thought to favor fast decoupling by the ribosome and more effi -
cient translation [ 1 ].       As the cellular tRNA concentrations have 
coevolved to mirror the frequency of usage of the corresponding 
codons in the genome [ 2 ,  3 ],    this design principle may seem 
straightforward. However, when choosing synonymous codons, 
care must be taken to avoid  nucleotide   stretches that resemble 
ribosome-binding sites (RBSs), stretches that form  strong   mRNA 
structures, RNase sites, DNA recombination sites, or transcrip-
tional terminators, as they can be detrimental for protein produc-
tion [ 1 ].    The codon optimization approach is conceptually 
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attractive and has gained traction, as it is increasingly cheaper to 
order codon-optimized CDSs from commercial vendors. 

 Does codon optimization increase production levels of mem-
brane proteins? The short answer is “yes,” there are numerous 
examples of successful optimizations in the literature ( reviewed in  
[ 4 ]). However unsuccessful optimizations are unlikely to be pub-
lished, so it is hard to estimate success rates. Our own experiences 
as well as feedback from colleagues indicate that codon optimiza-
tion of the entire CDS is often not effective. For example, when we 
ordered codon-optimized CDSs from two different commercial 
sources we did not observe signifi cant production of two  E. coli  
transporters, called AraH and NarK [ 5 ]. As an alternative we 
explored a minimalist codon optimization approach that samples 
synonymous codons immediately adjacent to the AUG start codon 
(i.e. +2, +3). This approach was inspired by the work of Isaksson 
and co-workers, who systematically sampled all 61 codons in the 
+2 position of an artifi cial gene and noted that a single synony-
mous codon change could affect expression levels by as much as 
20-fold (note that a weak Shine Dalgarno sequence was used in 
these experiments) [ 6 ]. When we systematically tested synonymous 
codons in the +2, +3, and +4 positions of the native  araH  and 
 narK  CDSs we observed signifi cant increases in production levels 
[ 5 ,  7 ]. Thus, in these two cases, single synonymous codon substi-
tutions immediately adjacent to the AUG start codon were far 
more effective at increasing production than codon optimization 
of the entire coding sequence. 

 A molecular explanation for why codons adjacent to the AUG 
start codon infl uence protein production levels remains elusive. 
However it most likely relates to translation initiation since it is 
known that the 16S rRNA of the 30S ribosomal subunit must rec-
ognize the nucleotide sequence around the AUG start codon dur-
ing translation initiation. Minor nucleotide changes in this region, 
which extends from the Shine Dalgarno sequence to the +4/+5 
codons [ 8 ,  9 ], can  decrease   the effi ciency of translation initiation 
by causing strong mRNA hairpins [ 10 ,  11 ]. In nature, mRNA 
structure around the AUG start codon has been selected against 
[ 12 ,  13 ], but in a recombinant protein production experiment this 
region is a composite of the vector and the 5′ end of the CDS. Thus 
the optimal synonymous codons for reducing mRNA structure will 
depend on the sequence context and will differ from CDS to CDS, 
and vector to vector.    This fact underscores the need for sampling 
different combinations of synonymous codons and testing their 
expression level. 

 In this chapter we present our protocol for generating small 
clone libraries with all possible combinations of synonymous 
codons in the +2 and +3 positions.    Depending on which amino 
acids are present at these positions of the CDS, the clone libraries 
can contain up to 36 different variations. Thus, a limited amount 
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of screening is required to identify the clones that express to the 
highest level. An overview of the method, which we call post- 
cloning optimization (PCO), is presented in Fig.  1a . It involves 
three simple steps: (1) the design of two overlapping primers (one 
of which is degenerate) for amplifying the original expression plas-
mid, (2) the amplifi cation of a mini-library by PCR and then re- 
circularization of the plasmids by transformation into  E. coli , and 
(3) screening for high-expressing clones. In all of our experiments, 
the CDS is fused  to   a region encoding for a -TEV-GFP-His 8  tag 
(Fig.  1b ) so that whole-cell fl uorescence can be used as a proxy for 
protein production [ 14 ]. Protocols on how to use GFP in this 
manner  have   been presented elsewhere [ 15 ]. When we carried out 
PCO on the  araH  and  narK  CDSs, the mini-libraries contained 6 
and 12 clone variations, respectively. And by simply screening 24 
colonies we were able to identify clones with considerably increased 
expression. For example  araH  increased by 9-fold from 1 mg/mL 
to 9 mg/mL (Fig.  1c ), and  narK  by 17-fold from 1.6 mg/mL to 
29 mg/mL (Fig.  1d ).

   The method is a minimalist approach to codon optimization 
that is inexpensive and simple enough to be carried out in any 
laboratory that has access to a PCR block. It could be implemented 
during cloning or as a post-cloning step as we have demonstrated 
here. Moreover it has a major advantage over codon optimization 
of the entire CDS; it does not affect the effi ciency of elongation, so 
membrane protein folding should not be perturbed (note that 
there are reports that suggest elongation rate is linked to the fold-
ing of membrane proteins [ 16 ,  17 ]). We foresee that the method 
could be useful for boosting production of recombinant proteins 
in  E. coli  (both membrane and soluble). It might also be useful for 
tuning expression levels of genomically encoded proteins by using 
(randomized) oligonucleotide-based recombineering [ 18 ].  

2    Materials 

       1.     Primer   set for PCR amplifi cation ( see   Note    1   for design 
principles).   

   2.    Q5 DNA polymerase and 5x Q5 reaction buffer (New England 
Biolabs) ( see   Note    2  ).   

   3.    Nucleotide triphosphates: Stock solution containing 100 mM 
of dATP, dTTP, dCTP, and dGTP.   

   4.     Dpn I restriction enzyme (New England Biolabs) ( see   Note    3  ).   
   5.    Sterile H 2 O.   
   6.    0.2 mL Soft-walled PCR tubes.   
   7.    Thermocycler.   
   8.    Agarose powder.   

2.1  Components 
for PCR

Codon Optimizing for Increased Membrane Protein Production
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a
Step 1: Primer design
Design primers for amplification of 
original plasmid. Forward primer should 
be degenerate to allow synonymous codon 
changes at triplets +2 and +3. Reverse 
primer should overlap by approximately 15 
base pairs with the forward primer to facilitate 
re-circularization.

Step 2: PCR with degenerate primers 
Digest original plasmid with DpnI & 
transform amplified PCR products
into MC1061 to make plasmids circular.

Step 3: Expression level screening
Purify plasmid libraries & screen 
expression levels in BL21(DE3) pLysS.
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  Fig. 1    A minimalistic approach to codon optimization. ( a ) A schematic overview of the method. ( b ) CDSs used 
in this study were cloned into a modifi ed version of the  pET28a  vector and genetically fused to a region encod-
ing for a -TEV-GFP-His 8  tag [ 14 ].    This enabled us to use GFP fl uorescence as a  measure   of expression. ( c  and 
 d ) Screening of expression levels from plasmids harboring  araH  and  narK , where all  possible   combinations of 
 synonymous   codons in the +2 and +3 positions have been generated.    Expression was carried out in BL21( DE3 ) 
 pLysS  by induction with 1.0 mM IPTG for 5 h at 25 °C.    To estimate the amount of protein produced in mg/L, 
the whole-cell fl uorescence was compared to  a   standard curve obtained with purifi ed GFP. For comparison, the 
expression levels of the original clone and two whole-gene codon-optimized versions are indicated to the right. 
Parts a and b adapted from [ 7 ]       
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   9.    Ethidium bromide.   
   10.    TAE buffer: Prepare 50x stock solution by mixing 242 g Tris 

base in 600 mL of H 2 O. Add 57 mL of glacial acetic acid and 
100 mL of 0.5 M EDTA pH 8.0, and bring the fi nal volume to 
1 l with H 2 O. Store at room temperature.      

       1.    Chemically competent  E. coli  cells ( see   Note    4  ).   
   2.    20 g/L Luria Bertani (LB) broth in H 2 O.   
   3.    LB agar plates: LB broth with 15 g/L agar.   
   4.    1.5 mL Microfuge tubes.   
   5.    Thermomixer  for incubating microfuge tubes.   
   6.    50 mL Reaction tube.   
   7.    10 mL of LB broth supplemented with appropriate 

antibiotics.   
   8.    Incubator for 50 mL reaction tube.   
   9.    ENZA DNA mini kit (Omega bio-tek)       

3    Methods 

       1.    The forward primer(s)  should   straddle the ATG start and 
should be approximately 40–50 nucleotides long (Fig.  2a ). 
The six nucleotides downstream of the AUG start codon need 
to be degenerate so that different synonymous codons will be 
sampled. A table indicating the code used to  implement   degen-
eracy is shown in Fig.  2b . Note that in some cases it was not 
possible to design a single forward primer, so multiple forward 
primers were used and PCR products were mixed.

       2.    The reverse primer should match to the region upstream of the 
ATG start and should also be approximately 40–50 nucleotides 
in length ( see  Fig.  2a ). The 5′ end of the reverse primer should 
match the 5′ end of the forward primer (overlapping by 
approximately 15 nucleotides), so that the PCR products can 
circularize by homologous recombination when transformed 
into  E. coli.       

       1.     Mix all reagents for PCR in a 1.5  mL   microfuge tube: 71 μL of 
H 2 O, 20 μL of 5× Q5 reaction buffer, 1 μL of Q5 DNA poly-
merase (2 U/μL), 2 μL of 50 mM dNTP mix, 1 μL of forward 
primer (50 pmol / μL), 1 μL of reverse primer (50 pmol / 
μL), 4 μL of original plasmid (4 ng/μL) ( see   Note    5  ).   

   2.    Aliquot 20 μL of the PCR mix into fi ve separate 0.2 mL PCR 
tubes.   

2.2  Component 
Transformation 
and Re-circularization 
of Libraries

3.1  Primer Design

3.2  PCR 
Amplifi cation 
of Mini-Libraries
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   3.    Amplify the mini-library in a thermocycler using a program 
that consists of 95 °C for 2 min, then 30 cycles of 95 °C for 45 
s, a range of temperatures from 48 to 68 °C for 45 s, and 72 
°C for 6.5 min. Finish with a fi nal elongation step at 68 °C ( see  
 Notes    6   and   7  ).   

   4.    Add 10 units of  Dpn I to the reaction mix to digest the original 
plasmid.   

   5.    To ensure that the mini-library was amplifi ed, analyze 1 μL of 
the PCR product by agarose gel electrophoresis using standard 
protocols .      

       1.    Mix 10 μL of the PCR mix (approximately 500 ng) with 100 
μL of competent  MC1061    E. coli  cells in a 1.5 mL reaction 
tube ( see   Note    8  ).   

   2.    Incubate on ice for 30 min.   
   3.    Heat shock for 1 min at 42 °C.   
   4.    Incubate on ice again for 2 min.   
   5.    To allow cells to recover, add 0.5 mL of LB broth and incu-

bate at 37 °C with shaking for one hour.   
   6.    Transfer cells to a 50 mL reaction tube containing 10 mL of 

LB broth and appropriate antibiotics, and incubate at 37 °C 
with shaking for 16 h ( see   Note    9  ).   

   7.    Harvest the cells by centrifugation at 4000 ×  g  in a bench-top 
centrifuge.   

   8.    Purify the plasmids using the ENZA DNA mini kit as per the 
manufacturer’s instructions. This plasmid prep is a mini-library 
containing variants of your original plasmid, which differ only in 

3.3  Transformation 
of Libraries into  E. coli  
to Facilitate 
Re-circularization

M

AC

R

AG

W

AT

S

GC

Y

CT

K

GT

V

AGC

H

ACT

D

AGT

B

GCT

N

AGCT

Code letter

Degenerated bases

a

b

5’-actttaagaaggagactcgagg ATG agYcaYtcatccgcccccgaaag-3’

5’-actttaagaaggagactcgagg ATG tcNcaYtcatccgcccccgaaag-3’

Forward primers

Reverse primer

3’-gcctattgttaaggggagatcttattaaaacaaattgaaattcttcctct-5’

  Fig. 2    Primer design principles. ( a ) An  example   of primers used in this study. These primers were used to 
implement all possible combinations of synonymous codons in the +2 and +3 positions of  narK.  The ATG triplet 
corresponding  to   the AUG start codon is boxed. Degenerate bases are marked in capital letters and bold text. 
Regions of homology between the forward and reverse primers are underlined. ( b ) The code for designing 
degenerate primers       
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the use of synonymous codons in the +2 and +3 positions, as 
determined by the design of  your   degenerate forward primer.   

   9.    The mini-library can then be  directly   transformed into an 
expression strain such as BL21( DE3 ) or a derivative that has 
been selected or engineered for high-level production [ 19 , 
 20 ]. To do so, take 1 μL of the mini-library, follow steps 1–5 
above, and then plate out 200 μL of the culture on an LB agar 
plate with appropriate antibiotics.   

   10.    Incubate at 37 °C for 16 h, and then pick colonies for expres-
sion testing ( see   Notes    10   and   11  ).       

4               Notes 

     1.    The protocol requires at least one forward degenerate primer. 
However if codons with more than four synonymous variants 
are being tested, then an additional primer will be required. 
The protocol always requires one reverse primer.   

   2.    While any high-fi delity polymerase can be used, we choose to 
use the Q5 polymerase because its error rate is so low that it is 
diffi cult to measure in a statistically signifi cant manner (see 
manufacturer’s specifi cations). This minimizes random errors 
on the vector backbone and in the CDS.   

   3.     Dpn I comes with its own reaction buffer, which we use to 
dilute it to a concentration of 10 U/μL. This can then be 
added directly to the PCR when required, since  Dpn I also 
works effectively in the reaction buffer supplied for the Q5 
polymerase.   

   4.    Any  E. coli  strain that is capable  of   homologous recombination 
will suffi ce. We use MC1061.   

   5.    Typically, we prepare a PCR mix of 100 μL, and then we ali-
quot 20 μL into fi ve separate 0.2 mL PCR tubes. This allows 
us to test different annealing temperatures simultaneously by 
incubating the PCR mix in a thermocycler that has a gradient 
function.   

   6.    To obtain maximal diversity in the library, we suggest that you 
test a range of annealing temperatures during the PCR and 
then choose the reaction that was amplifi ed at the lowest 
annealing temperature.   

   7.    Note that the extension time will depend on the size of your 
plasmid and the processivity of the DNA polymerase that you 
use. We typically allow 6.5 min for a 6.5 kb plasmid (i.e., 1 
min/kb).   

   8.    If two forward primers were required for the PCR, then mix 5 
μL from each reaction.   

Codon Optimizing for Increased Membrane Protein Production
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   9.    This step allows propagation of the library.   
   10.    Typically we would expect >500 colonies per plate.   
   11.    Typically we would compare expression between 24 colonies. 

The type of expression testing done depends on the detection 
systems available.         
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    Chapter 5   

 Generation of Tetracycline-Inducible Mammalian Cell Lines 
by Flow Cytometry for Improved Overproduction 
of Membrane Proteins                     

     Juni     Andréll    ,     Patricia     C.     Edwards    ,     Fan     Zhang    ,     Maria     Daly    , 
and     Christopher     G.     Tate      

  Abstract 

   Overexpression of mammalian membrane proteins in mammalian cells is an effective strategy to produce 
suffi cient protein for biophysical analyses and structural studies, because the cells generally express proteins 
in a correctly folded state. However, obtaining high levels of expression suitable for protein purifi cation on 
a milligram scale can be challenging. As membrane protein overexpression often has a negative impact on 
cell viability, it is usual to make stable cell lines where the protein of interest is expressed from an inducible 
promoter. Here we describe a methodology for optimizing the inducible production of any membrane 
protein fused to GFP through the isolation of clonal cell lines. Flow cytometry is used to sort uninduced 
cells and the most fl uorescent 5 % of the cell population are used to make clonal cell lines.  

  Key words     Membrane protein  ,   Overexpression  ,   GFP  ,   GPCR  ,   HEK293 cell line  ,   Flow cytometry  , 
  Transporter  

1      Introduction 

  Expressing eukaryotic membrane proteins  in    mammalian cells   has 
the advantage of providing a near-native environment that sup-
ports the production of fully functional protein [ 1 ]. For many 
integral membrane protein targets, such as G protein-coupled 
receptors, ion channels, and transporters, a mammalian expression 
 system   is the most effective system for producing properly folded 
and functional protein [ 2 – 4 ]. We have found that creating stable 
cell lines in HEK293 cells using an  inducible   TetR expression system 
[ 5 ], such as the T-Rex™ system, produces the best results [ 2 ,  3 ]. 
However, crystallization of eukaryotic membrane proteins for 
structural studies by X-ray crystallography requires milligram 
quantities of protein. Although some membrane proteins have 
been crystallized after overexpression in mammalian cells [ 6 – 9 ], 
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the purifi cation of milligram amounts of protein can be  challenging 
if expression levels are below one million copies/cell. In this pro-
tocol we describe a method to obtain cell lines producing milli-
gram quantities of target protein by expressing membrane 
protein- GFP fusion proteins from a tetracycline-inducible pro-
moter and using fl ow cytometry to create overexpressing clonal 
cell lines. These cell  lines   can be passaged many times with no 
reduction in expression levels of the target protein, which is not 
the case when fl ow cytometry has been used to overexpress mem-
brane proteins using constitutive expression from a strong pro-
moter [ 10 ]. 

 To make a stable cell line using the T-Rex™ system, a  plasmid 
  expressing the protein-GFP fusion of interest from a tetracycline- 
inducible CMV promoter is transfected into HEK293(TetR) cells 
where it integrates randomly into the host cell genome. The 
expression level of the transgene depends to a large extent on 
where it has integrated. This positional effect on expression levels 
is then exploited by selecting for those cells where the random 
integration results in high levels of expression. Normally in a poly-
clonal cell line there is a wide range of expression levels both before 
and after induction. We have found that sorting the top 5 % of fl uo-
rescent cells of the uninduced population of a polyclonal cell line 
will generate clonal cell lines with the highest likelihood of high 
levels of induced expression ( Andréll et al. unpublished ). Usually 
we start the process by performing a transfection of the plasmid 
DNA expressing the cDNA of interest and setting up six polyclonal 
cell lines from this transfection. Sorting by fl ow cytometry will 
then be performed only on the polyclonal cell line that shows the 
widest distribution of fl uorescence in the uninduced state. Sorting 
at low cell numbers in a 96-well plate will give rise to 40–60 differ-
ent cell lines, which ensures that an overexpressing cell line will be 
found. Initial analysis of these cell lines is accomplished by fl ow 
cytometry and fl uorescence microscopy, which together assess 
both the quantity and quality of the expressed fusion protein. As 
the cell lines are passaged, their viability and growth potential are 
also selected for, which allows easy identifi cation of cell lines suit-
able for large-scale culture and downstream purifi cation of milli-
gram quantities of target protein. 

 The methodology we have developed is suitable for any inte-
gral membrane protein that is usually found at the plasma mem-
brane and can be fused to GFP without affecting its functionality. 
Although the methodology will also work for membrane proteins 
localized to intracellular organelles, fl uorescence microscopy may 
not be able to differentiate between correctly folded protein and 
misfolded protein localized in the endoplasmic reticulum, so it may 
be necessary to use a different assay to assess if misfolded protein is 
present, e.g., a differential detergent solubility assay [ 3 ].  
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2    Materials 

 Prepare all stocks and buffers at room temperature using ultrapure 
water, MilliQ grade (18 ΩM cm at 25 °C), and fi lter using a 0.22 
μm fi lter. All tissue culture work must be performed inside a micro-
biological safety cabinet. Use sterile equipment and buffers if in 
contact with cells. Wear nitrile gloves and a lab coat when working 
with mammalian cells. 

       1.    Microbiological safety cabinet.   
   2.    Temperature and CO 2  regulated incubator set at 37 °C and 5 % 

CO 2 .   
   3.    Personal protection equipment: lab coat, nitrile gloves, safety 

glasses.   
   4.    Pipette fi ller, such as S1 Pipette fi ller (Thermo Scientifi c).   
   5.    Pipettes: 5, 10, 25, and 50 ml sterile.   
   6.    Benchtop centrifuge suitable for 50 ml conical-bottom tubes.   
   7.    Aspirator, such as VACUSAFE (Integra) used with sterile aspi-

rator pastettes (Alpha laboratories LW4811).   
   8.    Cell counting equipment, such as Countess™ automated cell 

counter (Life technologies) with Countess™ cell counting 
chamber slides (Life technologies C10228).   

   9.    Fluorescent microscope, such as a Leica DMI LED Fluo 
(Leica Microsystems) coupled to a Lumen 200 fl uorescence 
illumination system (Prior Scientifi c) and a QI click camera 
(QI imaging) and computer.   

   10.    Flow cytometry analyzer, such as FACSCalibur™ (BD 
Biosciences).   

   11.    Flow cytometry cell sorter, such as MoFlo™ Legacy (Beckman 
Coulter).   

   12.    Flow cytometry data analysis program, such as FlowJo vX.0.7.   
   13.    Liquid nitrogen and liquid nitrogen cell line storage dewar.      

       1.    T175 fl ask, such as 175 cm 2  tissue culture fl ask with vented 
cap. 10 cm plate, such as 100 × 20 mm tissue culture dish.   

   2.    96-well, 24-well, and 6-well tissue culture treated plates.   
   3.    Polystyrene round bottom tube, Falcon ®  5 ml, 12 × 75 mm, 

sterile ( see   Note    3  ).   
   4.    1.5 ml Eppendorf microcentrifuge tubes, sterile.   
   5.    Cell strainer, such as CellTrics ®  50 μm fi lters, sterile or nonsterile 

( see   Note    4  ).   
   6.    Cryogenic vial.   

2.1  Equipment 
( See   Note    1  )

2.2  Tissue Culture 
Consumables ( See  
 Note    2  )

Overexpression of Membrane Proteins in Inducible HEK Cells
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   7.    15 ml and 50 ml conical-bottom tubes, sterile.   
   8.    Sterifl ip-GP, 50 ml disposable vacuum fi lter system, 0.22 μm, 

sterile.      

       1.    T-REx™-293 cell line (Life technologies) ( see   Note    6  ).   
   2.    Construct DNA: pcDNA™4/TO  mammalian   expression  vec-

tor   (Life technologies) containing the  gene   of interest 
C- terminally tagged with eGFP.      

       1.    Blasticidin stock solution (5 mg/ml):    Prepare inside microbio-
logical safety cabinet. Dissolve 50 mg  Blasticidin S HCl   powder 
in 10 ml water. Filter sterilize using a Sterifl ip-GP 50 ml. 
Aliquot into 20 × 0.5 ml and store at −20 °C.   

   2.    Doxycycline stock solution (1 mg/ml):    Per 1 ml water, add 
1 mg of doxycycline hyclate for a 1 mg/ml stock. Filter sterilize 
 using   Sterifl ip-GFP 50 ml. Make up fresh for each use.   

   3.    Phosphate buffered saline (PBS) solution.   
   4.    Cell buffer: 20 mM Tris pH 7.4, 100 mM NaCl with added 

Complete EDTA-free protease inhibitors according to manu-
facturer’s instruction.   

   5.    GeneJuice™ transfection reagent.      

       1.    Complete media: Prepare inside microbiological safety cabi-
net. Take one 500 ml bottle of Dulbecco’s Modifi ed Eagle 
Medium high glucose GLUTAMAX™ supplement pyruvate 
(DMEM), and add one aliquot of blasticidin stock solution for 
 a   fi nal 5 μg/ml concentration and add 50 ml of certifi ed Fetal 
Bovine Serum (FBS) ( see   Notes    7   and   8  ).   

   2.    Serum-free media: DMEM only.   
   3.    Antibiotic selection media: Prepare inside  microbiological 

  safety cabinet. Add 1 ml Zeocin™ (100 mg/ml) to one 500 ml 
bottle of complete media for a fi nal 200 μg/ml concentration.   

   4.    Cell freezing media: Add 47.5 ml complete media to 2.5 ml 
sterile Dimethyl sulfoxide Hybri-Max™ ( DMSO) in a   50 ml 
conical- bottom   tube for  a   fi nal concentration of 5 % DMSO.   

   5.    Induction media:    Per 1 ml selection media add 1 μl doxycy-
cline stock solution for a 1 μg/ml fi nal concentration of  doxy-
cycline.   Make up fresh for each use.       

3    Methods 

 A protocol overview is presented in Fig.  1 .

         1.     Grow T-REx™-293 cells observing  proper   mammalian tissue 
cell culture technique. Use good tissue cell culture practice 

2.3  Mammalian 
Expression System 
( See   Note    5  )

2.4  Reagents, Stock 
Solutions, and Buffers

2.5  Media

3.1  Polyclonal Cell 
Line Generation
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Day 1
Transfection
3.1.3 - 3.1.5

Day 2
Seed 6-well plate

3.1.7

Day 7
Replace media

3.1.9
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1 x

1 x

6 x
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Expand cells
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+- Sort Freeze

Day 28
Split cells

3.2.3

Day 29
Induce ‘+’ plate

3.2.4

Day 30 (am)
FC analysis
3.2.6- 3.2.11

+-

Day 30 (pm)
FC sort

3.3.2 - 3.3.3

Expand cells
3.3.4

Expand cells
3.3.5 - 3.3.6

2 
- 
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w

ee
ks

1 x

2 x

6 x

Day 44
Split cells

3.4.1

+- Keep

Day 46
Induce ‘+’ plate

3.4.2

Day 47
FC analysis
3.4.5 - 3.4.6+-

Day 48
Expand selected 

cell lines
3.5.1

+- Keep

Day 53
Induce ‘+’ plate

3.5.3

Day 54
Multiple analyses

3.5.4 -3.5.9

Day 51
Split cells

3.5.2

Day 57
Freeze desired 

cell lines
3.5.10

  Fig. 1    Protocol overview. For each step we have given an approximate time and a reference to the section in 
the main text where it is discussed. The timings will vary depending on the rate of growth of individual cell lines 
and the protein/construct being expressed. The number of plates typically used for a single target is indicated 
above the cartoon of the tissue culture plate used (either a 10 cm plate, 6-well plate, 24-well plate, 96-well 
plate or  a   T175 fl ask). Abbreviations:  FC  fl ow cytometry; ‘−’, no added tetracycline; ‘+’, induced with 
tetracycline       
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throughout to keep cells healthy at high viability for good 
results. All tissue culture work must be performed inside a 
microbiological safety cabinet. Use sterile solutions if in con-
tact with cells. All media must be warmed to 37 °C prior to 
use. All cells are grown by incubating them in an incubator set 
at 37 °C and 5 % CO 2 . Scale up cells into T175 tissue culture 
fl asks.   

   2.    To set up plates for transfection, harvest a confl uent T175 tis-
sue culture fl ask in 12 ml complete media. Unless otherwise 
stated cells are harvested by removing the media with an aspi-
rator, washing the cells gently without dislodging them by 
swirling PBS over them ( see   Note    9  ), removing the PBS by 
aspiration, and fi nally dislodging the cells by pipetting the 
media over them repeatedly and pipetting the cell solution up 
and down to homogenize it. When harvesting fl asks, the fl ask 
can be tapped by hand to dislodge the cells prior to pipetting 
them. Seed 1/6th of cells (2 ml) into a 10 cm tissue culture 
plate containing 8 ml complete media. Set up one 10 cm tissue 
culture plate per construct and one additional 10 cm plate as a 
negative control. After 24 h the 10 cm plates should be 70–80 % 
confl uent prior to transfection ( see   Note    10  ).   

   3.    For each plate, pipette 800 μl serum-free media into a sterile 
microcentrifuge tube and add 18 μl GeneJuice™ transfection 
reagent. Vortex to mix and incubate at room temperature for 
5 min.   

   4.    Add 6 μg of construct DNA. Mix gently by pipetting and incu-
bate at room temperature for 15 min. During this incubation 
replace the media of the 70–80 % confl uent 10 cm plate with 
10 ml complete DMEM media.   

   5.    Add the DNA/GeneJuice™ mixture dropwise to the plate. 
Tilt plate side-to-side and backwards and forwards for a gentle 
mix ( see   Note    11  ), put it in an incubator and leave for 24 h. 
For the negative control plate, repeat all the same steps but do 
not add any construct DNA to the transfection reagent.   

   6.    For each transfected plate and the negative control: prepare a 
6-well tissue culture plate by pipetting 4 ml antibiotic selec-
tion media into each well. Harvest the transfected plate in 
5 ml of selection media. Count the cells using, for instance, a 
Countess™ automated cell counter.   

   7.    Seed each well in the 6-well plate with ~400,000 cells to 
allow six polyclonal cell line selections to be done in parallel 
( see   Note    12  ).   

   8.    Set up a transfection effi ciency control plate by adding 4 ml of 
the harvested cells to a 10 cm tissue culture plate. Add 6 ml 
complete  media   containing 10 μg doxycycline for a fi nal 
 concentration of 1 μg/ml and induce for 24 h.   
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   9.    Estimate the transfection effi ciency by looking at the positive 
control plate in a fl uorescence microscope. Compare the white 
light image with the green fl uorescence image to estimate per-
centage transfection effi ciency ( see   Note    13  ). After 5–7 days 
no live cells should be visible under the microscope in negative 
control plates ( see   Note    14  ). Depending on the transfection 
effi ciency the transfected cells will either (a) die massively in 
the 6-well plates or (b) become confl uent rapidly without any 
cell death. In the case of (a) the media should be replaced once 
colonies have started to grow ( see   Note    15  ). In the case of (b) 
proceed directly to  step 10 .   

   10.    Once the media in each 6-well has started to become more yel-
low in color, harvest the cells in fresh 4 ml selection media and 
add them to a 10 cm tissue culture plate containing 6 ml selec-
tion media. If the cells did not die during the 6-well plate stage 
(9b), then this fi rst passage will trigger cell death. The surviv-
ing cells will grow as colonies. Once grown to when they are 
visible to the eye, resuspend the colonies in 10 ml fresh selec-
tion media in order to get uniform confl uency.   

   11.    When confl uent harvest the cells from each 10 cm plate in 
10 ml selection media and add to a T175 fl ask containing 
15 ml selection media.   

   12.    Defrost a vial of T-REx™-293 cells to be used as a nonfl uores-
cent control during fl ow cytometry analysis and cell sorting .      

              1.    To set up plates for fl ow cytometry analysis, when the T175 
fl asks are confl uent harvest the cells in 9 ml selection media. 
For each T175 fl ask containing a polyclonal cell line label three 
10 cm plates as “−” (uninduced), “+” (induced), and “sort” 
and a T175 fl ask as “freeze.”   

   2.    Add 9 ml selection media to the “−”, “+”, and “sort” plates 
and 20 ml selection media to the T175 “freeze” fl ask.   

   3.    Harvest each T175 fl ask in 9 ml selection media. Add 1.5 ml 
harvested cells to the “−” plate, add 2 ml of the harvested cells 
to the “+” plate, add 1.5 ml of harvested cells to the “sort” 
plate, and add the remaining cells to the “freeze” fl ask.   

   4.    When the “+” plates are 70–90 % confl uent, induce them by 
replacing the media with 10 ml induction media.   

   5.    After 24 h induction image the “+” and “−” plates in a fl uores-
cence microscope (Fig.  2a–c ) ( see   Note    16  ).

       6.    Harvest the cells from the “+” plate in 10 ml PBS. Make sure 
the cells are well dispersed and have a cell density of ~1 × 10 6  
cells/ml ( see   Note    17  ). Harvest parental T-REx™-293 cells to 
use as a negative control in a similar manner.   

   7.    Transfer 0.5 ml of each sample into a polystyrene round bottom 
tube. These are the samples for the fl ow cytometry analyzer.   

3.2  Choosing 
a Polyclonal Cell Line 
for Sorting
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   8.    Put the remaining cells in a 50 ml conical-bottom tube and 
keep on ice during the analysis  steps 9–11,  Subheading  3.2 .   

   9.    Set up the fl ow cytometry analyzer according to manufactur-
er’s instruction with the parental T-REx™-293 cell sample as 
an untransfected control. Adjust the voltage on the photomul-
tiplier tube (PMT) detecting the GFP fl uorescence so that the 
fl uorescence value falls between 0 and 10 on the fl uorescence 
log scale (arbitrary units).   

   10.    Collect fl ow cytometry data from each test sample using the 
same PMT voltage set for the untransfected control sample. 
Use a Forward Scatter (FS) versus Side Scatter (SS) plot to 
select a region to gate the intact cells, avoiding the smaller 
cell debris and larger cell aggregates (Fig.  2d ). Collect 10,000 
events.   
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  Fig. 2    ( a–c ) Fluorescence microscope images of cell lines expressing target membrane proteins showing dif-
ferent cellular localizations; ( a ) correctly localized at the plasma membrane with no obvious intracellular 
aggregates, ( b ) undesirable aggregates of the membrane protein-GFP fusion are clearly visible intracellularly 
as intense areas of fl uorescence, ( c ) GFP fl uorescence is decoupled from target membrane protein expression 
and low levels of soluble GFP are  observed   throughout the cell. Fluorescence brightness has been adjusted 
separately  for   each image for clarity. ( d ) During fl ow cytometry, intact cells are selected using a gate defi ned 
by the rhomboid in the Forward Scatter (FS) versus Side Scatter (SC) plot. ( e )  Histograms   of an uninduced 
polyclonal cell line ( blue line ) and an induced polyclonal cell line ( green line ). ( f ) Histograms of the fi nal clonal 
cell line, uninduced ( fi lled blue area ) and induced ( fi lled green area ), overlaid on the original polyclonal cell line 
histogram       
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   11.    Analyze the data with a suitable analyzer program,  e.g. , FlowJo. 
Use the FS versus SS plot to select intact cells (Fig.  2d ) and 
represent the selected cells as a histogram with GFP fl uores-
cence on the x-axis (Fig.  2e ). Select polyclonal cell lines to sort 
from based on broadness of fl uorescent peak when induced, 
inducibility, and presence of a highly fl uorescent subpopula-
tion ( see   Note    18  ). Discard all cell lines not meeting the selec-
tion criteria.   

   12.    Count the “+” and “−” cell samples in the 50 ml conical- 
bottom tubes on ice corresponding to the selected cell lines.   

   13.    Spin down the cells for 5 min at 4000 rpm, aspirate or decant 
the supernatant.   

   14.    Resuspend the cell pellet in 50 ml PBS, spin down the cells for 
5 min at 4000 rpm, aspirate or decant the supernatant.   

   15.    Resuspend the cell pellet in cell buffer at 10 million cells/ml 
and transfer to a microcentrifuge tube. Label and freeze sam-
ples in liquid nitrogen and store at −80 °C ( see   Note    19  ).   

   16.    Once the T175 “freeze” fl ask is confl uent, harvest the cells in 
10 ml PBS, spin them down for 5 min at 1500 rpm, aspirate or 
decant the supernatant.   

   17.    Resuspend the cell pellet gently in 4 ml of cell freezing media. 
Gently aliquot 4 × 1 ml into cryogenic vials, freeze cells in −80 
°C freezer, and transfer the next day to liquid nitrogen cell line 
storage dewar ( see   Note    20  ).      

       1.     Prepare 1 × 96-well plate per selected polyclonal cell  line   with 
200 μl selection media/well. Keep plates in an incubator until 
ready for use.   

   2.    Harvest the uninduced cells from one “sort” plate at a time in 
10 ml selection media. Filter cells through a sterile cell fi lter 
and transfer 1 ml of ~1 × 10 6  cells/ml to a 12 × 75 mm polysty-
rene round bottom tube.   

   3.    Set up the sorter following the manufacturer’s instructions. 
Use a FS versus SS plot to select a region to gate the intact cells 
avoiding the smaller cell debris and larger cell aggregates. Use 
a second plot of Pulse Width versus Forward Scatter to set a 
gate to exclude cells of a greater width,  i.e. , to exclude dou-
blets. Single intact cells from the top 5 % of the uninduced cell 
population were selected using the sort logic. 10 cells/well 
were sorted into the prepared 96-well plate. Repeat the proce-
dure for each selected polyclonal cell line ( see   Note    21  ) and 
place plates into an incubator for growth.   

   4.    The fi rst confl uent wells will appear 10–14 days post-sorting 
( see   Note    22  ).   

3.3  Clonal Cell Line 
Generation by Flow 
Cytometry Sorting
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   5.    As the wells become confl uent, harvest the cells from each well 
in the media they have grown in and transfer them to a 24-well 
plate containing 1 ml selection media per well.   

   6.    As these become confl uent harvest the cells from each well in 
the media they have grown in and transfer them to a 6-well 
plate containing 3 ml selection media per well ( see   Note    23  ) .      

         1.    To set up plates for fl ow cytometry analysis of sorted cell lines, 
when each 6-well becomes confl uent, harvest the cells from 
each well in 6 ml selection media. Label three new 6-well plates 
“+”, “−” and “keep.” Add 2 ml selection media into each well. 
Transfer 2.5 ml/2 ml/1.5 ml of the harvested cells into the 
“+”, “−”, and “keep” plates respectively ( see   Note    24  ).   

   2.    Induce the “+” wells when 70–90 % confl uent (~48 h after pas-
saging) by replacing the media with 4 ml induction media.   

   3.    After 24 h induction image the “+” and “−” plates in a fl uores-
cence microscope ( see   Note    25  ).   

   4.    After a 24 h induction harvest each well in the “+” and “−” 
plates in 2 ml PBS. Transfer 0.5 ml into a polystyrene round 
bottom tube for fl ow cytometry analysis.   

   5.    Use the set up from Subheading  3.2 ,  step 9 . Check the set-
tings by running a test sample of parental T-REx™-293 cells. 
Collect the fl ow cytometry data as in Subheading  3.2 ,  step 10  
on all induced (“+”) and uninduced (“−”) samples.   

   6.    Analyze the fl ow cytometry data similar to Subheading  3.2 , 
 step 11 . Select which cell lines to keep based on the inducibility 
and median value ( see   Note    26  ). Discard the other cell lines.      

        1.    To expand selected sorted cell lines, go back to the “keep” 
plates and, when confl uent, harvest each selected cell line in 
3 ml selection media and add them to a 10 cm plate containing 
7 ml selection media.   

   2.    To set up plates for further analysis, when confl uent, harvest 
each 10 cm plate in 10 ml selection media, split the cells into 
three 10 cm plates containing 8 ml selection media each by 
adding 4 ml of cells to the plate labeled “+” and 3 ml each into 
the plates labeled “−” and “keep.”   

   3.    Induce the “+” plate when 70–90 % confl uent by replacing the 
media with 10 ml of induction media.   

   4.    After 24 h induction, image the “+” and “−” plates in a fl uo-
rescence microscope to verify the correct localization of the 
fusion protein (Fig.  2a–c ) ( see   Note    27  ).   

   5.    Harvest the “+” and “−” plates in 10 ml PBS. Make sure the 
cells are well dispersed and of ~1 × 10 6  cells/ml density. 
Harvest parental T-REx™-293 cells to use as a negative control 

3.4  Selection 
of Sorted Cell Lines 
by Flow Cytometry 
Analysis

3.5  Further Analysis 
of Selected Sorted Cell 
Lines
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in a similar manner. Transfer 0.5 ml for fl ow cytometry analy-
sis in a polystyrene round bottom tube. Put the remaining 
cells in a 50 ml tube and keep on ice during analysis  step 6 , 
Subheading  3.5 .   

   6.    For fl ow cytometry analysis, use the set up in Subheading  3.2 , 
 step 9 . Check the calibration by running a sample of parental 
T-REx™-293 cells. Collect fl ow cytometry data as in 
Subheading  3.2 ,  step 10  on all induced (“+”) and uninduced 
(“−”) samples. Analyze the fl ow cytometry data similar to 
Subheading  3.2 ,  step 11  ( see   Note    28  ).   

   7.    Count the “+” and “−” cell samples in the 50 ml conical- 
bottom tubes on ice corresponding to the selected cell lines. 
Spin down the cells for 5 min at 4000 rpm, aspirate or decant 
the supernatant.   

   8.    Resuspend the cells in 50 ml PBS, spin down the cells for 5 min 
at 4000 rpm, aspirate or decant the supernatant.   

   9.    Resuspend the cells in cell buffer at 10 million cells/ml and 
transfer to a microcentrifuge tube. Label and freeze samples in 
liquid nitrogen and store at −80 °C ( see   Note    29  ).   

   10.    To freeze selected cell lines, expand the 10 cm “keep” plate by 
harvesting the cells when confl uent in 10 ml selection media 
and adding them to a T175 fl ask containing 15 ml selection 
media. When confl uent, harvest the cells in 10 ml PBS, spin 
down the cells at 1500 rpm 5 min, aspirate away the superna-
tant carefully, and resuspend the cells in 4 ml freezing media. 
Aliquot the cells in the freezing media into 4 × 1 ml cryogenic 
vials, freeze at −80 °C and transfer the next day to a liquid 
nitrogen cell storage dewar ( see   Note    30  ).       

4                                   Notes 

     1.    The brands we use are suggested, but a different brand with 
the same function may be substituted.   

   2.    It is important that plate and fl asks are tissue culture treated 
and sterile. We recommend vented caps on the tissue culture 
fl asks to reduce the risk of contamination.   

   3.    These tubes are compatible with the BD FACSCalibur and 
MoFlow machines. If other fl ow cytometry machines are used, 
use the sample holders recommended for them.   

   4.    Use sterile cell fi lters if  preparing   samples for fl ow cytometry 
sorting. Nonsterile fi lters are fi ne for preparing samples for 
fl ow cytometry analysis.   

   5.    It is important to use an inducible mammalian expression sys-
tem that allows for the random integration of the transgene, 
   such as the T-REx™ system used here.   
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   6.    Alternatively, an equivalent cell line expressing the TetR repressor 
protein can be used, such as the HEK293S-TetR [ 4 ] or 
HEK293S-GnTI −  [ 11 ].   

   7.    The certifi ed FBS is guaranteed not to  contain   tetracycline, 
which is essential to retain the cells in an uninduced state.   

   8.    Blasticidin is used to select for  the   presence of the TetR gene 
in the T-REx™-293 parental cell line.   

   9.    Washing the cells with PBS removes debris and provides cleaner 
fl ow cytometry data.   

   10.    The amount of cells split into the 10 cm tissue culture plate may 
have to be adjusted to reach 70–80 % confl uency the next day.   

   11.    Do not swirl the plate as this will concentrate the transfection 
mix at the center of the plate and prevent uniform spread.   

   12.    Each of the six polyclonal cell lines will be slightly different 
since they originate from different batches of cells.   

   13.    If there is no fl uorescence upon induction of the transfected 
control plates then the transfection has failed. Make sure the 
fl uorescent microscope is working. When repeating the trans-
fection make sure that the cells are healthy with no contamina-
tion, that the 10 cm tissue culture plate is 70–80 % confl uent 
prior to transfection, that the GeneJuice™ batch is fresh, and 
that the doxycycline stock is fresh and used at the correct con-
centration. Importantly, double-check  that   the construct is 
compatible with expression in the T-REx™ system and that the 
purifi ed plasmid DNA is of suffi cient quality.   

   14.    In general dying cells will be round and fl oating in the media 
and live cells will be growing adherently to the bottom of the 
plate in an extended morphology. If there are live cells present 
in the negative control the antibiotic selection has failed. 
Repeat the transfection and cell seeding steps with a freshly 
prepared antibiotic selection media using fresh certifi ed FBS 
and Zeocin ™ . If the negative control cells fail to die in the 
antibiotic selection media again, defrost a  fresh   vial of T-REx™-
293 cells and repeat all steps.   

   15.    When changing the media be careful to not disturb the cells, 
particularly if the colonies are small, as this may lead them to 
be washed away.   

   16.    If the GFP fl uorescence localizes to the plasma membrane it 
indicates that the fusion protein is intact, that the membrane 
protein  has   folded properly, and that it is likely to be functional 
(Fig.  2a ). In this instance, the fl uorescence intensity is propor-
tional to the fusion protein expression levels. However, mis-
leading fl uorescence values could come from high levels of free 
GFP in the cell or from intensely fl uorescent retained material 
of aggregated fusion protein. When looking at the cells in a 
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fl uorescence microscope these two false positives can easily be 
discriminated between. Any retained aggregated fusion pro-
tein will be seen as a clump of very bright material in the cyto-
sol (Fig.  2b ). If there are high levels of free GFP, the entire 
cytoplasm will be uniformly fl uorescent (Fig.  2c ). Discard any 
polyclonal cell line containing these false positives.   

   17.    If the harvested cells contain clumps or are very dense they 
may clog up the fl ow cell of the fl ow cytometry analyzer. Avoid 
this by fi ltering cells through a cell fi lter to remove any clumps 
and/or by diluting the cell sample with PBS to ~0.5 million 
cells/ml density.   

   18.    Polyclonal cell line selection criteria: (1) A suitable polyclonal 
cell line to sort from should have a broad fl uorescent peak once 
it is induced, indicating expression variability. (2) It is prefera-
ble if the cell line is fully inducible. The inducibility of a cell 
line is measured by how many cells are positive for GFP fl uo-
rescence upon induction,  i.e. , they have a fl uorescence value 
higher than the highest fl uorescence measured from negative 
control cells. The  percentage   of positive cells in a cell line is 
indicative of how many cells carry the transgene, which ideally 
should be more than 90 %. (3) The presence of a highly fl uo-
rescent subpopulation compared to the other polyclonal cell 
lines. Important: the decision of which polyclonal cell line to 
sort from is based on the fl ow cytometry data from the induced 
cells, but the fl ow cytometry sorting should be done using the 
uninduced cells.   

   19.    These cell samples are useful  to   compare with the fi nal sorted 
cell lines when verifying expression levels.   

   20.    Polyclonal cell lines are particularly prone to detrimental 
changes to expression levels with increasing number of passag-
ing. Hence it is important to freeze several aliquots of all cell 
lines that meet the selection criteria.   

   21.    During sorting, live cells are chosen according to FS and SC 
profi le (not propidium iodide).   

   22.    As a rule ~50 % of the wells will grow and become confl uent. 
Even though the plate was seeded with 10 cells/well most of 
the cell lines that grow will originate from only 1–2 cells and 
occasionally from 3 to 4 cells (determined under the micro-
scope by checking the colony formation in each well). If only 
one cell per well is used, over 95 % of the cells will die. While 
the cell lines are not necessarily monoclonal, the resulting 
clonal cell lines behave as such, with relatively narrow fl uores-
cent peaks that keep constant for 20+ passages (Fig.  2f ).   

   23.    The expansion process is an important indirect cell line selec-
tion process. The speed of growth will vary depending on 
how many cells per well are growing, but also on the individual 
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cells in the well and how well they cope with the uninduced 
constitutive expression of the transgene. Those cell lines that 
have constitutive expression levels compatible with healthy 
growth will expand in a timely manner. Cell lines unable to 
expand at this stage can automatically be culled, since they 
would not be useful for extended culture or large-scale growth. 
Because the expansion time will vary, this part of the protocol 
can be very labor intensive and requires careful planning. The 
steps from here until the end of the protocol will happen on 
different days or on overlapping days depending on the batch 
of cell lines. At this stage it is therefore very important to keep 
on top of the process and passage cells when confl uent but not 
overgrown. High viability of the cells is extremely important 
at all times in order to ensure good expression levels and com-
parable cell lines during the cell line selection steps.   

   24.    The varying amounts of cells in the three different plates will 
ensure their confl uency at staggered time points. From this 
point it is important to label each cell line individually.   

   25.    The imaging of potentially hundreds of cell lines in a day is 
very time-consuming. If there is a time constraint this step can 
be skipped. If doing so, be aware that, when making the cell 
line selection based on fl uorescence in Subheading  3.4 ,  step 6 , 
the top fl uorescent cell lines may contain free GFP and/or 
retained aggregated fusion protein giving rise to misleadingly 
high fl uorescent values. Therefore select a surplus of cell lines 
to carry forward for further analysis.   

   26.    Evaluating the clonal cell lines for GFP fl uorescence using fl ow 
cytometry can be extremely quick and data from hundreds of 
cell lines can easily be collected in a couple of hours. Analyzing 
the data in a suitable program such as FlowJo allows for quick 
and easy compilation of statistics and histograms from which a 
fi rst cell line selection can be made. There are three selection 
criteria for a suitable clonal cell line to be carried forward from 
this point. (1) The cell line should be  inducible with 99 % of 
cells positive for GFP fl uorescence after induction.    If the cell 
line is not fully inducible, it suggests the presence of a small 
subpopulation not carrying the transgene. During extended 
time in culture such a small subpopulation can take over the 
cell line since they grow better as they experience less meta-
bolic demand, toxicity, and stress than those cells carrying the 
transgene. These cells could be re-sorted if other better cell 
lines are not available. (2) Populations of clonal cells before 
and after induction should exhibit narrow fl uorescence profi les 
compared to the polyclonal cell line (Fig.  2f ). The narrowness 
of the peaks suggests that the cell line is clonal. Broad peaks or 
multiple peaks are indicative of a polyclonal cell line and should 
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be re-sorted or discarded at this stage. (3)    The cell line should 
have a high median fl uorescence value, which is the value 
where half of the cells have higher fl uorescence values and half 
of the cells have lower fl uorescence values. There is no absolute 
median value that can be used as a cut-off, since fl uorescence is 
in arbitrary units and depends on the fl ow cytometry analyzer 
used, the calibration of the machine, and the protein expressed. 
Once a high expressing cell line has been verifi ed its fl uores-
cence median (on a particular fl ow cytometry analyzer) can 
become the fl uorescence selection criteria. The fi rst time this 
protocol is carried out, keep the 10–20 cell lines with the high-
est median values that also fulfi ll the other two selection crite-
ria. Note that the induced cells with the highest fl uorescent 
median are also likely to have a high fl uorescent median when 
uninduced (Fig.  2f )  (Andréll et al. unpublished) .   

   27.    If the GFP  fl uorescence   localizes to the plasma membrane, it 
suggests that the fusion protein is intact and that the mem-
brane protein has folded properly and is likely to be functional 
( see   Note    16   and Fig.  2a ). The selected sorted cell lines are 
likely to have a relatively high basal expression level when unin-
duced and these will show very low fl uorescence under a fl uo-
rescent microscope.   

   28.    It is not unusual for the median of each cell line to differ at this 
stage compared to the initial data from Subheading  3.4 ,  step 
5 . The data from the scaled up 10 cm plate is more reliable 
since the cell line has stabilized at this point. Commonly, the 
cell lines with a very high basal expression level struggle to 
expand in a timely manner, which will be apparent at this point. 
These can be discarded as they are unsuitable for extended cul-
turing and large-scale growth.   

   29.    Use these cell samples for further verifi cation of functional 
expression levels: such as (1) In-gel fl uorescence and/or west-
ern blot. The in-gel fl uorescence will verify the presence of the 
full-length fl uorescent fusion protein, the absence/presence of 
free  GFP,   and the level of degradation of the fusion protein 
(containing the  GFP moiety).   (2) Radioligand binding assay. 
Provided there is a radiolabeled ligand of suffi cient affi nity to 
the target protein, this can provide quantifi cation of functional 
copies of target membrane protein per cell.    (3) Fluorescence 
size exclusion chromatography (FSEC). This will allow the 
evaluation of the quality of fusion protein when solubilized 
with different detergents.    This is useful to evaluate which cell 
line to carry forward into large-scale production for protein 
purifi cation purposes.   

   30.    It is very important to have frozen aliquots stored of each 
selected sorted cell line .         

Overexpression of Membrane Proteins in Inducible HEK Cells



78

  Acknowledgment  

 The authors would like to thank Annette Strege for providing us 
with the image in Fig.  2c . This research was funded by the Medical 
Research Council (MRC U105197215) and by an EC FP7 grant 
for the EDICT consortium (HEALTH-201924).  

   References 

    1.    Andrell J, Tate CG (2013) Overexpression of 
membrane proteins in mammalian cells for 
structural studies. Mol Membr Biol 30:52–63  

     2.    Tate CG, Haase J, Baker C, Boorsma M, 
Magnani F, Vallis Y, Williams DC (2003) 
Comparison of seven different heterologous 
protein expression systems for the production 
of the serotonin transporter. Biochim Biophys 
Acta 1610:141–153  

     3.    Thomas J, Tate CG (2014) Quality control in 
eukaryotic membrane protein overproduction. 
J Mol Biol 426:4139–4154  

     4.    Reeves PJ, Kim JM, Khorana HG (2002) 
Structure and function in rhodopsin: a 
tetracycline- inducible system in stable mamma-
lian cell lines for high-level expression of opsin 
mutants. Proc Natl Acad Sci U S A 99:
13413–13418  

    5.    Yao F, Svensjo T, Winkler T, Lu M, Eriksson C, 
Eriksson E (1998) Tetracycline repressor, tetR, 
rather than the tetR-mammalian cell transcrip-
tion factor fusion derivatives, regulates induc-
ible gene expression in mammalian cells. Hum 
Gene Ther 9:1939–1950  

    6.    Standfuss J, Edwards PC, D'Antona A, Fransen 
M, Xie G, Oprian DD, Schertler GF (2011) 
The structural basis of agonist-induced activa-
tion in constitutively active rhodopsin. Nature 
471:656–660  

   7.    Standfuss J, Xie G, Edwards PC, Burghammer 
M, Oprian DD, Schertler GF (2007) Crystal 
structure of a thermally stable rhodopsin 
mutant. J Mol Biol 372:1179–1188  

   8.    Gruswitz F, Chaudhary S, Ho JD, Schlessinger 
A, Pezeshki B, Ho CM, Sali A, Westhoff CM, 
Stroud RM (2010) Function of human Rh 
based on structure of RhCG at 2.1 A. Proc 
Natl Acad Sci U S A 107:9638–9643  

    9.    Deupi X, Edwards P, Singhal A, Nickle B, 
Oprian D, Schertler G, Standfuss J (2012) 
Stabilized G protein binding site in the 
structure of constitutively active metarho-
dopsin- II. Proc Natl Acad Sci U S A 109:
119–124  

    10.    Mancia F, Patel SD, Rajala MW, Scherer PE, 
Nemes A, Schieren I, Hendrickson WA, 
Shapiro L (2004) Optimization of protein 
production in mammalian cells with a coex-
pressed fl uorescent marker. Structure 12:
1355–1360  

    11.    Reeves PJ, Callewaert N, Contreras R, 
Khorana HG (2002) Structure and function 
in rhodopsin: high-level expression of rho-
dopsin with restricted and homogeneous 
N-glycosylation by a tetracycline-inducible 
N-acetylglucosaminyltransferase I-negative 
HEK293S stable mammalian cell line. Proc 
Natl Acad Sci U S A 99:13419–13424    

Juni Andréll et al.



79

Isabelle Mus-Veteau (ed.), Heterologous Expression of Membrane Proteins: Methods and Protocols, Methods in Molecular Biology, 
vol. 1432, DOI 10.1007/978-1-4939-3637-3_6, © Springer Science+Business Media New York 2016

    Chapter 6   

 Membrane Protein Production in  Lactococcus lactis  
for Functional Studies                     

     Daphne     Seigneurin-Berny    ,     Martin     S.     King    ,     Emiline     Sautron    , 
    Lucas     Moyet    ,     Patrice     Catty    ,     François     André    ,     Norbert     Rolland    , 
    Edmund     R.S.     Kunji    , and     Annie     Frelet-Barrand      

  Abstract 

   Due to their unique properties, expression and study of membrane proteins in heterologous systems 
remains diffi cult. Among the bacterial systems available, the Gram-positive lactic bacterium,  Lactococcus 
lactis , traditionally used in food fermentations, is nowadays widely used for large-scale production and 
functional characterization of bacterial and eukaryotic membrane proteins. The aim of this chapter is to 
describe the different possibilities for the functional characterization of peripheral or intrinsic membrane 
proteins expressed in  Lactococcus lactis .  

  Key words      Lactococcus lactis   ,   Membrane proteins  ,   Expression  ,   Transport assays  

1      Introduction 

 In the past decades,  Lactococcus lactis , a Gram-positive bacterium 
traditionally used in food fermentations, has emerged as a useful 
system for functional expression of prokaryotic and eukaryotic 
membrane proteins (MPs) [ 1 ].  L. lactis  is an attractive alternative 
host for  Escherichia coli , especially for eukaryotic MPs, because of 
(1) its moderate proteolytic activity, (2) the absence of inclusion 
body formation and endotoxin production [ 2 ,  3 ], (3) the effi cient 
targeting of MPs into a single glycolipid cytoplasmic membrane 
[ 2 ,  4 ,  5 ], and (4) its ability to express MPs in their oligomeric 
state [ 2 ,  6 ]. This facultative anaerobe-aerobe lactic acid bacterium 
(LAB) grows at 30 °C with a doubling time of 35–60 min [ 7 ]; it 
is easy and inexpensive to grow and genetic methods and vector 
systems are well developed [ 8 ]. In addition to the classical cloning 
techniques, different strategies have been developed to obtain a 
larger number of recombinant clones [ 9 ,  10 ]. 
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 The expression of heterologous proteins in  L. lactis  has been 
facilitated both by advances in genetic methods and by new 
 developments in molecular biology techniques. Using these tools, 
various vectors containing either constitutive or inducible promot-
ers have been developed to obtain increased levels of proteins and 
to control their production. They currently constitute the basis of 
all expression systems in  L. lactis  [ 11 ]. The tightly regulated nisin- 
controlled gene expression (NICE) system is the most commonly 
used [ 12 ]. This promising and powerful expression system is based 
on genes involved in the biosynthesis and regulation of the antimi-
crobial peptide, nisin. When a gene of interest is placed upstream 
of the inducible promoter PnisA on a plasmid, its expression can be 
induced by the addition of subinhibitory amounts of nisin (0.1–5 
ng/mL) to the culture medium [ 13 ]. The NICE system has proved 
to be highly versatile and is widely used in pharmaceutical, medical, 
and bio- and food-technology applications [ 14 ]. This well- 
characterized system is nowadays widely used for functional studies 
of homologously and heterologously expressed soluble and mem-
brane proteins from diverse origins (prokaryotic or eukaryotic), 
topologies, and sizes (for reviews, see [ 1 ] and [ 14 ]). Moreover, in 
the last years, three structures have been obtained after expression 
of MPs using the NICE system [ 15 – 17 ] as well as several domain 
structures of human membrane proteins [ 18 ,  19 ]. 

 In this chapter, we will give some examples of eukaryotic MPs 
for which functional analysis has been carried out after their expres-
sion in  L. lactis  using the NICE system. These functional charac-
terizations can be performed on: (1) whole-cell bacteria, (2) 
membrane extracts, (3) fused membrane vesicles, (4) proteolipo-
somes after reconstitution of the MPs in phospholipids, using 
radioactive substrates, or (5) directly solubilized and purifi ed mem-
brane proteins [ 2 ,  3 ,  10 ,  12 ,  18 ,  19 ] .   

2    Materials 

       1.     Lactococcus lactis   NZ9000   and nisin- producing   NZ9700 
strains (NIZO;  see   Notes    1   and   2  ).   

   2.    M171GChl medium: M17 broth, 1 % [w/v] glucose, 10 μg 
mL −1  chloramphenicol ( see   Note    3  ).   

   3.    Laboratory glassware bottles (Schott bottles).   
   4.    Incubator for cell growth.   
   5.    Appropriate buffers for bacterial resuspension ( see   Note    4  ).      

       1.    One Shot (Constant Cell Disruption Systems, Northants, UK) 
( see   Note    5  ).   

   2.    Appropriate buffers for protein resuspension ( see   Note    4  ).      
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       1.    Acrylamide- bis   ready-to-use solution, 30 % [w/v] (37.5:1).   
   2.    8× Laemmli resolving gel buffer: 3 M Tris–HCl pH 8.8 (60.6 

g Tris–HCl resuspended in Milli-Q water; adjust to pH 8.8 at 
25 °C with 12 N HCl. Store at room temperature).   

   3.    4× Laemmli stacking gel buffer: 0.5 M Tris–HCl pH 6.8 (363 
g Tris–HCl resuspended in Milli-Q water; adjust to pH 6.8 at 
25 °C with 12 N HCl. Store at room temperature).   

   4.    Aqueous solution 20 % [w/v] sodium dodecyl  sulfate   (SDS).   
   5.    Ammonium persulfate: Prepare 10 % [w/v] solution in water 

and immediately freeze in single-use (200 μL) aliquots at 
−20 °C.   

   6.    Tetramethylethylenediamine (TEMED).   
   7.    Resolving gels (10 % acrylamide): 3.3 mL of 30 % [w/v] acryl-

amide solution, 1.25 mL of 8× Laemmli resolving gel buffer, 
50 μL of 20 % [w/v] SDS, 5.3 mL of water, 10 μL of TEMED,    
and 100 μL of 10 % [w/v] ammonium persulfate ( see   Note    6  ).   

   8.    Stacking gels (5 % [w/v] acrylamide): 2.8 mL of 30 % [w/v] 
acrylamide solution, 1.25 mL of 4× Laemmli stacking gel buf-
fer, 25 μL of SDS 20 % [w/v], 2.8 mL of water, 5 μL of 
TEMED,  and   50 μL of 10 % [w/v] ammonium persulfate.   

   9.    Laemmli running buffer (10×): For 1 L, 144.2 g of glycine 
(192 mM), 30.3 g of Tris–HCl (25 mM); add 50 mL of 20 % 
[w/v]    SDS (0.1 % fi nal concentration) and Milli-Q water. Store 
at room temperature.   

   10.    Molecular weight marker.   
   11.    Reducing sample buffer (4×): 0.08 M Tris–HCl, pH 6.8, 40 % 

[v/v] glycerol, 1 % [w/v] SDS,    0.1 mM bromophenol blue, 10 
mM dithiothreitol. Store at −20 °C.   

   12.    Sample buffer: 100 mL reducing buffer and 20 mL of 20 % 
[w/v] SDS.   

   13.    Control protein: Recombinant  Strep -tag II fusion protein, MW 
about 28 kDa (0.1 mg mL −1 ) (IBA, Goettingen, Germany).   

   14.    System for protein transfer to nitrocellulose membranes (cen-
tral core assembly, holder cassette, nitrocellulose fi lter paper, 
fi bber pads, and cooling unit).   

   15.    Protein transfer buffer: dilute running buffer 1× with ethanol 
to a fi nal concentration of 20 % [v/v]. Store at 4 °C.   

   16.    Nitrocellulose or polyvinylidene difl uoride (PVDF) membranes.   
   17.    3 MM paper from Whatman.   
   18.    Protein-specifi c antibody or conjugate specifi c to the affi nity 

tag ( see   Note    7  ).   
   19.    Bio-Safe Coomassie (Biorad).   
   20.    Electrochemiluminescence (ECL) detection kit.       

2.3   SDS-PAGE 
and Detection 
of Recombinant 
Protein
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         1.     Solubilization      buffer: 50 mM MOPS pH 7.8 containing 0.5 or 
1 M NaCl.   

   2.    10 mM Tris–HCl pH 8.0.   
   3.    Ni-NTA resin (Qiagen).   
   4.    Binding buffer: 5 mM imidazole, 0.5 M NaCl, 20 mM Tris–

HCl pH 7.9.   
   5.    Wash buffer: 60 mM imidazole, 0.5 M NaCl, 20 mM Tris–

HCl pH 7.9.   
   6.    Elution buffer: 0.5 M imidazole, 0.25 M NaCl, 10 mM Tris–

HCl pH 7.9.   
   7.    Dehydrogenase reaction buffer: 100 μM NADPH, 100 μM 

nitroblue tetrazolium (NBT), 10 mM Tris–HCl pH 8.0.   
   8.    PD10 column (GE Healthcare).   
   9.    Eppendorf centrifuge.   
   10.    Lipids (P3644, Sigma).   
   11.    Spectrophotometer.      

       1.    ATP  phosphorylation   buffer: 20 mM Hepes pH 7.0, 100 mM 
KCl, 5 mM MgCl 2 , 300 mM sucrose ( see   Note    8  ).   

   2.    Pi phosphorylation buffer: 20 mM Hepes pH 6.0, 10 mM 
MgCl 2 , 20 % [v/v]  DMSO   ( see   Note    9  ).   

   3.    Metal solutions: prepare solutions at concentration rang-
ing from 1 to 100 μM in phosphorylation buffer or water 
( see   Note    10  ).   

   4.    1 mM  32 Pi (10–100 μCi nmol −1 , Perkin Elmer, 7 μL): Add 1 
mL of 1 mM H 3 PO 4  (prepared in 100 mM Hepes pH 5.6) 
directly in the tube containing the isotope  32 Pi. Filter the solu-
tion through a 0.2 μm membrane. To avoid loss of the solution 
in the fi lter, push the volume of the solution stayed in the fi lter 
using an empty syringe. Use 10 μL/reaction. Store at 4 °C.   

   5.    10 μM [γ- 32 P]ATP (50–500 μCi nmol −1 , Perkin Elmer, 7 μL): 
for 10 reactions, add 1 μL of [γ- 32 P]ATP to 110 μL of a solu-
tion of 10 μM ATP ( see  N ote    11  ). Prepare a stock solution 
of 400 mM ATP in H 2 O, aliquot in small volumes, and store 
at −20 °C. 10 μM ATP is prepared freshly from one stored 
aliquot of 400 mM ATP.   

   6.    Stop buffer: 1 mM KH 2 PO 4  in 7 % [v/v] trichloroacetic acid 
(TCA). Store at 4 °C.   

   7.    Denaturing buffer: 5 mM Tris-PO 4  pH 5.0, 6.7 mM urea, 
400 mM DTT, 5 % [w/v] SDS, 0.004 % [w/v] orange G 
( see   Note    12  ).   

   8.    Chelator mix: 1 mM bicinchoninic acid (BCA) and 100 μM 
bathocuproine disulfonate (BCS) ( see   Note    13  ).   

2.4  Functional 
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   9.    Resolving gel: 6 mL of Acrylamide/Bis 24/0.8 % [w/v] solution 
( see   Note    14  ), 4.5 mL of 4× resolving gel buffer (260 mM 
Tris-H 3 PO 4  pH 6.5, 0.4 %  SDS  ), 7.4 mL of H 2 O, 18 μL of 
TEMED, and 100 μL of 10 % [w/v] ammonium persulfate.   

   10.    Stacking gel: 1.2 mL of Acrylamide/Bis 24/0.8 % [v/v] solu-
tion, 2 mL of 4× stacking gel  buffer   (260 mM Tris-H 3 PO 4  pH 
5.5, 0.4 % SDS), 4.64 mL of H 2 O, 7.5 μL of TEMED, and 
160 μL of 10 % [w/v] ammonium persulfate.   

   11.    Running buffer: 0.17 mM MOPS (pH 6.0 adjusted with 2 M 
Tris), 0.1 % [w/v] SDS.    Store at 4 °C before use (do not store 
for more than 1 week) ( see   Note    15  ).   

   12.    Acetic acid 15 % [v/v].   
   13.    Gel staining medium: acetic acid/isopropanol/water, 

10/25/65 [v/v/v], supplemented with 2.5 g.L −1  of Coomassie 
Brilliant Blue R250.   

   14.    Gel destaining medium: 30 % [v/v] ethanol.   
   15.    Eppendorf centrifuge.   
   16.    Gel electrophoresis apparatus (Bio-Rad Protean 3 or equiva-

lent), with the various accessories needed for protein separa-
tion by electrophoresis (combs, plates, and casting apparatus).   

   17.    Phosphorimaging device  ( see   Note    16  ).      

       1.    50  mM   potassium phosphate buffer pH 7.0.   
   2.    3.33 nM [α- 32 P]ATP (3000 mCi mmol −1 , Perkin Elmer). Add 

1 μL to 50 mM potassium phosphate buffer pH 7.0 containing 
1.5 mM cold ATP (A9062; Sigma) to obtain a 50 μM solution. 
Store on ice until use.   

   3.    Filter membranes 0.45 μm (HAWP02500; Millipore).   
   4.    Scintillation vials.   
   5.    d.d. water.   
   6.    Polymeric Vacuum Filter Holder (1225 Sampling Manifold; 

Millipore).   
   7.    Multi-Purpose Scintillation Counter.      

       1.     E.       coli    polar  lipid   extract (Avanti Polar Lipids).   
   2.    Egg  yolk   phosphatidylcholine (Avanti Polar Lipids).   
   3.    Nitrogen.   
   4.    Diethyl ether.   
   5.    Substrate/inhibitor, 10 × stock ( see   Note    17  ).

 –    ADP to give a fi nal concentration of 5 mM  
 –   Carboxyatractyloside (CATR; Sigma) to give a fi nal con-

centration of 2 μM  

2.4.3  Transport Assays 
with Whole Cells 
Expressing AtAATP1/NTT1
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 –   Bongkrekic acid (BKA; Sigma) to give a fi nal concentra-
tion of 2 μM      

   6.    Extruder Set (Avanti Polar Lipids).   
   7.    1 μm polycarbonate fi lter (Whatman); fi lter supports 

(Whatman).   
   8.    PD-10 column (GE Healthcare).   
   9.    2 mL Eppendorf tubes.   
   10.    Hamilton robot (with vacuum manifold).   
   11.    96-well MultiScreenHTS-Hi Flow-FB opaque, Barex plastic 

plates (pore size = 1 μm; Millipore).   
   12.    96-well MultiScreenHTS-HA opaque, Barex plastic plates 

(pore size = 0.45 μm; Millipore).   
   13.    1.5 μM [ 14 C]-ADP (60 mCi mmol −1  = 2.22 GBq mmol −1 ; 

Perkin Elmer) prepared in PIPES buffer to start the  transport 
assays   with  mitochondrial carriers  .   

   14.    BackSeal black backing paper (Perkin Elmer).   
   15.    MicroScint-20 (Perkin Elmer).   
   16.    MultiScreen sealing tape, clear backing paper (Perkin Elmer).   
   17.    TopCount (Perkin Elmer).          

3    Methods 

    The gene(s) of protein(s) of interest have to be cloned fi rst into 
 an   expression vector containing nisin-inducible promoter either 
through classical cloning methods [ 2 ] or other strategies devel-
oped in the last years to facilitate cloning [ 9 ,  10 ]. First trials 
could be performed following protocols already described [ 2 , 
 10 ,  20 – 22 ]. Here we present protocols that can be optimized 
for each protein of interest.

    1.    Inoculate M17G1Chl precultures with concentrated glycerol 
stocks or frozen cell stocks of recombinant bacteria carrying 
the gene of protein of interest and bacteria carrying the empty 
vector as negative control.   

   2.    Incubate overnight at 30 °C without shaking ( see   Notes    18   
and   19  ).   

   3.    Inoculate M17G1Chl with 1/40 e  precultures ( see   Note    20  ).   
   4.    Incubate cultures at 30 °C; measure OD 600nm  every 45 min to 

construct growth curve (doubling roughly every 45 min).   
   5.    Induce protein expression by addition of homemade nisin ( see  

 Note    21  ) at OD 600nm  from 0.5 to 0.8 depending on proteins of 
interest ( see   Note    22  ).   
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   6.    Swirl immediately to prevent cell lysis; return the fl asks to the 
30 °C incubator for further 2.5–4 h ( see   Note    23  ).   

   7.    Depending on functional tests, bacteria are either centrifuged, 
resuspended with an appropriate buffer ( see   Note    4  ) and cen-
trifuged again before storage at −20 °C ( see  Subheading  3.2 ), 
or directly used ( see  Subheading  3.4.1 ) or snap-frozen and 
stored in liquid nitrogen ( see  Subheading  3.4.4 ).    

            1.    Resuspend the bacteria into the appropriate buffer ( see   Note    4  ).   
   2.    Disrupt the bacteria by twofold passages through a One Shot 

at 35,000 p.s.i. (2.3 kbars).   
   3.    Centrifuge 100,000 ×  g , 15 min, 4 °C and transfer the superna-

tant into ultracentrifuge tubes.   
   4.    Centrifuge 100,000 ×  g , 1 h, 4 °C; resuspend the pellet and 

homogenize into the appropriate buffer ( see   Note    4  ).   
   5.    Snap-freeze and store at −80 °C or in liquid nitrogen until use.      

       1.    Prior to the experiment, prepare acrylamide gels for protein 
electrophoresis, the gel apparatus according to the manufac-
turer’s specifi cations, and the different gel solutions (stacking 
gel, acrylamide separating gel;  see   Note    6  ).   

   2.    Heat the protein samples at 95 °C for 5 min to solubilize the 
proteins ( see   Note    24  ). Load protein samples, one molecular 
weight marker, and positive controls in defi ned quantities.   

   3.    Run gels for 1 h at room temperature at 150 V with constant 
voltage ( see   Note    25  ).   

   4.    After electrophoresis, perform the transfer for 1 h 30 min at 
100 V in protein transfer medium prior to Western blotting 
analysis.   

   5.    Recover the nitrocellulose membrane and rinse the membrane 
with water. The following incubation and washing steps require 
agitation on a rocking plate at room temperature.   

   6.    Perform Western blotting analysis and/or Coomassie blue 
staining using protocols already established or given by 
manufacturers.   

   7.    Perform ECL detection (Figs .   1  and  2 )

               The  chloroplast   envelope  Quinone OxidoReductase Homologue 
(ceQORH) protein   from  Arabidopsis thaliana  is a peripheral pro-
tein associated with the chloroplast envelope through electrostatic 
interactions [ 24 ]. This nuclear-encoded protein is devoid of a clas-
sical and cleavable transit peptide and uses an alternative targeting 
pathway for its import into the chloroplast [ 25 ,  26 ]. The ceQORH 
protein is structurally related to bacterial, fungal, and animal pro-
teins with known quinone oxidoreductase function. In an earlier 
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work, an NADPH quinone oxidoreductase activity was detected in 
the chloroplast envelope [ 27 ], and this activity was assumed to be 
associated with the presence of the ceQORH protein. To investi-
gate its enzymatic properties, we fi rst expressed it in  Escherichia coli  
but the protein was mostly recovered in  inclusion bodies  . By con-
trast, in  L. lactis , the ceQORH protein was well produced and 
recovered in the membrane fraction, representing 20–30 % of total 
membrane proteins. This relatively high percentage is closed to 
levels of expression obtained for prokaryotic membrane proteins 
produced in  L. lactis  [ 1 ]. Performing dehydrogenase activity assays 

  Fig. 1    Expression of plant membrane proteins in  L. lactis . ( a ) Production of the 
peripheral protein ceQORH. ( b – d ) Production of Arabidopsis transmembrane pro-
teins (the nucleotide transporter, AtAATP1 in panel  b  and the P 1B -ATPases in pan-
els  c  and  d ). Total membrane proteins (10 μg, 20 μg, 15 μg, and 50 μg in panels 
 a ,  b ,  c , and  d  respectively) were separated in a 10 %  SDS-PAGE   and analyzed by 
western blot performed using a horseradish peroxidase (HRP) conjugate specifi c 
to  Strep -tag II.  Arrows  indicate the positions of the expressed proteins. In panels 
 a  and  b , expressed proteins contain an additional N-terminal sequence resulting 
from the translation of the attB sites. In panels  b ,  c , and  d , c- meanscrude mem-
brane proteins derived from bacteria containing the empty pNZ8148 vector. In 
panels  a ,  b ,  c , defi ned amounts of a positive control protein (c+,  Strep -tag II 
protein) were loaded to estimate the expression levels of the recombinant pro-
teins. Adapted from [ 10 ] and [ 23 ]       
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on the purifi ed protein using artifi cial substrates (NBT), we were 
able to establish that the ceQORH protein indeed exhibits 
NADPH-dependent dehydrogenase activity, and that this activity 
requires a lipid environment [ 10 ].

    1.    Incubate  L. lactis  membrane proteins (1 mg mL −1 ) in 50 mM 
MOPS pH 7.8 containing 0.5 or 1 M NaCl for 45 min at 4 °C 
( see   Note    26  ). Mix gently the sample every 15 min.   

   2.    Following treatment, centrifuge membranes at 160,000 ×  g,  for 
1 h, at 4 °C to separate solubilized proteins in the supernatant 
from insoluble endogenous membrane proteins in the pellet. 
Keep the supernatant for further purifi cation steps (Fig .   3a ).

       3.    Desalt the supernatant on a PD-10 column against Binding 
buffer.   

   4.    Pre-equilibrate the Ni-NTA resin in Binding buffer ( see   Note    27  ).   
   5.    Incubate the solubilized proteins ( see   Note    28  ) with the pre- 

equilibrated Ni-NTA resin and mix gently by shaking (200 rpm 
on a rotary shaker) at 4 °C for 60 min.   

  Fig. 2    Expression of the mitochondrial ADP/ ATP   carrier from the thermophilic 
fungus  Myceliophthora thermophile  (MtAAC). Instant blue-stained 12 %  SDS-
PAGE   gel ( top ) and western blot ( bottom ) of lactococcal membranes of the control 
strain (without protein) and strain expressing MtAAC. The  arrowhead  indicates 
the position of the expressed protein. Approximately 15 μg of total protein was 
loaded per lane. For Western blotting, the proteins were transferred to PVDF 
membranes and probed with a 1:20,000 dilution of a chicken IgY antibody for 
1 h, followed by an anti-chicken-HRP conjugate at 1:20,000 dilution for another 
hour. The blotted membrane was developed using Amersham ECL Western blot-
ting detection system for 30 min       
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   6.    Load the solubilized proteins/Ni-NTA mixture onto a column.   
   7.    Wash twice with Washing buffer.   
   8.    Elute the His-tagged ceQORH protein with Elution buffer 

( see  Fig .   3b  for a typical purifi cation).   
   9.    Desalt the eluted His-tag ceQORH protein against 10 mM 

Tris–HCl pH 8.0. 

  For dehydrogenase activity assay (see   Note    29  ):   

   10.    Incubate 1 μg of purifi ed ceQORH with 1 μg of lipids at 30 °C 
for 30 min (fi nal volume of 20 μL).   

   11.    Start the reaction by addition of 150 µL of 10 mM Tris–HCl 
containing 100 μM NADPH and 100 μM NBT.   

a

c
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Dehydrogenase activity of the ceQORH protein produced in L. lactis  

System
Specific activity of the ceQORH protein 

(nmol substrate/mg protein/min)
Complete 19.28 (100%) 
Without ceQORH 0 (0%)
Without PC 1.97 (10,2%)
Without NADPH 0 (0%)
Without NBT 1.14 (5,9%)
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  Fig. 3    Functional characterization of the purifi ed plant peripheral protein ceQORH. ( a )  Lactococcus  membranes 
expressing the 6× His-tag ceQORH are solubilized in the presence of 1 M NaCl. After centrifugation, the solu-
bilized (S) and nonsolubilized (NS) proteins are analyzed by SDS-PAGE and Coomassie blue staining of the gel. 
The 6× His-tag ceQORH protein is indicated by the arrow. ( b ) Purifi cation of the 6× His-tag ceQORH protein 
using a Ni-NTA resin. Each fraction obtained during the purifi cation process is analyzed by  SDS-PAGE  . PT: solu-
bilized proteins not bound to the resin, WF: wash fractions, EF: elution fractions. ( c ). Dehydrogenase activity of 
the purifi ed recombinant 6× His-tag  ceQORH   protein using the artifi cial substrate NBT. The impact of the lack 
of every reaction components (protein, phosphatidylcholine (PC), NAPDH, NBT) was tested. The specifi c activity 
determined for the 6× His-tag ceQORH protein (100 %) was 19.3 nmol of formazan/mg 6× His-tag ceQORH 
protein/min. Adapted from [ 10 ]       
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   12.    Follow the formation of Formazan at 560 nm using a 
Spectrophotometer.   

   13.    Deduce the enzymatic activities from the OD measurement 
using the molar absorption coeffi cient  ( see   Note    30  , Fig.  3c ).    

      P IB - ATPases   (reviewed in [ 28 ]) belong to the large family of P-type 
ATPases that are transmembrane proteins responsible for the trans-
port of ions and phospholipids across plasma and organelle mem-
branes using the energy provided by ATP hydrolysis. Like all P-type 
ATPases, P IB -ATPases (or HMA for Heavy Metal ATPase) are 
composed of a transmembrane domain M containing the transport 
site and determining ion selectivity, and of three cytosolic loops 
constituting the catalytic domain. P IB -ATPases have six to eight 
predicted transmembrane helices and have been classifi ed into sev-
eral subgroups according to their ionic specifi city [ 29 ]. Recently, 
the crystal structure of a prokaryotic P IB -ATPase, LpCopA, has 
been solved providing new topological information on these 
enzymes [ 30 ]. In  Arabidopsis  species, AtHMA6  and   AtHMA8 are 
 two   chloroplastic ATPases of the PIB-1 subgroup involved in Cu 
transport across the chloroplast envelope and the thylakoid respec-
tively [ 31 ,  32 ]. The enzymatic properties of these two transmem-
brane proteins could be assessed using in vitro biochemical assays 
[ 23 ,  33 ] after their successful and effi cient expression in  Lactococcus 
lactis . Phosphorylation assays performed on lactococcal mem-
branes expressing these exogenous P IB -ATPases ( see   Note    31  ) 
could provide information about (1) the kinetic parameters of the 
enzyme using phosphorylation from ATP ( see  Fig.  4a–c ), and (2) 
the apparent affi nity for the translocated metal using phosphoryla-
tion from Pi (Fig.  4b ). These phosphorylation assays can be per-
formed on all P IB -ATPases whatever their ionic specifi city to assess 
their enzymatic properties.

    Phosphorylation from ATP: 

    1.    Prepare a mix containing 0.5 mg mL −1  of  L. lactis  membranes, 
with metals or chelators at the desired concentration ( see  
 Note    32  ) and complete with ATP phosphorylation buffer to 
a fi nal volume of 90 μL.   

   2.    Start the reaction by addition of 10 μL of 10 μM [γ- 32 P]ATP 
(1 μM fi nal). Vortex the suspension.   

   3.    Stop the reaction 30 s later ( see   Note    33  ) by addition of 1 mL 
ice-cold Stop buffer. Vortex the suspension and incubate 
30 min on ice.   

   4.    Centrifuge for 15 min, at 15,000 ×  g , 4 °C and keep the pellet 
( see   Note    34  ).   

   5.    Wash the pellet with 1 mL of ice-cold Stop buffer and centri-
fuge for 15 min, at 10,000 ×  g , 4 °C.   

3.4.2  Phosphorylation 
Assays with AtHMA6 
and AtHMA8 Using  L. lactis  
Membranes
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   6.    Repeat the wash step once.   
   7.    Resuspend the pellet in 35 μL of Denaturing buffer. Vortex 

vigorously during 1–2 min.   
   8.    Load the samples onto an acidic SDS-acrylamide gel ( see  

N ote    35  ).   
   9.    After electrophoresis (about 1 h at 40 mA per gel), incubate 

the gel in the acetic acid solution for 10 min at room 
temperature.   

   10.    Place the gel between “saran fi lm” and expose it against a 
phosphorimager screen ( see   Note    16  ) in common fi lm cassette 
overnight at room temperature.   

   11.    Analyze the phosphorylation signal using a phosphorimaging 
device ( see  Fig.  4a–c ).   

   12.    Stain the gel (to check the amount of loaded proteins) by incu-
bation for 30 min in the Gel staining medium and then in the 
Gel destaining medium.    
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  Fig. 4    Functional characterization of plant PIB-ATPases, AtHMA6 and AtHMA8 using  phosphorylation assays  . 
( a ) Phosphorylation assays from ATP on lactococcal membranes expressing HMA6 and an inactive form of 
HMA6 (“akt”) in the presence of 5 μM of various metals. Phosphorylation signal was observed only in the pres-
ence of Cu +  and to a lesser extend with Ag +  ( see  [ 33 ] for more information). ( b ) Phosphorylation assays from 
Pi on lactococcal membranes expressing HMA6 and in presence of various concentration of Cu + . In that case, 
phosphorylation was inhibited by the transported metal, here Cu +  [ 33 ]. ( c ) Phosphorylation assays from ATP on 
lactococcal membranes expressing HMA8. Phosphorylation signal of HMA8 is indicated by the  arrow . One can 
notice that HMA8 was phosphorylated in the absence of added Cu +  in the media (Ø) and that its phosphoryla-
tion was inhibited by high concentration of Cu +  ( see  [ 23 ] for more details)       
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   Phosphorylation assays from Pi: 

    1.    Prepare a mix containing 1 mg mL −1  of  L. lactis  membranes, 
metals, or chelators ( see   Note    32  ) in Pi phosphorylation buffer 
to a fi nal volume of 90 μL.   

   2.    Incubate the mix 5 min at 30 °C.   
   3.    Start the reaction by addition of 10 μL of 1 mM  32 Pi (100 μM 

fi nal). Vortex the suspension and incubate the reaction mix at 
30 °C for 10 min.   

   4.    Stop the reaction by addition of 1 mL ice-cold stop buffer. 
Vortex the suspension and incubate 30 min on ice.   

   5.    Then proceed as described in  steps 4 – 12  for phosphorylation 
assays from ATP (Fig. 4b ) .    

      The  nucleotide   transporter 1, AtAATP1/NTT1, a highly hydro-
phobic membrane protein  with   12 predicted transmembrane 
domains [ 34 ], is localized within the inner membrane of the chlo-
roplast envelope [ 35 ]. This translocator imports ATP in exchange 
of ADP and Pi [ 36 ] in contrast to mitochondrial ATP/ADP trans-
locators [ 37 ]. It supplies energy to chloroplasts used by storage 
plastids required for starch synthesis and to allow nocturnal ana-
bolic reactions in chloroplasts [ 38 ].

    1.    Centrifuge 4350 ×  g , 10 min twice and resuspend recombinant 
bacteria into 30 mL to a fi nal concentration of 100 mg mL −1  
(3 mg/30 μL) in ice-cold 50 mM potassium phosphate buffer 
pH 7.0.   

   2.    Add 50 μM [α- 32 P]ATP (3000 mCi mmol −1 ; Perkin Elmer) 
diluted in ice-cold 50 mM potassium phosphate buffer pH 7.0 
to each sample ( see   Note    36  ).   

   3.    Incubate at 25 °C for planned time periods and stop nucleo-
tide uptake by addition of 1 mL of ice-cold potassium phos-
phate buffer.   

   4.    Filtrate the cells through a 0.45 μm fi lter under vacuum.   
   5.    Wash three times with 1 mL of ice-cold potassium phosphate 

buffer.   
   6.    Transfer fi lter to a scintillation vial and add 3.5 mL of d.d. 

water   
   7.    Measure the radioactivity retained on the fi lters in a scintilla-

tion counter.   
   8.    Generate graphs using the KaleidaGraph version 4.02 (Synergy 

Software) and fi t experimental data with the appropriate curve 
(i.e., single exponential) (Fig.  5 ). 

              Mitochondrial    carriers   link the biochemical pathways of the cytosol 
and the mitochondrion matrix by transporting metabolites, nucle-
otides, inorganic ions, and cofactors across the mitochondrial inner 

3.4.3  Transport Assays 
with Whole Cells 
Expressing AtAATP1/NTT1

3.4.4  High-Throughput 
Transport Assays 
of Mitochondrial Carriers
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membrane [ 39 ,  40 ]. The topology is pseudo-symmetric threefold, 
consisting of a barrel of six transmembrane α-helices with three 
short α-helices in the matrix loops [ 41 ]. Mitochondrial carriers 
function as monomers [ 42 ], but the aspartate/glutamate carrier 
was found to be dimeric in its resolved structure [ 18 ]. A single 
substrate-binding site has been identified in the central part of the 
cavity [ 43 ], which is located between two salt bridge networks on 
the matrix and cytoplasmic side of the carriers [ 44 ]. The opening 
and closing of the carrier could be coupled to the disruption and 
formation of the two salt bridge networks, changing the accessibil-
ity of the central substrate to either side of the membrane in an 
alternative way [ 44 ,  45 ]. Many mitochondrial carriers have not yet 
been identified and many aspects of their transport mechanism are 
unsolved. Therefore, it is important to develop transport assays 
that allow their characterization in high-throughput experiments. 

 Transport assays can be performed either with washed whole 
lactococcal cells when  L. lactis  has an endogenous pool of sub-
strates, e.g., adenosine di- and tri-phosphate nucleotides or with 
fused membrane vesicles. For the latter, membranes are isolated, 
fused with liposomes by freeze thawing, and extruded in the pres-
ence of internal substrate to create single membrane vesicles, after 
which the external substrate is removed by gel fi ltration. In both 
cases transport assays are initiated by the addition of radiolabeled 
substrate. The automated procedures are illustrated with the char-
acterization of the mitochondrial  ADP/ATP carrier   from 
 Myceliophthora thermophila , a thermophilic fungus. 

  Fig. 5    Functional characterization of the nucleotide translocator AtAATP1/
NTT1.  L. lactis  cells expressing AtAATP1/NTT1 ( closed circles ) or  L. lactis  cells 
containing the empty vector (as a negative control,  open circles ) were incu-
bated with 50 mM [α-32P] ATP for the indicated time periods. Data are repre-
sented by the mean and standard deviation of four independent experiments. 
Adapted from [10]       
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 For transport assays on whole cells, snap-thaw the cell pellets 
( see  Subheading  3.1 ) by gentle pipetting whilst the falcon tube is 
immersed in warm water ( see   Note    37  ) and adjust the OD 600nm  to 
approximately 25. 

 For transport assay on  fused membrane vesicles , liposomes 
have to be prepared prior to the fusions with  L. lactis  membranes 
isolated ( see  Subheading  3.2 ) to form fused membrane vesicles.

    1.    Allow the frozen lipids to defrost at room temperature.   
   2.    Prepare liposomes in a 3:1 weight ratio  of    E. coli  polar lipid 

extract  to   egg yolk phosphatidylcholine; dry chloroform 
under a stream of nitrogen, ensuring all the chloroform to be 
evaporated.   

   3.    Add 5 mL diethyl ether, vortex, and evaporate under a stream 
of nitrogen.   

   4.    Vortex the lipids for 3 h in PIPES buffer to get a 20 mg mL −1  
stock and homogenize.   

   5.    Aliquot, fl ash-freeze, and store in liquid nitrogen.   
   6.    Use 5 mg liposomes (250 μL of 20 mg mL −1  stock) and 1 mg 

of isolated  L. lactis  membranes ( see  Subheading  3.2 ); dilute to 
1 mL with PIPES buffer.   

   7.    Fuse the membranes by 6 cycles of snap-freezing in liquid 
nitrogen, and thawing to room temperature for 45 min; the 
fused membranes can be stored in liquid nitrogen.   

   8.    Thaw the membranes, and add 50 μL of a 10× stock of sub-
strate/inhibitor to 450 μL fused membranes for a fi nal volume 
of 500 μL.   

   9.    Equilibrate a 1 μm polycarbonate fi lter in PIPES.   
   10.    Sandwich two supports (four needed in total) on either side of 

fi lter, assemble the extruders and push through some buffer to 
remove any air pockets and extrude each sample 11 times at 
room temperature ( see   Note    38  ); keep samples on ice before 
and after extrusion.   

   11.    Prepare the PD-10 column; equilibrate with buffer as per 
instructions.   

   12.    Gently add 400 μL post-extrusion vesicles onto each column; 
let the vesicles absorb into the column, add a further 2.1 mL 
buffer, and discard the fl ow-through.   

   13.    Let the column run dry, add 1.6 mL of buffer, and collect the 
sample in a 2 mL Eppendorf tube.   

   14.    Dilute each sample fourfold before use (1.5 mL into a fi nal 
volume of 6 mL PIPES, which will give approximately 5 μg 
protein per well if using 100 μL vesicles, and enough protein 
for quadruple trials with 11 time points per trials); keep remain-
ing undiluted sample for BCA protein determination.    
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   High-throughput transport assays  can be carried out using a 
Hamilton MicroLab Star robot. The fi rst fi ve steps are programmed 
to be carried out by the robot in 96-well format, allowing eight 
different uptake experiments to be performed simultaneously.

    1.    Pipet 100 μL bacteria (OD 600nm  = 25) into the wells of a 96-well 
MultiScreen HTS -Hi Flow-FB plate (pore size = 1 μm) or fused 
membrane vesicles (5 μg) into a 96-well MultiScreen HTS -HA 
plate (pore size = 0.45 μm), while the plate is placed on a vac-
uum manifold.   

   2.    Initiate transport with the addition of 100 μL PIPES buffer 
containing 1.5 μM of  14 C-labeled nucleotide.   

   3.    Incubate at room temperature for planned time periods, the 
longer time points being added fi rst.   

   4.    Stop transport by fi ltration followed immediately by the addi-
tion of 200 μL of ice-cold PIPES buffer to all wells.   

   5.    Wash wells two times with 200 μL ice-cold PIPES buffer.   
   6.    Leave the plates to dry overnight.   
   7.    Stick black backing paper on the underside of the fi lter plate.   
   8.    Add 200 μL of MicroScint-20 to each well using the robot.   
   9.    Stick clear backing paper on the topside of the fi lter plate; 

stand for at least 4 h to allow fi lter dissolution.   
   10.    Load the plates into the TopCount Scintillation Counter. 

Initial rates are determined from the linear part of the uptake 
curves (fi rst 60 s) ( see  Fig.  6 ).  

4                                                          Notes 

     1.    Nisin can be either commercial or produced by the nisin- 
producing strain NZ9700. We have noticed that homemade 
nisin gave rise to higher amounts of proteins compared to 
commercial one [ 21 ].   

   2.    Recombinant bacteria are generated through transformation 
with an expression vector containing the gene of interest; in 
our studies, we use pNZ8148.   

   3.    The concentration of antibiotic (chloramphenicol) could vary 
from 5 to 10 μg mL −1 .   

   4.    The buffers for bacterial and protein resuspension have to be 
adjusted to the protein of interest (50 mM Tris–HCl pH 8.0 
for ceQORH [ 10 ] and 20 mM HEPES pH 6.0 for AtHMA6 
and AtHMA8 [ 33 ] containing 6 or 20 % glycerol for protein 
resuspension respectively; 50 mM potassium phosphate buffer 
pH 7.0 for AtNTT1 [ 10 ]; 10 mM PIPES pH 7.0, 50 mM 
NaCl for  mitochondrial carriers   [ 3 ]).   
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   5.    One Shot and other disruption systems from Constant Cell 
Disruption System are the most suitable to disrupt the lacto-
coccal cell wall with a yield in crude membranes improved by 
more than fi vefold when compared to that obtained by  lyso-
zyme   and French Press treatment [ 10 ].   

   6.    The percentage of acrylamide in the resolving gel has to be 
adapted to the molecular weight of the protein of interest.   

   7.    Western blot analysis can be performed using either protein- 
specifi c antibody or conjugate specifi c to the affi nity tag.   

   8.    HEPES buffer is preferentially used since it has low affi nity for 
metals. MgCl 2  is required to favor Mg-ATP as substrate.   

  Fig. 6    Functional characterization of the  mitochondrial   ADP/ATP carrier from  Myceliophthora thermophile  
(MtAAC) expressed in  L. lactis  by high-throughput  transport assays  . ( a ) Whole-cell uptake assays using  L. lactis  
expressing MtAAC in the absence ( closed circles ) or presence of the specifi c inhibitors carboxyatractyloside 
(CATR;  closed triangles ) or bongkrekic acid (BKA;  open triangles ), both at 20 μM. The control shown is vector 
without the insert encoding MtAAC ( empty circles ). ( b ) Specifi c initial rates of  14 C-ADP uptake on whole cell 
over the fi rst 60 s in the absence (none) or the presence of inhibitors (CATR or BKA), background subtracted. 
( c )  Transport assays   with fused membrane vesicles of  L. lactis  expressing MtAAC preloaded with 5 mM ADP in 
the absence ( open circles ) or presence of CATR ( closed triangles ) or BKA ( open triangles ). As control, transport 
was carried out with vesicles expressing MtAAC, but not loaded with internal substrate ( open circles ). ( d ) 
Specifi c initial of  14 C-ADP uptake on fused membrane vesicles over 60 s in the absence (none) or in the pres-
ence of inhibitors (CATR or BKA), background subtracted. Transport was initiated with the external addition of 
1.5 μM  14 C-ADP. The  error bars  represent the standard deviation of four assays       
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   9.    KCl is prohibited in the Pi phosphorylation buffer, since it 
accelerates the dephosphorylation rate.   

   10.    According to the ionic specifi city of the P IB -ATPases, various 
metal solutions can be used (i.e., CuSO 4 /CuCl 2 , AgNO 3 /
AgCl, ZnSO 4 , MnSO 4 , or NiCl 2 ). Usually, different dilutions 
are prepared to perform the phosphorylation tests in the pres-
ence of metal concentrations ranging from 0.05 to 100 μM. 
To test Cu in its monovalent form Cu + , a reducing agent has 
to be added in the reaction mix. Preferentially use Na 2 SO 3  at 
500 μM. Note that the pH of the solution can change the 
speciation of the metal ( see  Pourbaix diagrams) and thus its 
chemical properties (i.e., its solubility and then its interaction 
with the ATPase).   

   11.    For  phosphorylation assays   on P IB -ATPase well expressed in 
 Lactococcus  membranes, half amount of radiolabeled ATP can 
be used (i.e., 0.5 μL in 110 μL of unlabeled 10 μM ATP).   

   12.    DTT is sensitive to oxidation and can then lose its reducing 
power within prolonged exposure to the air. This may result in 
an insuffi cient denaturation of the sample.   

   13.    Metal chelators are used as controls. BCA/BCS are usually 
used as monovalent metal chelators and Cu chelators, whereas 
EGTA is used as a broad range divalent metal chelator. These 
chelators are therefore used to inhibit the catalytic cycle of 
ATPases. BCA and BCS are prepared in H 2 O at a concentra-
tion of 1 mM and 100 μM respectively, stored in small aliquots 
at −20 °C.   

   14.    The mix Acrylamide/Bis 24/0.8 % is prepared from two inde-
pendent solutions: 60 mL of 40 % [w/v] Acrylamide and 40 
mL of 2 % [w/v] Bis-acrylamide. Premixed solutions of acryl-
amide/Bis-acrylamide can also be used.   

   15.    The pH value of the gel and the running buffer must be lower 
than 7 to avoid the hydrolysis of the aspartyl-phosphate bound.   

   16.    Instead of using phosphorimaging device, it is possible to use 
autoradiography fi lms, exposed in common fi lm cassettes and 
then revealed using developer and fi xer solutions.   

   17.    The  mitochondrial   ADP/ATP carriers exchange ADP against 
ATP and they are inhibited by carboxyatractyloside (CATR) 
and bongkrekic acid (BKA) [ 46 ].   

   18.    Shaking with a gentle rotation (90 rpm) avoids the sedimenta-
tion of bacteria at the bottom of the bottle.   

   19.    The M17 medium could be prewarmed at 30 °C overnight. 
This step allows gaining time to reach the correct OD. 
Nevertheless, it might be better to add glucose and antibiotics 
on the day of culture because of the instability of antibiotic at 
30 °C, and to check if the medium is not contaminated.   
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   20.    Cultures can be inoculated with a larger volume of precultures 
(1/20 e  to get an OD600 around 0.1). This can help to shorten 
the time to get the appropriate OD for induction.   

   21.    The dilution of nisin to add for induction (0.0001–0.005) has 
to be optimized in order to get higher amounts of proteins 
produced and must be determined for every new preparation 
of nisin [ 47 ].   

   22.    Several values for OD 600nm  have been reported for induction of 
protein expression: from 0.5 for  mitochondrial carriers   [ 2 ] to 
0.8 for plant membrane proteins [ 10 ].   

   23.    The induction time needs to be optimized for each protein of 
interest. For the proteins analyzed here, an induction time of 
2.5 and 4 h allowed production of suffi cient amounts of pro-
tein for analyses of  mitochondrial carriers   and plant membranes 
proteins respectively.   

   24.    Heating of the samples for 5 min at 95 °C is not necessary. 
 Solubilization   also works with an incubation of the samples in 
the sample buffer for 5 min at room temperature.   

   25.    The migration parameters (voltage/time) have to be adapted 
to the protein of interest.   

   26.    Membrane proteins either peripherally or intrinsically associ-
ated with membranes have to be  solubilized   to become soluble 
in aqueous solution before purifi cation steps. The ceQORH 
protein is a peripheral protein which interacts with the inner 
envelope membrane of chloroplast through electrostatic inter-
actions. This kind of protein can be solubilized with mild treat-
ments using high salt-containing solution [ 24 ].   

   27.    For more information concerning the purifi cation of 6× 
Histidine- tag proteins, refer to the handbook of IBA (IBA, 
Goettingen, Germany).   

   28.    Here we used a 6× Histidine-tag for the detection and purifi ca-
tion of the recombinant proteins (this tag was fused to the 
 N -terminal part of the protein). However, other affi nity tags 
can be used like the  Strep -tag II [ 10 ].   

   29.     Dehydrogenase assays   are performed with NBT chloride as an 
artifi cial substrate, and the reaction (NBT reduction to forma-
zan) is monitored using a spectrophotometer. An absorption 
coeffi cient of 15,000 M −1  cm −1  for the formazan product at 
560 nm is used to calculate the initial velocity [ 48 ]. Alternatively, 
NADPH oxidation can be recorded in the initial linear phase 
of decay of absorbance at 340 nm using a molar extinction 
coeffi cient of 6250 M −1  cm −1 .   

   30.    The specifi c activity determined for the  purifi ed   ceQORH pro-
tein was 19.3 nmoles of formazan per mg of ceQORH protein.
min −1 . Note that the specifi c activity of the ceQORH protein 
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produced in  E. coli  was found 2.5 times lower than that of the 
ceQORH protein produced in  L. lactis  [ 10 ].   

   31.    AtHMA6 and AtHMA8 belong to the family of P-type 
ATPases, that are multispanning membrane proteins that 
translocate ions across plasma or organelle membranes at the 
expense of ATP consumption [ 49 ]. The catalytic cycle of 
P-ATPases can be schematically reduced to a four-step pro-
cess accounting for the coupling of ion motion to ATP hydro-
lysis, involving the formation of transient phosphorylated 
states initiated by ATP γ-phosphate transfer to the conserved 
aspartic residue of the DKTGT motif. In its free state (E), the 
P-ATPase binds cytoplasmic ions at its high affi nity mem-
brane site ( step 1 ). ATP, bound to the large cytoplasmic 
domain of the transporter, is then hydrolyzed, leading to the 
formation of a phosphorylated enzyme ( step 2 ). The ion 
bound phosphorylated form of the enzyme (Me.E ~ P) under-
goes important conformation changes leading to metal 
release at the extracytoplasmic side of the membrane ( step 
3 ). In the metal-free phosphorylated enzyme E-P, the aspar-
tyl-phosphate bound is then hydrolyzed to bring the enzyme 
back to its free state E ( step 4 ). In many cases, ATPases can 
be phosphorylated from ATP in the forward direction (physi-
ological condition;  steps 1 – 4  of the cycle) and from Pi in the 
backward direction ( step 4  only). Both reactions rely on the 
presence of the ion to be transported. Whereas phosphoryla-
tion from ATP only occurs on the ion(s) bound form of the 
transporter, transported ion(s) do competitively inhibit phos-
phorylation from Pi. Hence, the latter also gives access to the 
ionic specifi city of the enzyme. In addition, involving simple 
equilibrium reaction ( step 4 ), phosphorylation from Pi also 
allows to determine more precisely the apparent affi nity of 
the transporter to the transported ion.   

   32.    Usually it is better to test a wide range of metal concentration 
from 0.05 to 100 μM (concentration of the metal in the assay, 
i.e., in 100 μL). If needed in the assay, chelators are added to a 
fi nal concentration of 1 mM (EGTA) and 1 mM/100 μM 
(BCA/BCS mix).   

   33.    Depending on the activity of the studied P IB -ATPase, the reac-
tion time can vary. The incubation can also be performed at 
4 °C to slow down the reaction.   

   34.    The supernatant highly radioactive has to be removed carefully.   
   35.    The use of acidic condition for the  SDS-PAGE   analysis is 

essential to avoid the hydrolysis of the aspartyl-phosphate 
bound and to detect the phosphorylated intermediates.   

   36.    Each condition has to be tested in triplicate experiments at 
minimum.   
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   37.    Quickly thawing the pellets is vital for transport activity.   
   38.    The syringes are not airtight at 4 °C for prolonged periods of 

time and will leak.         
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    Chapter 7   

 Expression of Viral Envelope Glycoproteins in  Drosophila 
melanogaster  S2 Cells                     

     Renato     Mancini     Astray     ,     Sandra     Fernanda     Suárez-Patiño    , 
and     Soraia     Attie     Calil     Jorge     

  Abstract 

   The expression of recombinant viral envelope glycoproteins in S2 ( Drosophila melanogaster ) has been 
performed with good results. This chapter contains protocols for the utilization of this system for the 
expression and analysis of proteins presented in cell plasma membrane.  

  Key words     S2 cells  ,    Drosophila melanogaster   ,   Viral envelope glycoprotein  ,   S2 protocols  ,   Insect cells  

1      Introduction 

   Viral glycoproteins are complex  molecules   which show a straight 
correlation between  structure   and biological activity or antigenic-
ity [ 1 ]. Therefore, to obtain a recombinant viral glycoprotein with 
preserved biological characteristics, the choice of an appropriate 
expression system is of crucial importance. The  Drosophila melano-
gaster  expression system has been successfully utilized for the 
expression of viral glycoproteins, such as the HIV gp120 [ 2 ], the 
Japanese Encephalitis virus (JEV) glycoprotein [ 3 ], Rift Valley 
fever virus surface glycoproteins [ 4 ], and Dengue virus envelope 
glycoprotein [ 5 ], which were expressed at good levels with appro-
priate biological activity. Maybe the most studied recombinant 
viral glycoprotein expressed in S2  cells   is the one from the Rabies 
virus (RVGP) [ 6 – 13 ]. Several scientifi c works performed on the 
expression and characterization of the RVGP comprised detailed 
studies on the molecular biology (plasmids and promoters), S2 cell 
metabolism,    alternative culture media, kinetic studies of cell growth 
and recombinant expression and culture conditions (reviewed in  14 ). 
This chapter presents most protocols established during the studies 
of RVGP expression in S2 cells, which can be used as a basis for 
similar studies. The native Rabies glycoprotein is a trimer (3 × 65 kDa) 
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located in the viral envelope and cell membranes  before   virus 
budding. In S2 cells,  the   Rabies glycoprotein gene, including its 
signal peptide, was cloned under the control of strong promoters 
and after expression it was analyzed by several methods  in   cell 
membranes or after extraction and solubilization. 

    Drosophila melanogaster  (S2) cell lines have  been   used recently as 
an alternative expression system, since they can be stably trans-
fected,  perform complex post-translational modifi cations,  grow in 
suspension cultures and need easy culture conditions. The recom-
binant gene in plasmids can be under the control of the inductive 
metallothionein (pMt) or the constitutive actin (pAc) drosophila 
promoters. Alternatively,  heat shock promoters can be used in this 
system. The  drosophila expression vectors were designed in order 
to bear or not the BiP (i) external secretion signal, allowing the 
protein secretion in some cases [ 15 ]. 

 These cells can be grown in culture media supplemented with 
heat-inactivated fetal calf serum as well as Schneider’s Drosophila 
[ 5 ,  10 ], TC-100 [ 16 ], TNM-FH [ 17 ], and M3 [ 18 ]. Defi ned 
commercial serum-free media can also be used to grow this cell 
line, such as HyQ SFX [ 19 ], EX-CELL 400 [ 20 ], and InsectXpress 
[ 10 ,  18 ]. Other approaches for S2 cell  culture   have been based on 
the use of basal culture media as IPL-41 or TC-100 with other 
supplements than FCS [ 7 ,  8 ]. S2 cells grown in Sf-900™ III FCS- 
free medium (Life Technologies) have shown quite satisfactory 
growth parameters  with   high values of μ max  in several culture condi-
tions [ 11 ,  17 ]. 

 Regarding culture conditions, S2 cells are easy to grow and 
maintain in the laboratory. All incubations of S2 cells are per-
formed in a 25–28 °C incubator, at pH values ranging from 6.2 to 
6.5 without CO 2  buffering requirement. These cells can be grown 
and scaled up in a variety of containers. Static culture is performed 
in regular tissue culture plasticware. For higher  scale   growth and 
recombinant expression, S2 cells can be grown as suspension cul-
tures in Duran ®  laboratory glass bottles, Spinner fl asks, or bioreac-
tors [ 7 ,  11 ,  17 ].   

2    Materials 

        1.    Laminar fl ow hood.   
   2.    Hemocytometer or Neubauer chamber (preferentially with 

mirrored base).   
   3.    Plasticware: T-25 and T-75 cm 2  fl asks, 15 and 50 mL conical 

tubes, microtubes, serologic pipettes, pipette tips, culture 
plates, and cryovials.   

   4.    Incubator at 26–28 °C, no CO 2  required.   

1.1  S2 Cells and the 
Design of an 
Expression System

2.1  Cell Culture

Renato Mancini Astray et al.
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   5.    Trypan blue solution (typically 0.4 %. For use dilute 10× in 
sample and PBS).   

   6.    Sf-900™ III medium (Life Technologies).   
   7.    Freezing medium: 50 % heat- inactivated   fetal calf serum (FCS), 

40 % Sf-900™ III conditioned medium, and 10 % Dimethyl 
sulfoxide (DMSO).   

   8.    Polystyrene box or freezing device (e.g., Freezing Container 
Nalgene ® ).   

   9.    Cell culture tested copper sulfate (CuSO 4 , 200 mM).   
   10.    Freezing buffer (for samples): 25 mM Tris–HCl, 25 mM NaCl, 

5 mM MgCl 2 , 1 mM PMSF (phenylmethylsulfonyl fl uoride); 
20 % glycerol;    pH 7.2.   

   11.    Phosphate buffered saline (PBS): 137 mM NaCl, 10 mM 
Na 2 HPO 4 , 2.7 mM KCl, 1.8 mM KH 2 PO 4 , pH 7.0.   

   12.    Duran ®  laboratory glass bottles (100 mL).   
   13.    Incubator orbital shaker (100–140 rpm, 26–28 °C).   
   14.    BioFlo ®  110 bioreactor (New Brunswick, Enfi eld, Connecticut, 

EUA).   
   15.    Sodium butyrate solution in water (NaBu, 100 mM). Store up 

to one month as aliquots in tightly sealed vials at −20 °C. Before 
use, let equilibrate to room temperature (1 h).   

   16.    Cycloheximide solution in PBS (25 mM).   
   17.    Expression and selection plasmids such as  pMt/V5-His   and 

pCoHygro (Life Technologies).   
   18.    Cellfectin ®  reagent (Life Technologies).   
   19.    Selection reagent such  as   hygromycin B (50 mg/mL).   
   20.    Sterile PEB: PBS containing 0.5 % BSA and 2 mM EDTA.   
   21.    Centrifuge with rotors and adaptors  for   15 mL, 50 mL, 1.5 

mL tubes.   
   22.    Mouse antibody targeting the recombinant protein or incor-

porated tag sequence.   
   23.    Anti-mouse IgG magnetic microbeads (e.g., MACS ® , Miltenyi 

Biotec).   
   24.     Magnetic   column.   
   25.    Magnetic support.   
   26.    Gentamicin sulfate (10 mg/mL).      

       1.    Round high quality glass cell culture tested coverslips (12–
35 mm diameter).   

   2.    Crystal clear glass slides with no fl uorescent background.   
   3.    PBS.   

2.2  Analysis 
of Expression

Expression of Viral Envelope Glycoproteins in S2 Cells
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   4.    50–50 % methanol:acetone solution (−20 °C).   
   5.    2 % formaldehyde in PBS (4 °C).   
   6.    Anti-fading.   
   7.    PBS + FCS (PBS with 1 % Fetal Calf Serum).   
   8.    Antibody targeting the recombinant protein or incorporated 

tag sequence.   
   9.    Fluorophore-conjugated secondary antibody.   
   10.    Fluorescence microscope.   
   11.    Flow cytometer.   
   12.    PMSF (phenylmethylsulfonyl fl uoride),  frozen   stock solution 

100 mM in DMSO.   
   13.    Membrane buffer: 50 mM Tris–HCl,    0.5 M NaCl, 1 mM 

PMSF, pH 8.   
   14.    Membrane storage buffer: 50 mM Tris–HCl, 320 mM sucrose, 

pH 7.4   
   15.    Protease  inhibitor   cocktail.   
   16.    Ultrapure water.   
   17.    Tissue homogenizer.   
   18.    Potter homogenizer.   
   19.    26-gauge needle.   
   20.    0.45 μm membrane fi lter.   
   21.    Ultracentrifuge and ultracentrifuge tubes.   
   22.    Solubilization buffer: 25 mM Tris–HCl, 25 mM NaCl, 5 mM 

MgCl 2 ,    1 mM PMSF, Igepal ®  0.2 % (Sigma-Aldrich), pH 7.2.   
   23.    Lysis buffer R: 10 mM Tris-Cl pH 8.0, 1 mM EDTA,    1 % 

Igepal ® , 0.1 % Sodium Deoxycholate, 0.1 % SDS, 140 mM 
NaCl, 1 mM PMSF.   

   24.    Wash buffer: 50 mM Tris–HCl pH 7.4, 0.5 M NaCl, Igepal ®  
0.2 %.   

   25.    Elution Buffer: 50 mM Tris–HCl pH 7.4, 0.5 M NaCl, Igepal ®  
0.2 %, Imidazole (100–500 mM).   

   26.    IMAC column or nickel resin.   
   27.    Target gene  forward   and reverse primers designed for 

RT-qPCR.   
   28.    α-tubulin forward primer (5′-TGTCGCGTGTGAAACACT

TC) and reverse primer (5′-AGCAGGCGTTTCCAATCTG).   
   29.    Trizol ® , RNAZol ® , or other phenol–guanidine isothiocyanate 

solution.   
   30.    DNase.   
   31.    RNA inhibitor.   

Renato Mancini Astray et al.
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   32.    Reverse polymerase.   
   33.    Quantitative PCR kit.   
   34.    Real time thermocycler.       

3    Methods 

       1.     Remove the cryovial from liquid  nitrogen   and thaw quickly in 
a water bath at 30 °C.   

   2.    When just a small ice block is still visible, clean the vial with 
70 % ethanol and transfer the content into a 15 mL tube with 
10 mL of culture medium.   

   3.    Centrifuge at 120 ×  g  for 10 min.    Remove the supernatant con-
taining DMSO ( see   Note    1  ).   

   4.    Resuspend the cells in 5 mL of fresh medium and transfer to a 
T-25 cm 2  fl ask with loosen caps (vent position) or caps with 
fi lter to allow oxygenation.   

   5.    Incubate at 28 °C, until cells reach a density of 0.5–2 × 10 7  
cells/mL before splitting. This may take 3–4 day s.      

       1.    Grow cells to a density between 0.8 and 1 × 10 7  cells/mL (log 
phase).    Detach cells from the fl ask surface by gently tapping it. 
Softly pipet cell suspension up and down a few times to break 
up cell clumps.   

   2.    Determine viable and total cell counts in a hemocytometer 
using a standard trypan blue exclusion assay ( see   Note    2  ). The 
viability must be between 95 and 99 %.   

   3.    Prepare the amount of freezing medium required to resuspend 
the cells at a density ≥1 × 10 7  viable cells/mL.   

   4.    Centrifuge cells at 1000 ×  g  for 3 min at 4 °C. Remove the 
supernatant from the cell pellet.   

   5.    Resuspend the cells at a density of 1 × 10 7  cells/mL in freezing 
medium.   

   6.    Immediately place 1 mL sterile aliquots of the cell suspension 
in previously identifi ed cryovials. Place the cryovials into a 
 polystyrene box or freezing device and allow cells to freeze in 
a −80 °C ultrafreezer. After 24 h transfer cryovials to liquid 
nitrogen for long-term storage.      

            1.     To maintain S2 cells in  static cultivation use 5 mL   of fresh 
medium into T-25 cm 2  fl asks. Alternatively, use 15 mL of fresh 
medium into T-75 cm 2  fl asks.   

   2.    Incubate at 26–28 °C until  cells   reach a density of 2 × 10 7  cells/
mL. This may take 3–4 days.   

3.1  Cell Line 
Unfreezing

3.2  Freezing S2 Cells

3.3  Static Cultivation

Expression of Viral Envelope Glycoproteins in S2 Cells
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   3.    Split cells into fresh medium at a 1:2 or 1:5 dilution into new 
fl ask each 5–6 days. S2 cell lines adhere weakly to the substrate. 
Release the cells by gently pipetting up and down or tapping 
the fl ask ( see   Note    3  ).   

   4.    For recombinant expression studies determine viable and total 
cell counts in a hemocytometer using a standard trypan blue 
exclusion assay (cells must be 95–99 % viable for good repro-
ducibility). Inoculate 0.5–1 × 10 6  cells/mL.   

   5.    Two days after inoculum, if necessary induce the recombinant 
protein expression adding sterile cell culture tested copper 
sulfate (CuSO 4 ) to the medium to a fi nal concentration of 
700 μM.   

   6.    After 48 h of induction resuspend/homogenize  cell   culture 
and determine cell concentration. Samples containing at least 
1 × 10 6  cells can be collected for recombinant protein analysis 
( see   Note    4  ).   

   7.    Take the desired sample volume in a microtube, centrifuge at 
2000 ×  g  for 5 min, and discard supernatant. Wash cells with 
500 μL of PBS and centrifuge again. Discard buffer and freeze 
cell samples as dry pellet or after adding 500 μL of freezing 
buffer .      

          1.    Inoculate as many as T-75 cm 2   fl asks   needed with S2 cells. Let 
cells grow to mid-exponential phase. Transfer cells from the T 
fl asks to a centrifuge tube making a pool. Centrifuge at 800 ×  g  
for 5–10 min (depending on total volume) to pellet the cells. 
Resuspend with fresh medium and determine cell concentra-
tion and viability.   

   2.    Inoculate a 100 mL Duran ®  bottle with 20 mL of working 
volume containing 0.5–1 × 10 6  cells/mL ( see   Note    5  ).   

   3.    Incubate the bottle in an orbital shaker at 110–140 rpm and 
26–28 °C. Determine cell concentration at least each 24 h.   

   4.    To induce recombinant protein expression, add sterile cell cul-
ture tested CuSO 4  to the fi nal concentration of 700 μM when 
cells reach a concentration between 3 × 10 6  and 5 × 10 6   cells/
mL.   

   5.    Collect samples as described in Subheading  3.3  ( see   Note    6  ).      

       1.    Grow cells in Duran ®  bottles  to   reach log phase (48–72 h) as 
described in Subheading  3.1 ,  step 4 . Determine cell concen-
tration and viability.   

   2.    Inoculate the BioFlo 110 bioreactor to fi nal cell concentra-
tion of 0.5 × 10 6  cells/mL in 1 L culture medium. Good cul-
ture conditions can change depending on the growth 

3.4  Cultivation 
in Shaker Flasks

3.5  Cultivation 
in Bioreactor

Renato Mancini Astray et al.
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characteristics of the established recombinant cell, the target 
protein, and culture medium used. As a reference using 
Sf-900™ III medium (Ventini et al. 2010): pH 6.2, 28 °C, 
90 rpm agitation, pitched blade impellers, DO controlled at 
10 % of air saturation and four gas sparging aeration (0.1 L/
min) ( see   Note    7  ).   

   3.    Induce expression with 700 μM of CuSO 4  when  cell   concen-
tration reaches 4–5 × 10 6  cells/mL.   

   4.    During the procedure, samples can be sterile collected to 
determine cell concentration and expression kinetics. Treat 
samples as described in Subheading  3.3 . Culture supernatant 
can be stored for nutrient consumption/metabolite produc-
tion measurements.      

   A transitory and often lethal enhancement of recombinant expres-
sion in S2 cells can be achieved by the addition of sodium butyrate 
to cultures.

    1.    Grow cells in Duran ®  bottles to reach log phase (48–72 h) as 
described in Subheading  3.4 . Determine cell concentration 
and viability.   

   2.    To induce recombinant protein expression, add sterile cell cul-
ture tested CuSO 4  to the fi nal concentration of 700 μM when 
cells reach  a   concentration between 3 × 10 6  and 5 × 10 6  cells/
mL. Simultaneously add sodium butyrate to the fi nal concen-
tration of 5 mM.   

   3.    Collect samples as described in Subheading  3.3 .   
   4.    Enhanced recombinant expression can be detected from 12 to 

72 h.      

   A transitory and proapoptotic inhibition of RNA translation can be 
achieved by adding cycloheximide to cultures. This can be interest-
ing for studies of recombinant RNA abundance and protein 
turnover.

    1.    Grow cells in Duran ®  bottles to reach log phase (48–72 h) as 
described in Subheading  3.4 . Determine cell concentration 
and viability.   

   2.    To induce recombinant protein expression, add sterile cell 
culture tested CuSO 4  to the fi nal concentration of 700 μM 
when cells reach a  concentration   between 3 × 10 6  and 5 × 10 6  
cells/mL. After 24 h add cycloheximide to the fi nal concen-
tration of 10 μM.   

   3.    Collect samples as described in Subheading  3.3 .   
   4.    The inhibition of expression can be detected after 3 h.      

3.6  Enhancement 
of Recombinant 
Expression

3.7  Inhibition 
of Recombinant 
Expression

Expression of Viral Envelope Glycoproteins in S2 Cells
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       1.    The day before transfection, plate 0.5 × 10 6  cells in each one of 
two T-25 cm 2  fl asks with culture medium.   

   2.    Dilute 2–5 μg of the expression and selection plasmids (nor-
mally in a ratio of 30:1) to a fi nal volume of 500 μL with 
serum- free medium ( see   Note    8  ).   

   3.    Dilute 10 μL of Cellfectin ®  to a fi nal volume of 500 μL with 
serum-free medium.   

   4.    Add the Cellfectin ®  solution to the DNA solution all at once. 
Mix gently and incubate for 20 min at room temperature. 
After incubation add 1 mL more of serum-free medium.   

   5.    Remove the culture medium from one of the T-25 fl asks and 
dropwise add 2 mL of Cellfectin ® /DNA mixture. Incubate 
4–6 h at 26–28 °C. Further add 3 mL of fresh medium and 
incubate again.   

   6.    After 48 h of transfection, remove the medium from the two 
T-25 fl asks and start selection by adding selection agent, such 
as hygromycin B (600 μg/mL).   

   7.    Change  medium   containing the selection agent every 3 days.   
   8.    Two or three weeks after starting the selection, progressively 

decrease the antibiotic concentration after noticing that 
untransfected cells in negative control T-25 fl ask have already 
died ( see   Note    9  ).      

       1.    Inoculate S2 cells in T fl asks and induce expression if necessary. 
Cultivate during 24 h after expression induction or inoculum.   

   2.    Remove supernatant and softly wash cell layer with sterile PBS 
to remove dead cells. Resuspend cells in PEB and determine 
cell concentration. Centrifuge at 400 ×  g  for 5 min the volume 
equivalent to 3.4 × 10 7 . Suspend cell pellet with anti-target 
protein antibodies diluted in 340 μL PEB (1:10) and incubate 
for 10 min at 4 °C.   

   3.    Wash cells twice to remove antibody excess: add 3 mL of PEB 
and centrifuge at 300 ×  g  for 10 min at 4 °C. Suspend cell pellet 
with 240 μL PEB and 60 μL anti-mouse IgG magnetic micro-
beads suspension in PEB. Incubate for 15 min at 4 °C.   

   4.    Wash cells as described in  step 2 . Suspend cell pellet with 
500 μL PEB and apply the cell suspension into a magnetic 
column placed in the magnetic support and previously condi-
tioned with PEB. Let the cell suspension slowly fl ow down the 
column. This suspension can be applied twice for better yield.   

   5.    Wash the column three times with cold sterile 500 μL PEB.   
   6.    Recover the bound cells by removing the column from the 

support and eluting it with 1 mL PEB directly into a recovery 
tube.   

3.8  Cell Transfection 
and Selection

3.9  Enrichment of S2 
Cells Expressing 
the Recombinant 
Protein
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   7.    Centrifuge at 400 ×  g  for 5 min at 4 °C. Suspend cell pellet with 
1.5 mL of culture medium with gentamicin sulfate (5.0 μg/mL). 
 Incubate   cells at the appropriate temperature.      

   The analysis of a recombinant viral membrane glycoprotein 
expressed in S2 cells can be performed with the protein into cell 
membranes or after its extraction and solubilization. The main 
advantages of the analysis directly on the S2 cells are the possibil-
ity of accessing  important   epitopes with specifi c antibodies, which 
can be indicative of protein quality, and the determination of the 
number of cells expressing the recombinant glycoprotein in an S2 
population for semi-quantitative analysis of expression. However, 
more precise quantitative analysis is usually performed with 
extracted and solubilized glycoprotein, which can be used for 
immuno-based analytical methods or purifi ed and quantifi ed by 
other methodologies. 

 The semi-adherent nature of S2 cell growth is a valuable char-
acteristic for the analysis of recombinant expression of membrane 
or membrane-associated proteins, as no damage is caused to mem-
branes while cells are being suspended. In our experience no Fc 
receptor blocking agents were needed when analyzing live cells 
with specifi c antibodies, but performing the usual negative con-
trols with wild S2 cells is recommended. 

       1.    Place sterile coverslips on the bottom of 6- or 12-well culture 
plates.   

   2.    Inoculate 3 × 10 6  (6-well plate) or 1 × 10 6  (12-well plate) in 
each well and incubate for 24 h. Induce expression if necessary 
and incubate for more than 24 h.   

   3.    Remove culture medium and wash two to three times with 
PBS, taking care to not displace attached cells ( see   Note    10  ).   

   4.    Fix the cells with ice-cold methanol:acetone (1:1) or 2 % para-
formaldehyde in PBS (4 °C) for 20 min in ice bath. Remove 
the fi xation solution and wash three times with PBS.   

   5.    Dilute the fi rst antibody targeting the recombinant protein or 
incorporated tag sequence (1:400–1:1000) and add 200 μL to 
each sample, covering the coverslip. Incubate 1 h at room tem-
perature. Wash carefully three times with PBS.   

   6.    Dilute the fl uorophore-conjugated secondary antibody in PBS 
(1:1000–1:2000) containing or not a counterstain (e.g., Evans 
Blue 0.03–1 %) and add 200 μL to samples. Incubate in the 
dark for 1 h at room temperature. Wash three times with PBS.   

   7.    Remove coverslips from wells and pipet anti-fading reagent 
over a fl uorescence grade glass slide. Place coverslips with cells 
faced down in contact with anti-fading reagent. Seal coverslips 
borders and observe in a fl uorescence microscope.      

3.10  Analysis 
of Expression

3.10.1  Immuno-
fl uorescence

Expression of Viral Envelope Glycoproteins in S2 Cells
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       1.    Inoculate S2 cells and induce expression if necessary. Cultivate 
cells at least 24 h after expression induction or inoculum.   

   2.    Take at least 10 6  cells and wash once with sterile PEB ( see  
 Note    11  ). Centrifuge at 400 ×  g  for 5 min. Suspend the pellet 
with antibody targeting the recombinant protein or incorpo-
rated tag sequence diluted in 50–100 μL PEB (1:400–1:1000) 
and incubate for 30 min at 4 °C.   

   3.    Centrifuge at 400 ×  g  for 5 min at 4 °C. Suspend cell pellet 
with fl uorophore-conjugated secondary antibody diluted in 
50–100 μL PEB (1:1000–1:3000) and incubate in the dark for 
30 min at 4 °C.   

   4.    Centrifuge at 400 ×  g  for 5 min at 4 °C. Suspend cell pellet 
with 500 μL PBS + FCS and directly analyze in a Flow 
Cytometer equipment. Alternatively, suspend cells in 1 mL of 
2 % formaldehyde in PBS, incubate at 4 °C for 1 h, centri-
fuge, resuspend with PBS + FCS, and store at 4 °C until 
analysis.      

     The analysis of a viral membrane  glycoprotein   can be made by sev-
eral techniques as ELISA, Western blotting, Spectrometry, and 
SPR. Most of the analytical tools or purifi cation procedures require 
the  solubilization   of the protein. While the purifi cation of such 
glycoproteins is notably facilitated by membrane preparation pro-
tocols, which can be considered a  fi rst   purifi cation step and a pro-
cedure  which   confers increased protection against proteases, the 
direct lysis of cell pellets is a more straightforward procedure that 
allows the rapid analysis. The utilization of  detergents   for the solu-
bilization of this type of glycoproteins is often mandatory, as these 
proteins share in common the presence of hydrophobic domains, 
generally unstable in aqueous solutions and prone  to   aggregation 
in the absence of detergent micelles [ 19 ].

    1.    Take 7–8 × 10 8  cells and wash once with sterile PBS. Centrifuge 
at 1000 ×  g  for 5 min. Suspend the pellet with 1 mL Membrane 
Buffer containing protease  inhibitor   cocktail or 1 mM PMSF 
( see   Note    12  ). Proceed to cell lysis.   

   2.    Lyse cells with 20 strokes in a Potter homogenizer or by 5 min 
homogenization using a tissue homogenizer. Always check by 
microscopy if cells were effectively broken. Alternatively cells 
can be lysed by hypotonic shock  suspending   cell pellet in 25 
mL of ultrapure water + PMSF 1 mM, instead of Membrane 
buffer in fi rst step.   

   3.    Pellet nuclei and unbroken cells by centrifugation at 2000 ×  g  
for 10 min at 4 °C. Keep the supernatant and repeat the lysis 
procedure with pellet fraction adding 1 mL membrane 
buffer.   

3.10.2  Flow Cytometry

3.10.3  Membrane 
Preparation 
and Solubilization 
for Protein Expression 
Analysis
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   4.    Combine both lysis supernatants and ultracentrifuge at 
120,000 ×  g  for 30 min at 4 °C.   

   5.    Resuspend the membrane pellet in 500 μL of Membrane 
Storage buffer. Homogenize through a 26-gauge needle and 
take 10 μL for the determination of total protein concentra-
tion (use any method of your choice, but BCA is recom-
mended). Store as aliquots at −80 °C. Alternatively the 
membrane pellet can be resuspended in the required analytical 
buffer for subsequent analysis.   

   6.    Dilute the membrane sample to the total protein concentra-
tion of 2 mg/mL in solubilization buffer. Incubate for 
30 min at room  temperature   under soft agitation ( see   Notes  
  13   and   14  ).   

   7.    Ultracentrifuge samples at 125,000 ×  g  for 45 min at 4 °C.   
   8.    Take samples from the supernatant for further analysis. Discard 

the pellet.   
   9.    For SDS-PAGE and Western-blot analysis,    mix supernatant 

with loading  buffer   (reducing or nonreducing), boil or not the 
samples for 5 min at 95 °C ( see   Note    16  )  .    

         1.    Separate 10 6 –3 × 10 6  cells, centrifuge at 2000 ×  g  for 5 min,    and 
discard supernatant. Wash cells once with PBS.   

   2.    Resuspend cell pellet with 0.5 mL of lysis buffer without deter-
gent and vortex briefl y.   

   3.    Add 0.5 mL of lysis buffer with detergent twice the fi nal con-
centration and mix well. Incubate samples at 4 °C for 1 h or at 
room temperature for 30 min. Mix samples continuously or at 
least each 15 min by inversion. Do not vortex samples at this 
step.   

   4.    Centrifuge samples at 10,000 ×  g  for 10 min at 4 °C. Use 
supernatant for analysis ( see   Note    15  ).   

   5.    For SDS-PAGE and Western-blot analysis,  mix   supernatant 
with loading  buffer   (reducing or nonreducing), boil or not the 
samples for 5 min at 95 °C ( see   Note    16  ).      

       1.    Prepare and solubilize a membrane sample as described in pre-
vious sections ( see   Note    17  ). Filter samples through a 0.45 μm 
membrane.   

   2.    Equilibrate  IMAC   column or nickel resin with  the   same buffer 
used for sample solubilization. Follow manufacturer 
recommendations.   

   3.    Apply samples in slow fl ow rate (1 mL/min) or let it interact 
with resin for 1 h at 4 °C. Collect fl ow through for analysis.   

   4.    Wash at least with fi ve column volumes of washing buffer.   

3.10.4  Protein 
Preparations from Direct 
Solubilization of Cell 
Pellets

3.10.5  Purifi cation 
of Histidine- Tagged 
Glycoprotein from S2 Cells
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   5.    Elute column with increasing imidazole concentrations from 
100 to 500 mM in a gradient run or by applying different elu-
tion buffers containing specifi ed imidazole quantities.   

   6.    Analyze sample fractions for the presence of the protein of 
interest.      

   The quantitative analysis of recombinant RNA by RT-qPCR is a 
useful method to indirectly evaluate protein expression.

    1.    Grow cells in Duran ®  bottles to reach log phase (48–72 h) as 
described in Subheading  3.4 . Determine cell concentration 
and viability.   

   2.    To induce recombinant protein expression, add sterile cell cul-
ture tested CuSO 4  to the fi nal concentration of 700 μM when 
cells reach a  concentration   between 3 × 10 6  and 5 × 10 6  cells/mL.   

   3.    Collect samples of 3 × 10 6  cells as described in Subheading  3.3 .   
   4.    Immediately extract RNA by the method of choice or freeze 

samples preferentially at −80 °C in a phenol–guanidine isothio-
cyanate solution, such as Trizol ® , RNAZol ®  or other, until 
analysis.   

   5.    For removal of residual DNA treat 3 μg of total RNA with 
RNase-free DNase I in the presence of RNase inhibitor.   

   6.    For reverse transcription use 600 ng of total DNA-free RNA 
and reverse specifi c primers for the recombinant target RNA 
and for the  D. melanogaster  β-tubulin RNA as housekeeping 
gene ( see   Note    18  ).   

   7.    Perform qPCR with the reagents of choice using 3 μL of sam-
ple to a 15 μL reaction volume. Use previously validated for-
ward and reverse primers for recombinant gene amplifi cation 
(usually, 0.2–0.3 μM). Always place target and housekeeping 
reactions in the same run.   

   8.    Analyze results based on cycle threshold considering previ-
ously determined effi ciency amplifi cation values for target and 
housekeeping genes ( see   Note    19  ).        

4                        Notes 

     1.    Alternatively, cells can be placed directly on T fl asks without 
prior centrifugation if they are not growing well through the 
described procedure. However, as freezing media usually con-
tains harmful DMSO in the formulation, the medium has to  be 
  changed the day after unfreezing when cells have already 
attached to the fl ask.   

   2.    Trypan blue exclusion method can be performed as follows: 
after completely resuspending the cells, take a 20 μL sample 

3.10.6  Analysis of 
Relative Recombinant RNA
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and dilute 1:10 in PBS. Take an aliquot of 10 μL of the diluted 
sample and dilute 1:10 with a 0.4 % Trypan blue solution in 
PBS. Place 10 μL of the solution in one side of a hemocytom-
eter chamber and count at least three squares and one hundred 
cells. Divide the cell number by the squares counted and mul-
tiply by the dilution (10×) and by hemocytometer reference 
value (×10 4  cells/mL). Consider bright cells as live and blue 
cells as dead. Do not let cells stand too much time in Trypan 
solution, always mix cells and stain solution immediately before 
counting.   

   3.    S2 cell lines adhere loosely to the substrate, what permits easy 
cell dislodging by gently pipetting up and down or, by tapping 
the bottom of the fl ask. S2 cells are known by their limited 
growth when inoculated at low densities. Studies comparing 
different inoculum showed that initial concentration of 
5–6 × 10 5  cell/mL decreased the length of lag phase and 
increased X max  comparatively to lower ones [ 14 ,  19 ].   

   4.    Although it is not recommended, kinetic studies can be per-
formed in T fl asks. In this case, one fl ask must be used for each 
sample time, avoiding repetitive resuspension of the cells.   

   5.    The working volume of 1:5 in shake fl asks or bottles is impor-
tant to provide suitable oxygen transfer through the medium 
surface to the cell culture during agitation. S2 cells have shown 
low oxygen requirements, with good growth and recombinant 
production achieved with 30 % dissolved oxygen. More details 
about S2 respiration features can be found elsewhere [ 22 ].   

   6.    S2 cells are normally cultivated at 26 °C with good results. The 
cultivation at higher temperatures (not above 28 °C) tends to 
increase growth rates. In our experience S2 cells can be culti-
vated at temperatures as low as 22 °C. Sampling S2 cells is a 
very easy process and cultures usually don’t present signifi cant 
modifi cations if the total culture volume is kept above 80 % 
initial working volume.   

   7.    The culture conditions suggested for Biofl o 110 are based on 
the results of many studies performed with S2 cells expressing 
Rabies recombinant glycoprotein. Other good studies using 
these same cells in bioreactors showed that changing culture 
temperature may be used as a strategy to improve recombinant 
expression. In our experience cells did not undergo cycle arrest 
after temperature shock but slowing down growth rates 
showed to increase productivity [ 9 ,  23 ].   

   8.    To obtain a stable recombinant cell line it is necessary fi rst to 
transfect the cells with the expression gene and the selection 
gene. For S2 cells, three antibiotic resistance genes have already 
been used: hygromycin, puromycin,    and blasticidin. The 
hygromycin is the most used and acts as an aminocyclitol to 
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inhibit protein synthesis  by   disrupting translocation and pro-
moting mistranslation. The pCoHygro (Life Technologies) 
selection vector contains the  E. coli  hygromycin resistance gene 
( HPH ) which codes for a phosphotransferase  that   inactivates 
the hygromycin B. The hygromycin resistance gene  can   also be 
inserted together with p Copia  promoter in the expression vec-
tor,    avoiding co-transfection protocols [ 10 ,  21 ].   

   9.    Despite the fact that the transfection of S2 cells produces stable 
cell lines, the use of a basal 150–300 μg/mL of  hygromycin B, 
  during the cultivation in T fl asks, helps to maintain high 
expression levels and increases reproducibility.   

   10.    S2 cells are naturally loosely attached cells. This characteristic 
and the presence of heterologous membrane proteins in the 
cell surface make it diffi cult to handle for immunofl uorescence 
purpose until it is fi xed on coverslips. It is important to care-
fully add wash buffer and other solutions to not detach the 
cells. Use just cell culture tested glass, as the quality of cover-
slips has an impact on the cell adhesion.   

   11.    The addition of 1 % sodium azide to this buffer helps to pre-
vent the internalization of antigens, which can be important 
for some recombinant proteins.   

   12.    The presence of proteases in S2 cells is especially a concern for 
the recombinant protein purifi cation. Always work with prote-
ase inhibitors.   

   13.    Choose the appropriate lysis buffer, considering pH, amount 
and strength of detergents, salt concentration, etc… The prior 
evaluation of the best lysis buffer is strongly recommended. 
Determine empirically the best detergent for your target pro-
tein, as the hydrophobicity of the protein may require a specifi c 
detergent strength. The existence of tag peptides and the epit-
opes may be masked if the wrong detergent is chosen.   

   14.    The temperature and time for  solubilization   are critical. We 
recommend trying room and 4 °C temperatures. Generally the 
 solubilization is best   performed at room or higher tempera-
tures but the degradation may be increased. The time for 
 solubilization is also dependent on the agitation. As a general 
rule, let samples solubilize  under   gentle agitation in a Kline 
agitator for 30 min, as more vigorous agitation may cause foam 
that is harmful for proteins.   

   15.    Samples obtained directly from cell lysis, even containing pro-
tease inhibitors, are unstable. Freezing samples in detergent 
containing buffer is usually worse than keeping them at 4 °C.   

   16.    Membrane proteins can have their epitopes completely mis-
characterized when boiled. Consider also using LDS loading 
buffer instead of reducing loading buffer when performing 
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Western blotting. Some membrane proteins have high 
molecular weight (>100 kDa) and are not very well trans-
ferred to synthetic membranes by semi-dry technology.   

   17.    Membrane preparation is highly recommended  as   a fi rst step 
for membrane protein purifi cation. Although it is possible to 
use cell lysate, membrane samples are free of many protease 
removed during  the   ultracentrifugation step. In our experience 
the overall increase in RVGP recovery using membrane prepa-
rations is 60 % higher than using cell lysate. Sample buffers 
intended to be used  in   IMAC purifi cation protocols should 
 not   contain more than 1 mM EDTA.   

   18.    The choice of an appropriate housekeeping gene is usually 
empirically determined. As a general rule, the ideal gene has to 
show stable expression in the control and experimental situa-
tions. Good examples of  D. melanogaster  housekeeping genes 
are α-tubulin, actin42A, and 18S ribosomal RNA [ 24 ]. 
Consider using 18S ribosomal RNA as housekeeping gene 
especially when performing experiments with cycloheximide, 
as the expression levels of all messenger RNAs will be changed 
in this situation, causing misinterpretation of results.   

   19.    Reliable and quantitative data are generated by RT-qPCR anal-
ysis since essential technical procedures and standardizations 
are performed [ 25 ]. We recommend the use of a mathematical 
model instead of common comparative ΔΔC t  analysis [ 26 ]  .         
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    Chapter 8   

  Leishmania tarentolae  as a Promising Tool for Expressing 
Polytopic and Multi-Transmembrane Spans Eukaryotic 
Membrane Proteins: The Case of the ABC Pump ABCG6                     

     Lucia     Gonzalez-Lobato    ,     Vincent     Chaptal    ,     Jennifer     Molle    , 
and     Pierre     Falson      

  Abstract 

   This chapter includes a practical method of membrane protein production in  Leishmania tarentolae  cells. 
We routinely use it to express membrane proteins of the ABC (adenosine triphosphate-binding cassette) 
family, here exemplifi ed with ABCG6 from  L. braziliensis , implicated in phospholipid traffi cking and drug 
effl ux. The pLEXSY system used here allows membrane protein production with a mammalian-like 
 N -glycosylation pattern, at high levels and at low costs. Also the effects of an N-terminal truncation of the 
protein are described. The method is described to allow any kind of membrane protein production.  

  Key words     ABC transporters  ,    Leishmania tarentolae   ,   Membrane protein expression  ,   Drug effl ux   

1      Introduction 

 Structural studies of membrane proteins are limited by the 
amount of fully functional protein that can be produced. This is 
especially vivid for mammalian membrane proteins, for which 
production in the milligram range ensuring correct folding and 
functionality remains challenging. In general, large-scale pro-
duction and purifi cation require a low-cost and effective expres-
sion system. Several approaches have been reported in mammalian 
cells [ 1 ],  Xenopus laevis  oocytes [ 2 ], bacteria [ 3 ,  4 ],  Spodoptera 
frugiperda Sf 9  insect   cells [ 5 ], and yeast [ 6 ]. Up to now, mam-
malian cells are most often used in functional studies. ABCG2 is 
an ABC transporter rather diffi cult to produce for which several 
systems were evaluated. Oocyte system represents an easy system 
to study ABC transporter function; however, it produces a high 
background in effl ux experiments due to nonspecifi c binding of 
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hydrophobic ABCG2 substrates to intracellular structures such 
as yolk granules, which represent around 50 % of cellular volume. 
 Lactococcus lactis  expression system allows quantifying sterol 
transport mediated by ABCG2, not possible in mammalian or 
insect cells where the membrane sterol content can reach up to 
25 %. However, ABCG2 expression level remains too low for 
structural studies [ 7 ]. Overexpression in  Escherichia coli  provides 
a high yield of  recombinant   protein but devoid of drug effl ux or 
ATPase activity [ 8 ]. The baculovirus-  Sf 9   expression system 
allows membrane protein expression in a quite high level in 
intact cells and membranes, being a good tool to measure ATPase 
activity and transport of fl uorescence substrates [ 9 ]. Nevertheless, 
cholesterol content, crucial for ABCG2 function, is very low in 
insect cell membranes [ 10 ]. BTI-TN-5B1-4 High Five insect 
cells produce even higher levels of protein but in a heteroge-
neous manner. Membrane protein overexpression in  Pichia pas-
toris  yeast has been used to successfully express and purify large 
quantities of P-gp [ 11 ] and MRP1 [ 12 ]. However, this is not the 
case for ABCG2, which has been produced in comparable levels 
to the ones achieved in HEK cells but not yet purifi ed. Previously 
cited expression methods constitute a useful tool for membrane 
protein expression leading to functional and structural studies 
but they  are   not suitable for all membrane proteins; that is the 
case of ABCG2 whose structure is still unsolved. 

 A fundamental problem in the production of heterologous 
proteins in prokaryotic systems is downregulation of protein 
expression via activation of transcriptional control mechanisms in 
the host. One alternative is using  Trypanosomatidae  protozoa such 
as  L. tarentolae  with a mammalian-type posttranslational modifi ca-
tion of target proteins [ 13 ] and successfully used for the expression 
of other proteins [ 14 ].  L. tarentolae  is a parasite of the gecko 
 Tarentola annularis  and has been developed as new eukaryotic sys-
tem for expression of recombinant proteins with a mammalian-like 
 N -glycosylation pattern [ 15 ]. This system has already been 
described  to   successfully express GFP protein in the parasite using 
pLEXSY vectors [ 16 ]. 

 This chapter describes the experimental procedure to pro-
duce a membrane protein, ABCG6, from  L. braziliensis , by 
using the pLEXSY system in  L. tarentolae. lb ABCG6 is expressed 
in the plasma membrane of the parasite and mediates phospho-
lipid  traffi cking   and drug resistance [ 17 ].    It shares the highest 
similarity (28 %) with human ABCG2 among all the ABC trans-
porters in  Leishmania  species. The latter protein confers resis-
tance to anticancer drugs [ 18 ] and has been analyzed in multiple 
functional and comparative studies [ 19 ]. The expression system 
described below presents several advantages such as low cost, 
nonspecial biosafety requirements, and no cross-contamination 
with other cultures.  
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2    Materials 

   The gene coding for  lb ABCG6 (UniProtKB #A4HPF5) was 
synthesized by GENEART (Life Technologies SAS).    Two  Bam HI 
restriction sites were added, at the beginning and right before the 
nucleotide-binding domain, allowing N-terminal truncation by 
molecular biology methods ( lb ABCG6ΔN). Also an N-terminal 
6xHis-tag was added to allow protein purifi cation. The  material 
  used for  lb ABCG6 expression in  L. tarentolae  described here is 
provided from Jena Bioscience and Lonza.  

       1.    All the material needed for molecular biology experiments.   
   2.    Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) and Western blots are carried out using the Mini- 
Protean 3  apparatus   and related devices from Bio-Rad.   

   3.    Microfl uidizer M-110P (Microfl uidics IDEX CORPORATION).   
   4.    Transfection and culture of the cells are achieved in a class 

I-type room ( see   Note    1  ) equipped with a Steril Bio Ban 48, an 
incubator Heraeus BK6160 with a H + P Biomag Biomodule 
40B, a microscope Olympus CKX31, and a low-speed centri-
fuge handling 15/30 mL Falcon-type tubes.   

   5.    Tissue culture T-25 and T-75 fl asks are used for static cell 
cultures. Bigger cultures from 50 mL to 1 L with 75–140 rpm 
agitation are carried out in Erlenmeyer and baffl ed Fernbach 
fl asks, respectively.      

       1.    Eukaryotic protozoan parasite  L. tarentolae  (Jena BioScience).   
   2.    XL1-Blue chemically competent  E. coli  or  equivalent   to generate 

the recombinant plasmid of interest.      

       1.    BHI medium: The powder is dissolved in deionized water (37 
g/L), sterilized by fi ltration, and stored at 4 °C. Right before 
use, the medium is supplemented with 0.5 % penicillin and 
streptomycin, 50 μg/mL G418-sulfate, 5 μg/mL  hemin   (stock 
solution at 0.25 % in 50 % triethanolamine, tube wrapped  with 
  foil to avoid light), 100 μg/mL nourseothricin, and 100 μg/
mL hygromycin. Medium  is   then stored at 4 °C up to 15 days. 
Sterilization is achieved by fi ltration as autoclaving leads to 
partial degradation of nutriments varying from batch to batch, 
to which  L. tarentolae  cells are sensitive.   

   2.    Tetracycline 10 mg/mL.   
   3.    Yeast extract medium:    24 g/L of yeast extract, 3 g/L glucose, 

12.5 g/L K 2 HPO 4 , and 2.3 g/L KH 2 PO 4 , sterilized by fi ltra-
tion and stored at 4 °C until use. Right before use, the medium 

2.1  Proteins

2.2  Lab Equipment

2.3  Cells

2.4  Media
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is supplemented with 1 % fetal bovine serum (FBS), and the 
same supplements as for BHI medium. Medium is then stored 
at 4 °C for a maximum of 15 days. Sterilization is achieved by 
fi ltration.   

   4.    Luria-Bertani medium: 10 g/L Bactotryptone, 5 g/L bacto- 
yeast extract, 10 g/L NaCl, supplemented with 15 g/L agar 
for plates. Autoclave for 20 min at 120 °C. Before use add 100 
mg/L ampicillin ( see   Note    2  ). Store without antibiotics at 
room temperature.   

   5.    Hepes buffer: 50 mM Hepes-NaOH pH 7.5, 200 mM NaCl.      

       1.    Reagent: Supplemented Nucleofector ®  solution (Basic Parasite 
Nucleofector Kit 1, Lonza).   

   2.    Medium: BHI.   
   3.    Equipment: Nucleofector II-S ® (Lonza) and Lonza-certifi ed 

cuvettes.      

       1.    The plasmid used here is the pLEXSY-I-neo3 (Jena Bioscience) 
with the neo marker gene allowing selection of recombinant 
LEXSY strains with G418,    and  designed   for inducible expres-
sion of target genes in LEXSY host T7-TR.   

   2.    Kits for small- (3–10 mg) and medium- (50–100 mg) scale 
plasmid (5–10 kbp) DNA preparations (NucleoSpin™ Plasmid, 
Macherey-Nagel).   

   3.    Go Taq DNA polymerase (Promega).   
   4.    NucleoSpin Extract II kit (Macherey-Nagel).   
   5.    Restriction enzymes  Nco I,  Xba I, and  Swa I.      

       1.    Separating buffer stock solution: 1.5 M Tris–HCl, pH 8.8.   
   2.    Stacking  buffer   stock solution: 1 M Tris–HCl, pH 6.8.   
   3.    10 % SDS.   
   4.    Acrylamide/bis solution: 40 %, 37.5:1 with 2.6 % C ( see   Note    3  ).   
   5.    10 % Ammonium persulfate (stored at 4 °C up to 15 days).   
   6.     N , N , N , N -tetramethylethylenediamine (TEMED).   
   7.    Running buffer:  Dilute   Tris-glycine-SDS 10× (Euromedex), 

can be stored at room temperature.   
   8.    Laemmli-type loading buffer (5×) “5×U”: 100 mM Tris–HCl, 

pH 8.0, 8 M urea, 4 % SDS, 1.4 M β-mercaptoethanol, 
0.0025 % bromophenol blue. The solution is stored at −20 °C 
and aliquoted to freeze/thaw ten times maximum [ 20 ].   

   9.    Pre-stained molecular weight markers: Kaleidoscope markers 
(Bio-Rad).   

2.5  Transfection

2.6  Molecular 
Biology

2.7  SDS-PAGE
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   10.    Staining solution: Dissolve 1 g of Coomassie Brilliant Blue 
(Bio-Rad) in 1 L of 50 % [v/v] ethanol, 10 % [v/v] glacial ace-
tic acid, 40 % H 2 O; stir the solution until complete solubiliza-
tion and then fi lter through Whatman fi lter paper; store at 
 room   temperature; do not reuse.      

       1.     Transfer buffer: Dilute 10× Tris- glycine   (Euromedex), 20 % 
methanol ( see   Note    4  ). Prepare fresh and use cold, with a cool-
ing ice bag during transfer.   

   2.    Nitrocellulose membrane and 3 MM chromatography paper 
(Whatman).   

   3.    Tris-buffered saline with tween and triton (TBS-TT): Dilute 
10× TBS stock (Euromedex) with water, add 0.05 % Tween-20 
and 0.2 % triton.   

   4.    Blocking solution: 0.5 % Blocking reagent (Qiagen) in TBS, 
0.1 % Tween-20.   

   5.    Antibody anti-His HRP conjugated (Qiagen) is used 1/20,000 
diluted in blocking solution.   

   6.    Enhanced chemiluminescent (ECL) reagents and autoradiog-
raphy fi lms are used for revelation .       

3    Methods 

   Cloning of  lb ABCG6 and the  truncated    lb ABCG6ΔN into pLESXY 
plasmid ( see  restriction map in Fig.  1 ) is achieved using classical 
methods of molecular biology described in the LESXY kit and in 
[ 20 ].  lb ABCG6 was cloned between the  Nco I and  Xba I restriction 
sites  inside   the multiple cloning sites controlled by the T7 RNA 
polymerase promoter.    Utr1, utr2, and utr3 are optimized non- 
translated gene-fl anking regions providing the splicing signals for 
posttranscriptional mRNA processing for expression of target and 
marker genes in the LEXSY host. The following plasmids including 
the different constructs were generated:  pLEXSY-lbabcg6  and 
 pLEXSY-lbabcg6ΔN . Once constructed, each plasmid was checked 
by sequencing and digested with  Sw aI to remove the  E. coli  frag-
ment (Fig.  1 ). Each construction was extracted from agarose gel 
using the kit NucleoSpinExtract II and used in the nucleofection 
of  L. tarentolae .

          1.    Cells are grown at 26 °C in the dark, under the promastigote 
shape with fl agella allowing them to swim in the medium.   

   2.    Healthy cells tend to aggregate as cell density increases, form-
ing larger aggregates at higher cell densities ( see   Note    5  ). 
Ideally, cells are amplifi ed by dilution in fresh medium when 
they are in the exponential phase, OD 600  = 1.4–2 (6–8 × 10 7  
cells/mL).   

2.8  Western Blotting

3.1  Molecular 
Biology

3.2   L. tarentolae  
Growth

Membrane Protein Expression in Leishmania Tarentolae



124

   3.     L. tarentolae  is maintained in BHI medium in static T-25 fl asks. 
Typically, a 50-fold dilution in 10 mL fresh BHI medium is 
carried out at time 0, and then cells reach a suffi cient density 
for a 20-fold dilution 5 days later ( see   Notes    6   –   8  ).   

   4.    Yeast extract medium is used for scale-up. A culture in BHI 
medium in exponential phase is diluted 20-fold in yeast extract 
medium (pre-culture). When the culture reaches the exponen-
tial phase, a baffl ed Fernbach fl ask of 500 mL of yeast extract 
medium is inoculated to a fi nal OD 600  of 0.1–0.2 and incu-
bated in the dark, 26 °C and 75–90 rpm (higher cell densities 
can be obtained in agitated fl asks compared to static cultures) 
( see   Notes    9   and   10  ). The exponential phase will be reached 
after 36 h.      

       1.     Cryo-conservation of  L. tarentolae  should  be   realized for a cul-
ture in exponential phase in BHI medium.   

   2.    Add sterile glycerol to the cells in BHI medium, to a fi nal con-
centration of 20 %, and aliquot by 1.6 mL in sterile cryotubes.   

   3.    Incubate the cells for 10 min at room temperature, and then 
transfer the tubes to a precooled (4 °C) isopropanol cryobox 
for 10 min. Transfer the cryobox to −80 °C and incubate over-
night. Store at −80 °C or in liquid nitrogen.   

3.3  Cryo- 
Conservation 
of  L. tarentolae 
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  Fig. 1    Cloning strategy of  lb ABCG6 based on pLEXSY system.  lb ABCG6 was cloned between the  Nco I and  Xba I 
 restriction   sites inside the multiple cloning site. Then,  E. coli   fragment   was removed by  Swa I digestion       
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   4.    To reactivate frozen stocks, thaw a cryotube on ice, and then 
pour the content of the tube into 10 mL of fresh BHI medium 
in a T-25 fl ask. Check that the cells are vital by direct observa-
tion under a microscope. Incubate at 26 °C until OD 600  = 1.4–
2, which usually takes 2–3 days. Then dilute tenfold for 
allowing cells to fully recover from the freezing, and proceed 
to normal dilution .      

       1.    The best effi ciency  of   transfection is obtained for  L. tarentolae  
in the exponential phase. Grow 10 mL of cells in BHI medium 
until OD 600  = 1.4 and ensure by microscopy that they are vital 
and of drop-like shape grouping in aggregates.   

   2.    Spin cells for 3 min, 2000 ×  g , at room temperature and sus-
pend pellet in 100 μL of supplemented Nucleofector ®  solu-
tion. Add 4 μg of DNA and transfer to an electroporation 
cuvette. Electroporate according to the Basic Parasite 
Nucleofector Kit 1 (Lonza), using the program U-033.   

   3.    Transfer electroporated cells to 10 mL of LEXSY BHI medium 
in a ventilated fl ask. Incubate for 24 h as static suspension cul-
ture (Fig.  2 ). Proceed to a clonal selection.

               1.     24 h after transfection, harvest 2 mL from  the   transfected 10 
mL culture obtained by the electroporation protocol.   

   2.    Pellet cells for 3 min at 2000 ×  g  at room temperature. Remove 
supernatant and suspend the cells in the residual medium left 
in the tube, approximately 50 μL.   

   3.    Carefully spread the suspended cells onto freshly prepared 
BHI agar supplemented with the selective markers: G418, 
nourseothricin, hygromycin, and penicillin-streptomycin.   

   4.    Seal plates with  parafi lm   and  incubate   them covering up.   
   5.    5–7 days after plating, small defi ned  colonies   begin to appear. 

After these colonies have grown up to 1–2 mm diameter, they 
can be transferred to 0.2 mL of selective growth medium in a 
96-well plate using a pipette tip.   

   6.    After 24-h incubation at 26 °C, these clones must be expanded 
into 1 mL selective medium in a 12-well plate and incubated 
under agitation (140 rpm).   

   7.    After 48-h incubation at 26 °C, the cultures are expanded into 
10 mL selective medium in T-25 fl asks and can be used for 
evaluation .      

   After genomic DNA  extraction   from the cells, the integration of 
genes of interest into the  L. tarentolae  genome is verifi ed by PCR 
using GoTaq polymerase ( see  Fig.  2e ). The following primers were 
used, recognizing the pLEXY-I-neo3 sequence fl anking the inserted 
gene so that the same primers can  be   used for all the clones: 

3.4   L. tarentolae  
Nucleofection

3.5  Monoclonal 
Selection 
of Recombinant Cells

3.6  Verifi cation 
of lbABCG6 Gene 
Integration into 
Leishmania Genome
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 Fwd 5′- CCGACTGCAACAAGGTGTAG and Rev 
5′- GAGATGTTCCTGACCGACC.  

     The expression of the protein can  be   checked rapidly after cell trans-
fection. Cells grown to an OD 600  = 1.4 in a T-25 fl ask and protein 
expression are induced with 10 μg/mL tetracycline for 24 h. One 
milliliter of culture is harvested by centrifugation and suspended in 
50 μL of 50 mM Hepes-NaOH pH 7.5 and cells are broken by 
three cycles of freeze/thaw in liquid nitrogen/warm water.    Fifteen 
microliters of broken cells are mixed with 5 μL of loading buffer 
5×U, followed by analysis on SDS-PAGE and Western blot (Fig.  3 ).

     1.    Generate the separating gel (4 mL) of a 10 % SDS-PAGE by 
mixing 1.92 mL of water, 1 mL of 40 % acrylamide bisacryl-
amide solution, 1 mL of 1.5 M Tris–HCl pH 8.8, 40 μL of 
10 % SDS, 40 μL 10 % ammonium persulfate, and 1.6 μL 
TEMED. Pour the Bio-Rad Mini-Protean 3 device to be 8 mm 
under the bottom of the wells. Add 200 μL of water at the 
surface of the gel for preventing the formation of waves ( see  
 Note    11  ). Polymerization occurs in 30 min at room tempera-
ture (22 °C).   

3.7  Analysis 
of Protein Expression 
by SDS-PAGE 
and Western Blot

electroporation with 
the Amaxa system

24 h growth 
in BHI media

2 weeks clonal selection

Verification of the presence of 
Insert by PCR
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1 Mkbp
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harvest cells at OD600=1.4.
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Nucleofector
Solution with
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  Fig. 2    Protein expression based on pLEXSY system. ( a ) Cells of the parasite are harvested and diluted to 6.10 7  
cells/mL and OD 600  ~1.4. ( b ) After spinning, cells are suspended in 100 μl of supplemented Nucleofector solu-
tion and mixed with 4 μg DNA. ( c ) All the mix is transferred to an electroporation cuvette and electroporated 
according to the Basic Parasite Nucleofector Kit 1 (Lonza), using the program U-033. ( d ) Electroporated cells 
are transferred to BHI media in a ventilated fl ask. After 24-h incubation, proceed with clonal selection. ( e ) 
Genomic DNA is extracted from cells and integration of  lb ABCG6 is verifi ed by PCR.  Lane M  molecular  weight 
  marker,  line 1  genomic DNA from  lb ABCG6 transfected cells giving a PCR product of 2300 pb       
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   2.    Generate the 5 % stacking gel by mixing 1.46 mL of water, 
0.25 mL of 40 % acrylamide bisacrylamide solution, 0.25 mL 
of 1.5 M Tris–HCl pH 6.8, 20 μL of 10 % SDS, 20 μL 10 % 
ammonium persulfate, and 2 μL TEMED.   

   3.    Load 20 μL samples onto the stacking gel and run for about 
1.5 h at 120 V at room temperature.   

72 -

55 -

kDa

0 24 48 72 h

BHI Yeast extract
a

72 -

55 -

kDa

BHI Yeast extract
b

c

72 -

55 -

kDa NH6 N NI NH6 N NI

0 24 48 72

0 24 48 72 h0 24 48 72

  Fig. 3    Expression of  lb ABCG6 ( a ) and  lb ABCG6ΔN ( b ) in  L. tarentolae  cells as a 
function of time and culture media, under agitation.    Expression of 
 lb ABCG6/ lb ABCG6ΔN is  carried   out as described in Subheading  3.5 . Transfected 
cells were maintained under antibiotic selection for 2 weeks in BHI and yeast 
extract medium. Then, protein expression is induced by adding 10 μg/mL tetra-
cycline and cells harvested after 24, 48, and 72 h.  lb ABCG6/  lb ABCG6ΔN   expres-
sion was analyzed by SDS-PAGE and Western blot loading 15 μl of  samples 
  normalized to OD 600  ~1.4 onto a 10 % SDS-PAGE. ( c ) Membrane expression of 
 lb ABCG6 and  lb ABCG6ΔN in  L. tarentolae  cells.    Expression and membrane prep-
aration of  lb ABCG6/ lb ABCG6ΔN are carried out  as   described in Subheading  3.8 . 
Protein  expression   was analyzed by SDS-PAGE (Coomassie blue-stained Western 
blot) loading 20 μg and 10 μg of samples, respectively, onto a 10 % SDS-PAGE. 
 NI ,  protein   expression without  induction   as negative control       
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   4.    After electrophoresis, proteins are either stained with 
Coomassie blue or transferred onto nitrocellulose membrane 
( see  below).    

  For Coomassie Blue staining, incubate the gel for 30 min in 50 
mL of staining solution, and then wash it three times in 10 % [v/v] 
glacial acetic acid and 90 % H 2 O. 

 When proteins are transferred from the SDS-PAGE to the 
nitrocellulose membrane, proceed as follows:

    1.    Incubate the gel in 5 mL of cold transfer buffer for 5 min.   
   2.    Wet the nitrocellulose membrane for 5 min in the cold transfer 

buffer.   
   3.    Prepare the transfer sandwich built by superposing successively 

two paper sheets briefl y wet in the transfer buffer, the acryl-
amide gel, the nitrocellulose membrane, and again two wet 
paper sheets.   

   4.    Add the ice cube to the Mini-Protean 3 transfer device and a 
magnetic stirrer and transfer for 2 h at 100 V under agitation 
to optimize cooling.   

   5.    After transfer, block the membrane for 1 h into 20 mL of TBS 
containing 0.5 % blocking reagent and 0.1 % Tween 20.   

   6.    Add the primary antibody to the solution and incubate for an 
additional 1 h.   

   7.    Wash three times with 20 mL of TBS-TT buffer.   
   8.    Wash once with 20 mL of TBS buffer.   
   9.    Withdraw the buffer and incubate with a 1:1 mix of 2 mL ECL 

solutions A and B for 5 min and expose onto a sensitive fi lm for 
1–20 min depending on the antibodies.     

 A typical result is illustrated in Fig.  3  .  

     For optimization of culture  medium   and time of expression, pro-
ceed as follows:

    1.    To evaluate the type of medium and the infl uence of protein 
expression induction time, transfected  L. tarentolae  cells were 
grown in BHI or yeast extract media in a T-25 fl ask as described 
above.   

   2.    When cells reach OD 600  = 1.4, add 10 μg/mL tetracycline to 
induce protein expression.   

   3.    At 24, 48, and 72 h, harvest an aliquot of cell culture and 
 check   for  lb ABCG6 expression by SDS-PAGE and  Western 
  blot as described in Subheading  3.7 .    

  The result is illustrated in Fig.  3 . It shows that the expression 
is higher with yeast extract medium and in both cases it is better at 
48 h post-induction. This result permits the scale-up of cell  culture, 

3.8  Optimization 
of lbABCG6 Expression
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which will grant the quantities of protein required for structural 
studies. 

 Scale-up in Fernbach fl asks to achieve the yields needed for 
protein production and purifi cation for structural studies:

    1.    Grow cells in a T-25 fl ask (10 mL) used to seed a pre-culture 
in a T-75 fl ask (30 mL), both in BHI medium.   

   2.    Once the pre-culture reached a suitable cell density, inoculate 
a 1 L baffl ed Fernbach fl ask fi lled with 500 mL of yeast extract 
medium to a fi nal OD 600  = 0.2.   

   3.    When cells reach OD 600  = 1.4, add 10 μg/mL tetracycline to 
induce  protein   expression. Protein expression is continued for 
48 h, and cells reach an OD 600  around 4.   

   4.    Harvest the cells by centrifugation for 10 min at 7500 ×  g , 4 
°C.   

   5.    Take the pellet in 50 mL Hepes buffer per liter of culture and 
break the cells by two passages at 15,000 psi in a 
microfl uidizer.   

   6.    Centrifuge for 30 min at 15,000 ×  g , 4 °C, discard the pellet, 
and centrifuge the supernatant for 1 h at 180,000 ×  g , 4 °C, to 
collect the membranes.     

 Routinely, 1 L of cell culture yields 0.5 g of dry membrane. 

 As observed in Fig.  3c , the fi rst 30 residues of the protein are 
not very relevant in terms of expression. There is no remarkable 
difference in expression levels between  lb ABCG6ΔN and  lb ABCG6 
constructs when analyzing membrane samples both by Western 
blot and  Coommassie   blue-stained SDS-PAGE. Differences shown 
in Fig.  3a, b , using whole cells, might be due to  an   artifact in 
Western blot. 

 The detailed methodology described above to express mem-
brane proteins using the pLEXSY system in  L. tarentolae  represents 
an interesting alternative for structural studies. Indeed, culture 
medium optimization allows cost reduction while maintaining 
high protein expression levels. In addition,  L. tarentolae  cell cul-
ture does not require special biosafety requirements and cross- 
contamination with other cultures is very low .   

4              Notes 

     1.     Leishmania tarentolae  is not infectious for human; its culture 
can be done in a class I culture room.   

   2.    Ampicillin should be prepared fresh to a maximal effi ciency.   
   3.    Acrylamide is neurotoxic when non-polymerized; thus handle 

with gloves.   

Membrane Protein Expression in Leishmania Tarentolae



130

   4.    Methanol is neurotoxic.   
   5.    Care should be taken not to dilute too much upon passages, as 

isolated cells do not divide well.   
   6.    A 100-fold dilution is the limit of good growth and should be 

kept occasionally.   
   7.     L. tarentolae  can be kept in culture for up to 3 months, after 

which a new frozen stock should be used.   
   8.    As the number of passages increases,  L. tarentolae  can reach 

higher cell densities.   
   9.    To reduce costs, nourseothricin is not added  in   large cultures, 

without incidence on protein expression.   
   10.    Cultures can also be carried out in Erlenmeyer fl asks for vol-

umes ranging from 50 to 500 mL, under agitation of 
100–140 rpm.   

   11.    Do not use organic solvent for this step as membrane proteins 
have a tendency to interact with it.         
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    Chapter 9   

 Overexpression, Membrane Preparation, and Purifi cation 
of a Typical Multidrug ABC Transporter BmrA                     

     Benjamin     Wiseman     and     Jean-Michel     Jault      

  Abstract 

   The production and purifi cation is normally the fi rst step in any biophysical or biochemical study of a new 
target protein. For membrane proteins, due to their generally low expression levels and hydrophobic prop-
erties this is often a major hurdle. Some multidrug transporters are members of one of the largest families 
of membrane proteins, the ABC (“ATP-binding cassette”), and are responsible for the uptake and export 
of a wide variety of molecules. This can lead to resistance when those molecules are antibiotics or chemo-
therapy drugs. To better understand their role in multidrug resistance pure and active protein is required. 
Here we outline a protocol to produce a highly pure and functionally active multidrug transporter BmrA 
that is suitable for use in biophysical and biochemical studies. We show that BmrA can be heterologously 
overexpressed in huge amount in  E. coli  and extracted from the membrane in a functionally active form.  

  Key words     ATP-binding cassette  ,   Transporter  ,   Membrane protein  ,   Multidrug resistance  ,   Purifi cation  

1      Introduction 

  Multidrug transporters belong to  one   of the largest membrane 
protein families known as ATP-binding cassette (ABC) proteins. 
In this family, membrane transporters are responsible for either 
the import or the export of many different molecules across the 
membrane [ 1 ]. In general exporters effl ux a wide array of mole-
cules including anticancer drugs and antibiotics implicating them 
in multidrug resistance (MDR) phenotypes in human cancer cells 
and pathogenic bacteria, respectively [ 2 ]. These ABC transporters 
share a common architecture consisting of two soluble nucleotide- 
binding domains and two transmembrane domains that couple 
ATP binding and hydrolysis with the transport of molecules across 
a membrane against a concentration gradient [ 3 ,  4 ]. Despite the 
success of several reported structures of exporters [ 5 – 11 ] many 
open questions still remain about the exact mechanism  of   sub-
strate recognition and multidrug effl ux. BmrA (“bacillus multi-
drug resistance ATP”)  is   one such transporter belonging to this 
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large family that can be overexpressed in  E. coli  [ 12 ] and purifi ed 
to homogeneity in a functional state [ 13 ]. 

 Membrane proteins in general make up approximately one- 
third of the proteome in all living organisms and are the target of 
the vast majority of the drugs on the market today. Despite their 
importance the hydrophobic nature and low expression levels of 
membrane proteins make them extremely diffi cult to study. In 
recent years however, great progress in their expression and purifi -
cation has been made. Together with new detergents, advances in 
crystallization, powerful free electron lasers, and micro-focus syn-
chrotron beams [ 14 ] these once notoriously diffi cult proteins are 
becoming a lot more attractive targets to study. Functional and 
structural studies of any protein normally require a highly pure, 
stable, and homogenous sample. Here we outline a protocol for 
the production and purifi cation of a typical ABC transporter suit-
able for such studies.  

2    Materials 

       1.     E. coli  strain C41 ( see   Note    1  ) transformed  with   plasmid 
containing T7 inducible BmrA with a 6xHis  N -terminal tag 
( see   Note    2  ) plated on LB-ampicillin agar.   

   2.    3 × 5 L fl asks containing 2 L  of   autoclaved 2TY media: 20 g/L 
LB base, 6 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl.   

   3.    100 mg/mL Ampicillin.   
   4.    1 M Isopropyl β- D -1-thiogalactopyranoside (IPTG).      

       1.    200 mL Cell lysis buffer: 50 mM Tris–HCl pH 8.0, 5 mM 
MgCl 2 , 1 mM phenylmethanesulfonylfl uoride (PMSF) ( see  
 Note    3  ),    complete EDTA-free protease inhibitor cocktail pills 
(Roche, 1 pill/50 mL).   

   2.    100 mL Membrane washing buffer: 50 mM Tris–HCl pH 8.0, 
1 mM PMSF, anti-protease pills.   

   3.    50 mL Membrane storage buffer: 20 mM Tris–HCl pH 8.0, 
300 mM sucrose.   

   4.    30 mL Glass homogenizer with pestle.      

       1.    10 mL 10 % Stock solution of  n -Dodecyl-β- D -maltopyranoside 
(DDM, Anagrade, Affymetrix) ( see   Note    4  ).   

   2.    100 mL  Solubilization buffer:   50 mM Tris–HCl pH 8.0, 10 % 
glycerol, 100 mM NaCl, 10 mM imidazole, 1 mM PMSF, 
anti- protease pills.   

   3.    3 mL Ni-NTA resin.   

2.1  Cell Culture 
and Overexpression

2.2  Membrane 
Preparation

2.3  Membrane 
Solubilization 
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Purifi cation

Benjamin Wiseman and Jean-Michel Jault



135

   4.    2 × 20 mL Plastic gravity  fl ow   columns with fi lters ( see   Note    5  ).   
   5.    100 mL Washing buffer A: 50 mM Tris–HCl pH 8.0, 10 % 

glycerol, 100 mM NaCl, 25 mM imidazole, 1 mM PMSF, 
anti- protease pills,    0.04 % DDM.   

   6.    100  mL   Washing buffer B: 50 mM Tris–HCl pH 8.0, 10 % 
glycerol, 100 mM NaCl, 50 mM imidazole,    1 mM PMSF, 
anti- protease pills, 0.04 % DDM.   

   7.    50 mL Elution buffer: 50 mM Tris–HCl pH 8.0, 5 % glycerol, 
100 mM NaCl, 250 mM imidazole, 1 mM PMSF, anti-prote-
ase pills, 0.03 % DDM.   

   8.    500 mL Gel  fi ltration   buffer: 25 mM Tris–HCl pH 8.0, 100 
mM NaCl, 0.02 % DDM.   

   9.    SEC/FPLC HiLoad 16/60 Superdex 200  PG   column and 
AKTA system with a 10 mL  superloop   (GE Healthcare).       

3    Methods 

 Producing pure, stable, and active protein is often the fi rst step in 
the biophysical, functional, and structural characterization of any 
protein. In the case of membrane proteins this can often be a dif-
fi cult and tedious task. Although the exact conditions (e.g., pH, 
salt concentration, additives, detergent) will most likely need to be 
imperially optimized for each target protein, the method outlined 
below can act as a good base for the purifi cation of any new ABC 
transporter and in fact any His-tagged membrane protein overpro-
duced in  E. coli . The method in particular is well suited to produce 
highly pure membrane protein samples suitable to commence crys-
tallization trails with. It brings to light the often overlooked or 
rarely mentioned problem of trace contaminates present in mem-
brane protein purifi cations and presents  a   simple solution to 
remove them [ 15 ]. 

 Ultimately it is important to check if the fi nal purifi ed product 
is pure, stable, and active before proceeding with downstream 
applications. This can be easily accomplished with SDS-PAGE, 
SEC, and activity tests. An overloaded SDS-PAGE gel  with   15 μg 
or more of purifi ed protein can easily identify contaminates. 
   Incubation of the purifi ed, concentrated sample at room tempera-
ture and/or 4 °C and reinjection into the same SEC column used 
during purifi cation can assess stability by visualizing the appearance 
of peaks that elute before and after the main peak representing 
large aggregates or degradation products, respectively, along with 
the disappearance of the main protein peak. These together with 
an ATPase activity assay [ 16 ] allow the quality of the fi nal purifi ed 
protein to be quickly determined. 

BmrA as a Case Study for Multidrug ABC Transporter
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       1.    Once autoclaved media has cooled, add 2 mL of 100 mg/mL 
ampicillin to each fl ask containing 2 L of media to a fi nal con-
centration of 100 μg/mL. Using a sterile 1 mL pipette tips 
pick 6–8 colonies of freshly transformed  E. coli  and expunge 
the entire tip into the media (it is possible to pick 3–4 colonies 
per pipette tip). Incubate fl asks overnight at 25 °C with vigor-
ous shaking ( see   Note    6  ).   

   2.    When the OD 600  reaches 1.0–1.2 induce expression with 0.7 
mM IPTG (1.4 mL of 1 M IPTG stock per 2 L culture) and 
incubate for  an   additional 3–4 h at 25 °C with vigorous shak-
ing. At harvest the OD 600  will be approximately 2.5.   

   3.    Centrifuge the culture at 5000 ×  g  for 15 min to collect cells. 
The cells can then be washed with 200 mL of 50 mM Tris–
HCl pH 8.0 by pipetting up and down with a 25 mL dispos-
able pipette until they reach a homogenous mixture. Collect 
the cells by centrifuging again at 5000 ×  g  for 15 min and 
transfer to a 250 mL plastic beaker with a spatula. Cover with 
tinfoil, label, and store at −20 °C until membranes can be 
prepared.      

       1.    Thaw cells and suspend in an approximate fi nal volume of 130 
mL of cell lysis buffer ( see   Note    7  ). Place at 4 °C and stir until 
the mixture is completely homogenous with no visible clumps 
of cells remaining. From this point on keep everything at 4 °C 
or on ice.   

   2.    Lyse cells with a high-pressure cell disrupter such as a French 
press, Emulsifl ex (Avestin), or Microfl uidizer (Microfl uidics). 
Follow the manufacturer’s guidelines for operation of the cell 
disrupter but normally three passages through the chosen 
disrupter are more than suffi cient for lysis of almost 100 % of 
the cells.   

   3.    Centrifuge at 15,000 ×  g  for 30 min at 4 °C to pellet cell debris 
and unlysed cells. Carefully decant supernatant to a clean bea-
ker ( see   Note    8  ).   

   4.    Add fresh PMSF to a  fi nal   concentration of 1 mM.   
   5.    Ultracentrifuge at 150,000 ×  g  (37,000 rpm, rotor type 45Ti) 

for 1 h at 4 °C.   
   6.    Pour off the supernatant and add approximately 10 mL of 

washing buffer to each centrifuge tube containing the pelleted 
membranes.  E. coli  membranes are normally brown in color. 
Using a metal spatula scrape the membranes off the side of the 
centrifuge tubes and pour them into a 30 mL glass homoge-
nizer ( see   Note    9  ). Add another 10–20 mL of washing buffer 
and homogenize the membranes with the pestle until they are 
completely homogenous.   

3.1  Cell Culture 
and Overexpression

3.2  Membrane 
Preparation
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   7.    Pour the suspended membranes into a clean 45Ti ultracentri-
fuge tube, fi ll to the top with washing buffer, and ultracentri-
fuge again at 150,000 ×  g  for 1 h at 4 °C.   

   8.    Similar to  step 6  above, suspend the pelleted membranes in 
membrane storage buffer to a fi nal volume of 20 mL. Take a 
10 μL aliquot to determine concentration (modifi ed Lowery 
method) and visualization with SDS-PAGE. Flash freeze with 
 liquid   nitrogen in 5 mL aliquots in 15 mL Flacon tubes and 
store at −80 °C.      

       1.     Prepare a 10 mL 10 % stock solution of DDM. This  should   be 
made fresh the day before or in the  morning   of the day of the 
purifi cation.   

   2.    Equilibrate Superdex200 16/60 column and 10 mL superloop 
with 1 volume of gel fi ltration buffer (approximately 150 mL) 
( see   Note    10  ).   

   3.    Thaw membranes and dilute to 10 mg/mL or less with cold 
solubilization buffer. Once the membranes are thawed and 
diluted in buffer add DDM to a  fi nal   concentration of 1 %. It 
is convenient to dilute to a fi nal volume of about 65 mL 
(including detergent) ( see   Note    7  ). Incubate with gentle stir-
ring at 4 °C for 90–120 min. Try to avoid as much as possible 
the formation of detergent bubbles during incubation.   

   4.    To remove any unsolubilized membranes ultracentrifuge solu-
bilized membrane mixture at 150,000 ×  g  (37,000 rpm, rotor 
type 45Ti) for 1 h ( see   Note    11  ).   

   5.    During ultracentrifugation wash two plastic gravity fl ow col-
umns and fi lters with water and 20 % ethanol ( see   Note    12  ).   

   6.    Add 1.5 mL of Ni-NTA agarose to each clean column and 
wash with copious amounts of water. Add DDM to a  fi nal   con-
centration of 0.05 % to the remaining solubilization buffer and 
equilibrate the Ni-NTA agarose by adding 5 mL buffer to each 
column. Once the 5 mL has passed through add an additional 
10 mL or more of buffer, swirl to resuspend the agarose, and 
pour the contents of each column into a separate 50 mL Falcon 
tube. Store at 4 °C until the solubilized membranes are ready.   

   7.    Five to ten minutes before the solubilized membranes are 
ready, centrifuge the equilibrated Ni-NTA agarose for 5 min at 
4000 ×  g  and carefully decant as much supernatant as possible 
without loosing any Ni-NTA.   

   8.    Pour half of the supernatant of the ultracentrifuged solubilized 
membranes into each 50 mL Falcon tube containing the equil-
ibrated Ni-NTA agarose and incubate for 90 min at 4 °C on a 
rotating wheel.   

   9.    After incubation collect the Ni-NTA agarose by pouring into 
each plastic column. Let the fl ow-through run until there is 

3.3  Membrane 
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no more liquid on the top of the agarose. There should be 
approximately 1.5 mL of agarose in each column.   

   10.    Wash each column with 50 mL of washing buffer A (25 mM 
imidazole) at 4 °C (the following steps are also performed at 
the same temperature). Wash by fi lling column to the top with 
buffer and let it run dry before adding more washing buffer. 
Continue in this way until approximately 50 mL has passed 
through each column.   

   11.    Wash each column with 50 mL of washing buffer B (50 mM 
imidazole) ( see   Note    13  ). Wash by fi lling column to the top 
with buffer and let it run dry before adding more washing buf-
fer. Continue in this way until approximately 50 mL has passed 
through each column.   

   12.    Elute the bound protein by adding 6 mL of elution buffer to 
each column and collect in a 15 mL Falcon tube. Add to each 
column one at a time to be able to collect each column elution 
in the same 15 mL Falcon tube. At this point there should be 
an elution of approximately 12 mL.   

   13.    Concentrate elution to 5 mL or less using a 100 kDa MWCO 
fi lter ( see   Note    14  ). Centrifuge in 5-min intervals with mixing 
in between by pipetting up and down using a 1 mL pipette.   

   14.    When the volume reaches 5 mL or less transfer elution to 
microcentrifuge tubes and centrifuge at maximum speed at 4 
°C for 15 min. Transfer supernatant to clean tubes using a 
pipette or syringe being careful not to disturb any pellet.   

   15.    Inject the concentrated  elution   into the equilibrated SEC col-
umn. Run at a fl ow rate of 1 mL/min and collect 1 mL frac-
tions. Here is a good break point. The fractions could be left at 
4 °C overnight to be analyzed in the morning.   

   16.    Pool the appropriate fractions.    In this case the BmrA dimer in 
a DDM micelle elutes at about 60 mL (Fig.  1 ). Try  to   avoid 
pooling aggregates as much as possible.

       17.    Concentrate the pooled fractions using a 100 kDa MWCO 
concentrator ( see   Note    14  ) to the desired concentration. 
Similar to  step 13 , centrifuge in 5-min intervals with mixing in 
between.   

   18.    When the desired volume is reached transfer to microcentri-
fuge tube and centrifuge at maximum speed at 4 °C for 15 min. 
Transfer supernatant to clean tubes using a pipette or syringe 
being careful not to disturb any pellet.   

   19.    Determine concentration using  the   Bradford method and 
check purity of fi nal concentrated sample by visualizing on a 
12 % SDS-PAGE (Fig.  2 ) ( see   Note    15  ).

       20.    Aliquot into 50 μL aliquots, fl ash freeze with liquid nitrogen, 
and store at −80 °C if not used immediately .       
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  Fig. 1    Size-exclusion chromatography of Ni-NTA-purifi ed  BmrA  . The red bars (57 mL to 63 mL) represent the 
pooled fractions  as   described in the text       
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  Fig. 2    12 % SDS-PAGE  of   purifi ed BmrA. 5 μg of purifi ed BmrA was  visualized 
  with Coomassie brilliant blue. The sample was mixed with loading buffer and 
incubated at 37 °C for 5 min prior to loading. Note that the  expected   molar mass 
of BmrA is 65 kDa, but it migrates to an apparent mass of 55 kDa       
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4                     Notes 

     1.    It is highly recommended to use a strain defi cient in AcrB if 
possible. Due to a histidine-rich cluster this menacing protein 
tends to bind to Ni-NTA resin and therefore contaminate Ni- 
NTA- based purifi cations. This is especially problematic if the 
downstream application is crystallization trails as AcrB is easily 
crystallizable and can crystallize at concentrations in the pico- 
molar range. It has been repeatedly crystallized by accident 
[ 17 – 19 ].   

   2.    Creating a cleavable His-tag version is also an option to elimi-
nate AcrB and any other contaminating proteins that tend to 
stick to Ni-NTA resins. By running the cleaved protein through 
a second Ni-NTA column only the contaminating proteins will 
bind.   

   3.    PMSF is a serine protease inhibitor that rapidly degrades in 
aqueous solutions. A 100 mM stock solution in 100 % isopro-
panol is stable  for   months at 4 °C. Add PMSF from the  stock 
  solution to cold buffers just before use to ensure that it has its 
full inhibitory effect.   

   4.    Although it is a good idea to screen many detergents before 
fi nally selecting a detergent for purifi cation, DDM is a good 
and relatively safe  detergent   for an initial trail. It has been used 
successfully many times for  the   purifi cation and crystallization 
of ABC transporters and many other α-helical membrane pro-
teins [ 20 ].   

   5.    We have noticed that using two gravity fl ow columns with 1.5 
mL of Ni-NTA-resin each opposed to one column with 3 mL 
of Ni-NTA resin results in faster dripping columns and thus a 
faster purifi cation and purer fi nal product.   

   6.    Inoculating the large overexpression fl asks directly with colo-
nies opposed to an overnight preculture has the advantage of 
saving one day and very often results in greater overexpression 
of the target protein. Care should be taken however as not to 
inoculate with too many colonies that would result in an over-
grown culture in the morning. If unsure it is advisable to inoc-
ulate with fewer colonies; if the OD 600  is too low in the morning 
the incubator could always be turned up to 37 °C.   

   7.    It is convenient to dilute to a fi nal volume of about 130 mL 
(multiples of 65 mL) since the type 45Ti ultracentrifuge tubes 
hold 70 mL and must be fi lled to the top to prevent implosion 
during ultracentrifugation. If using a different ultracentrifuge 
rotor adjust the volume accordingly.   

   8.    It is also possible to fi lter the supernatant through a 0.2 μm 
fi lter to ensure having a clean supernatant free of contaminating 
unlysed cells and/or outermembrane debris although this can 
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be very slow as the fi lter tends to get clogged very quickly with 
cell debris.   

   9.     E. coli  membranes are normally brown in color. If a small 
amount of cell debris is accidently decanted with the cell lysate 
in  step 3  there will be a small white button visible. When scrap-
ping the membranes off the centrifuge tube try to avoid this 
button as much as possible.   

   10.    It is convenient to have the SEC column equilibrated, so the 
Ni-NTA elution can be injected immediately after elution and 
thus  the   protein spends as little time as possible in a high con-
centration of imidazole.   

   11.    Here it is recommended to suspend the pelleted membranes in 
the same starting volume (in this case 20 mL) to ensure the 
same concentration as the starting membranes. Check the 
amount of unsolubilized protein that remains in the membrane 
by running an SDS-PAGE with an equal volume of membranes 
before and after solubilization. Do not be alarmed to see target 
protein in pelleted membranes. We have found that doing a 
second round of  solubilization does not   extract more of the 
target protein.   

   12.    Check that the fi lters are not blocked. If the fi lters are blocked 
or dripping slowly washing with 95 % ethanol can sometimes 
clear them. If washing with ethanol does not help, replace fi l-
ters. Slow-dripping fi lters will not only make for a very long 
day but could also result in a less pure fi nal product.   

   13.    We have noticed that a 50 mM imidazole wash is suffi cient to 
remove AcrB contamination from Ni-NTA resins. However, it 
should be tested that the target protein is not washed off the 
Ni-NTA before washing with 50 mM imidazole. Even if using 
an AcrB-defi cient strain during overexpression it is still recom-
mended to include a second wash with higher imidazole 
concentration.   

   14.    It is important here to use the highest possible MWCO fi lter 
to avoid concentrating detergent as much as possible. We have 
found that empty DDM micelles  will   concentrate in the pres-
ence of protein even when using a 100 kDa MWCO fi lter. For 
this reason it is important to record the starting and fi nal vol-
umes before and after this concentrating step. Knowing this, 
future purifi cations can be concentrated the same number of 
times ensuring that they will have a similar amount of deter-
gent in the fi nal concentrated purifi ed sample.   

   15.    In general, unlike soluble proteins, membrane protein samples 
should not be boiled prior to loading onto SDS-PAGE. Boiling 
often results  in   large aggregates; thus instead of visualizing the 
target protein at the correct mass all of the protein will be stuck 
at the top of the gel. Incubating at room temperature or 37 °C 
for a few minutes is normally suffi cient .         

BmrA as a Case Study for Multidrug ABC Transporter
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    Chapter 10   

 Expression of Eukaryotic Membrane Proteins in  Pichia 
pastoris                      

     Lucie     Hartmann    ,     Valérie     Kugler    , and     Renaud     Wagner      

  Abstract 

   A key point when it comes to heterologous expression of eukaryotic membrane proteins (EMPs) is the 
choice of the best-suited expression platform. The yeast  Pichia pastoris  has proven to be a very versatile 
system showing promising results in a growing number of cases. Indeed, its particular methylotrophic 
characteristics combined to the very simple handling of a eukaryotic microorganism that possesses the 
majority of mammalian-like machineries make it a very competitive expression system for various com-
plex proteins, in amounts compatible with functional and structural studies. This chapter describes a set 
of robust methodologies routinely used for the successful expression of a variety of EMPs, going from 
yeast transformation with the recombinant plasmid to the analysis of the quality and quantity of the 
proteins produced.  

  Key words      Pichia pastoris   ,   Yeast  ,   Eukaryotic membrane protein  ,   GPCR  ,   Heterologous expression  

1      Introduction 

  Pichia pastoris  is one of the few budding yeasts that have developed 
a specifi c methanol utilization metabolism. Upon deprivation of 
preferential carbohydrates (i.e., sugars, glycerol), the presence of 
methanol as the unique carbon source actually strongly stimulates 
the expression of genes involved in its degradation for energy and 
biomass production [ 1 ]. The exceptional expression levels trig-
gered by these tightly regulated methanol-dependent promoters 
have thus been exploited to constitute one of the most effi cient 
eukaryotic systems used for bioproduction purposes. Up to now 
indeed, hundreds of proteins have been successfully produced with 
this host, including more than 70 commercial products (  http://
www.pichia.com/science-center/commercialized-products    ). 

 Non-surprisingly, this system has also proven to be very pow-
erful for the recombinant expression of a large number of eukary-
otic membrane proteins (EMPs) from various key membrane 
functions (transport, signaling, enzymatic activities) and diverse 
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structural organizations (representative membrane-spanning 
topologies and oligomeric states involving various membrane and 
cytosoluble subunits). As a strong illustration of its versatility and 
competitiveness in this domain, the most diverse panel of structure- 
solved EMPs has been produced with  P. pastoris , encompassing 
P-glycoprotein ABC transporters, monoamine oxidases,  G-protein- 
coupled receptors (GPCRs)  , several aquaporins, and various types 
of ion channels (  http://blanco.biomol.uci.edu/mpstruc/    , as of 
June 2015). 

 A full description of the system, its advantages and drawbacks, 
and how it performs for the production of EMPs in comparison 
with other expression systems can be found in a number of very 
complete and authoritative reviews [ 2 – 6 ]. 

 We present here a series of robust and straightforward meth-
odologies and techniques that we routinely apply for the overex-
pression of EMPs that are intended to be purifi ed for different 
biochemical and biophysical purposes [ 7 – 10 ]. Exemplifi ed with a 
panel of representative EMPs, this chapter covers all the proce-
dures needed to handle the expression system,  from   yeast trans-
formation and clone selection steps down to the inducible 
expression phases in different formats. Associated analytical exper-
iments performed to evaluate the expression levels and, when pos-
sible, the activity of the recombinant EMP, are also described. The 
following extraction and purifi cation steps are not addressed in 
this chapter since, from our experience, these procedures are quite 
systematically protein dependent and request to be set up in a 
tailored-made fashion.  

2    Materials 

       1.    The recombinant  expression    vector   of your choice that you 
carefully selected ( see  Subheading  3.1 ).   

   2.    Restriction enzyme  Pme I and its specifi c buffer.   
   3.    Sterile water.   
   4.    Nucleic acid extraction and purifi cation kit (e.g., NucleoSpin 

kit, Machery-Nagel).   
   5.    Loading dye (e.g., 6× DNA gel loading dye, Thermo 

Scientifi c).   
   6.    1 % (w/v) agarose gels supplemented with 0.5 μg/mL ethid-

ium bromide.   
   7.    Additional equipment for agarose gel electrophoresis.   
   8.    24:24:1 (v/v/v) chloroform:phenol:isoamyl alcohol.   
   9.    Chloroform.   
   10.    100 % (v/v) ethanol, ice cold.   

2.1  Yeast 
Transformation
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   11.    3 M Sodium acetate, pH 4.8.   
   12.    70 % (v/v) ethanol, ice cold.   
   13.     Pichia pastoris  strain SMD1163 streaked on a YPD plate.   
   14.    YPD agar plates: 1 % (w/v) yeast extract, 2 % (w/v) peptone, 

2 % (w/v) dextrose, 2 % (w/v) agar. Heat sterilize in autoclave.   
   15.    Spectrophotometer .   
   16.    1 M 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid 

(HEPES), pH 8.   
   17.    1 M Dithiothreitol (DTT).   
   18.    1 M sorbitol, ice-cold.   
   19.    30 °C Shaking incubator.   
   20.    Electroporation instrument (e.g., Gene Pulser system, 

BioRad).   
   21.    Sterile 0.2 cm electroporation cuvettes.   
   22.    YNB plates (minimal medium): 1.34 % (w/v) yeast nitrogen 

base without amino acids, 2 % (w/v) dextrose, 2 % (w/v) agar. 
Heat sterilize in autoclave.   

   23.    All materials and solutions in contact with the cells must be 
sterile.      

       1.    YPD liquid medium and agar plates: 1 % (w/v) yeast extract, 
2 % (w/v) peptone, 2 % (w/v) dextrose. For YPD agar plates, 
add 2 % (w/v) agar. Heat sterilize in autoclave. When needed, 
supplement with appropriate concentrations of antibiotic (typ-
ically 50–250 μg/mL  geneticin  ).   

   2.    Spectrophotometer.   
   3.    100 % (v/v) glycerol, autoclave sterilized.   
   4.    96-Well plate.   
   5.    Sterile toothpicks or inoculating loop.   
   6.    30 °C Shaking incubator.   
   7.    YEP agar medium (to be dissolved in 700 mL): 10 g Yeast 

extract, 20 g meat peptone, 20 g agar. Heat sterilize in 
autoclave.   

   8.    1 M Phosphate buffer, pH 6: 3.1 % (w/v) dipotassium hydro-
gen phosphate trihydrate (K 2 HPO 4 , 3 H 2 O), 11.81 % (w/v) 
potassium dihydrogen phosphate (KH 2 PO 4 ). Filter sterilize.   

   9.    BMGY agar medium: 700 mL YEP agar medium (still liquid 
and warm), 100 mL 13.4 % (w/v) yeast nitrogen base without 
amino acid (10× solution, fi lter sterilized), 100 mL 10 % (v/v) 
glycerol (10× solution, fi lter sterilized), 100 mL 1 M phos-
phate buffer, pH 6 (10× solution, fi lter sterilized).   

2.2  Screening of 
Recombinant Clones
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   10.    BMMY agar medium: 700 mL YEP agar medium (still liquid 
and warm), 100 mL 13.4 % (w/v) yeast nitrogen base without 
amino acid (10× solution, fi lter sterilized), 100 mL 5 % (v/v) 
methanol (10× solution, fi lter sterilized), 100 mL 1 M phos-
phate buffer, pH 6 (10× solution, fi lter sterilized).   

   11.    14 cm diameter Petri dishes.   
   12.    0.45 μm Nitrocellulose blotting membrane of a 96-well plate 

dimension.   
   13.    Lysis buffer: 100 mM Tris–HCl pH 7.4, 150 mM 

β-mercaptoethanol, 20 mM ethylenediaminetetraacetic acid 
(EDTA), 2 % (v/v) SDS,    and 9 M urea. Dissolve the compo-
nents at 65 °C.   

   14.    Whatman paper of a 96-well plate dimension.   
   15.    65 °C Incubator.      

       1.    Recombinant clones freshly streaked on a YPD plate supple-
mented with appropriate concentrations of antibiotic (typically 
50 μg/mL  geneticin  )   

   2.    YEP medium (to be dissolved in 700 mL): 10 g Yeast extract, 
20 g meat peptone. Heat sterilize in autoclave.   

   3.    1 M Phosphate buffer, pH 6.   
   4.    BMGY liquid medium: 700 mL YEP medium, 100 mL 13.4 % 

(w/v) yeast nitrogen base without amino acid (10× solution, 
fi lter sterilized), 100 mL 10 % (v/v) glycerol (10× solution, 
fi lter sterilized), 100 mL 1 M phosphate buffer pH 6 (10× 
solution, fi lter sterilized).   

   5.    BMMY liquid medium: 700 mL YEP medium, 100 mL 13.4 % 
(w/v) yeast nitrogen base without amino acid (10× solution, 
fi lter sterilized), 100 mL 5 % (v/v) methanol (10× solution, 
fi lter sterilized), 100 mL 1 M phosphate buffer pH 6 (10× 
solution, fi lter sterilized).   

   6.    Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM 
KCl, 10 mM Na 2 HPO 4 , 1.76 mM KH 2 PO 4 , pH 7–7.4.   

   7.    Baffl ed fl asks: 250 mL (small-scale culturing), 1 and 2 L 
(upscale).   

   8.    30 °C Shaking incubator.   
   9.    Spectrophotometer.      

       1.     Yeast    cell   pellet.   
   2.    TNG buffer: 50 mM Tris–HCl pH 7.4, 0.5 M NaCl, 10 % 

(v/v) glycerol, 1 mM  PMSF   (added extemporaneously).   
   3.    TNGE buffer: 50 mM Tris–HCl pH 7.4, 0.5 M NaCl, 10 % 

(v/v) glycerol, 1 mM  PMSF   (added extemporaneously), 1 
mM EDTA.   

2.3  Yeast Culturing

2.4  Yeast Cell Lysis 
and Membrane 
Preparation
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   4.    Acid-washed glass beads (425 to 600 μm diameter, 
Sigma-Aldrich).   

   5.    High-speed benchtop homogenizer (e.g., FastPrep 24, MP 
Biomedicals).   

   6.    Ultracentrifuge equipped with an appropriate fi xed-angle rotor 
and adapted polycarbonate bottles.   

   7.    Potter homogenizer.   
   8.    Protein assay kit for the determination of protein concentra-

tion (e.g., Pierce BCA Protein Assay Kit, Thermo Scientifi c).      

       1.    40 % Acrylamide/Bis-acrylamide solution, 19:1.   
   2.    3 M Tris–HCl pH 8.45, 0.3 % (w/v)  SDS  .   
   3.    80 % (v/v) glycerol.   
   4.    10 % (w/v) ammonium persulfate (APS).   
   5.    Tetramethylethylenediamine (TEMED).   
   6.    Gel-casting stand and electrophoresis chamber (e.g., Mini- 

PROTEAN system, Bio-Rad).   
   7.     Membrane preparation   samples.   
   8.    Tris-tricine- SDS   cathode running buffer: 1 M Tris–HCl pH 

8.2, 1 M tricine, 1 % (w/v) SDS.   
   9.    Tris anode running buffer: 1 M Tris–HCl pH 8.9.   
   10.    2× Tricine sample buffer (SB 2×): 100 mM Tris–HCl pH 6.8, 

25 % (v/v) glycerol, 8 % (w/v)    SDS, 0.02 % (w/v) Coomassie 
blue G250, 200 mM DTT.   

   11.    Tris-glycine transfer buffer: 25 mM Tris base, 200 mM gly-
cine, 0.02 % (w/v)    SDS, 20 % (v/v) ethanol.   

   12.    0.45 μm Nitrocellulose blotting membrane.   
   13.    Whatman paper.   
   14.    Electroblotting system (e.g., Mini Trans-Blot Cell, Bio-Rad).   
   15.    Phosphate-buffered saline (PBS).   
   16.    PBS containing 0.02 % (v/v) Tween 80 (PBST).   
   17.    Blocking buffer: PBST with 5 % (w/v) nonfat dry milk.   
   18.    Primary anti-tag or anti-protein antibody (e.g., monoclonal 

anti-FLAG antibody from mouse, Sigma).   
   19.    Secondary anti-mouse IgG antibody linked to a reporter sys-

tem (traditionally HRP-conjugated antibody, here an IRD800- 
coupled antibody).   

   20.    Reagents and detection device adapted to the reporter system 
selected.   

   21.    Orbital shaker.   
   22.    Microfi ltration blotting device (e.g., Bio-Dot apparatus, 

Bio-Rad).      

2.5  Immuno- 
detection

EMPs in Pichia pastoris
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       1.     Membrane preparation      samples.   
   2.    EMP-specifi c binding buffer (here: 50 mM Tris–HCl pH 7.4, 

5 mM MgCl 2 , 1 mM EDTA).   
   3.    Filter preincubation buffer: 50 mM Tris–HCl pH 7.4, 0.3 % 

(v/v) polyethylenimine.   
   4.    Washing buffer: 50 mM Tris–HCl pH 7.4.   
   5.    Nonradioactive, EMP-specifi c ligand, here melatonin.   
   6.    Radiolabeled ligand, here [ 3 H]-O-methyl-melatonin (Perkin 

Elmer).   
   7.    Scintillation cocktail (e.g., Microscint-O scintillation fl uid, 

Perkin Elmer).   
   8.    Low-protein-binding 96-well plate.   
   9.    Shaking incubator.   
   10.    GF/B-grade glass-fi ber Unifi lters (Perkin Elmer).   
   11.    Scintillation counter.   
   12.    Manifold vacuum fi ltration apparatus, here a Unifi lter-96 har-

vester (Perkin Elmer).   
   13.    Analysis software (e.g., Prism4, GraphPad Software).       

3    Methods 

     P. pastoris  expression  vectors   are built on a classical  E. coli /yeast 
shuttle model with components required for  E. coli  amplifi cation 
(classically one origin of replication and one antibiotic selection 
marker) and specifi c elements for heterologous gene expression in 
 P. pastoris . These typically include a selectable auxotrophy marker 
and/or an antibiotic resistance bacterial gene, as well as a promoter 
and a terminator sequences surrounding a cloning cassette. 

 The  P. pastoris  system offers a wide range of plasmid back-
bones, selection markers, promoters, and fusion sequences that can 
be combined to obtain the best-suited vector for a given protein. 
For an exhaustive description of the different elements available 
and guidelines to choose their assembly, we recommend the reader 
a chapter from a previous volume of the Methods in Molecular 
Biology series [ 11 ] that is fully dedicated to these aspects. 

 The examples illustrating the methods presented here are 
based on the utilization of  modifi ed   pPIC9K vectors (Life 
Technologies) designed for the large-scale production of EMPs as 
described in [ 7 ] and [ 10 ] notably. Briefl y, this vector comprises the 
gene coding for histidinol dehydrogenase ( HIS4 ) as an auxotrophy 
marker, as well as a bacterial gene ( Kan ) conferring  P. pastoris  resis-
tance to  geneticin  . The gene coding for the protein of interest is 
expressed under the control of the strong P  AOX1   promoter, which is 

2.6  Radioligand 
Binding Assay

3.1   P. pastoris  Vector 
Design and Cloning 
Procedure
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induced by methanol in the absence of other preferential carbohy-
drate source. The recombinant proteins are fl anked at their N- 
and/or C-termini by a panel of tags (Flag, decahistidine, c-myc, 
biotinylation domain), which are used for analysis and/or purifi ca-
tion purposes. If the fusion sequences need to be eliminated dur-
ing or after the purifi cation process,  tobacco etch virus (TEV) 
protease   sites may be inserted on both sides of the protein to be 
expressed.  

     Contrary   to other yeast systems, no autonomously replicating vec-
tors are available for  P. pastoris , so they are designed to be inte-
grated in the yeast genome. This is achieved by homologous 
recombination events that naturally occur between linearized 
sequences carried by the plasmids (typically  HIS4  or P  AOX1  ) and 
their homologous counterparts present on the genome, leading to 
the targeted insertion of the expression vector. Moreover, such 
plasmid insertions frequently occur in tandem in yeasts and thus 
lead to multiple integration of the gene of interest with an associ-
ated impact on its expression levels. 

 We describe here a transformation protocol based on the elec-
troporation of the  P.    pastoris    SMD1163 strain ( his4, pep4, prb1 ) ( see  
 Note    1  ).

    1.    Digest 5–7 μg of the purifi ed expression vector with  Pme I 
restriction enzyme ( see   Note    2  ) according to the manufactur-
er’s instructions (typically mix 5–7 μg of the expression vector 
with 25 U of  Pme I, 20 μL of 10× corresponding buffer, and 
sterile water to a fi nal volume of 200 μL; incubate the reaction 
for 2 h at 37 °C).   

   2.    Purify the DNA using the NucleoSpin kit. Alternatively to the 
use of a commercial kit for the purifi cation of restriction- 
digested plasmids, we routinely perform this phenol- 
chloroform extraction procedure that yields a high-quality 
DNA leading to optimal transformation effi ciencies ( see  proto-
col detailed in  steps 3–10 ).   

   3.    Add 400 μL of 24:24:1 (v/v/v) chloroform:phenol:isoamyl 
alcohol to 200 μL of digestion mixture.   

   4.    Centrifuge for 5 min at 18,000 ×  g , room temperature, and 
transfer the upper aqueous phase to a new 1.5 mL microcen-
trifuge tube.   

   5.    Add 400 μL of chloroform and vortex thoroughly for about 
20 s.   

   6.    Centrifuge for 5 min at 18,000 ×  g , room temperature, and 
transfer the upper aqueous phase to a new 1.5 mL microcen-
trifuge tube.   

3.2  Preparation 
of the Expression 
Vector

EMPs in Pichia pastoris
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   7.    Add 1 mL of 100 % ethanol and 50 μL of 3 M sodium acetate 
and incubate for at least 1 h at −20 °C to precipitate the DNA.   

   8.    Centrifuge for 30 min 18,000 ×  g , 4 °C. Discard the 
supernatant.   

   9.    Wash the pellet with 100 μL of 70 % (v/v) ethanol and centri-
fuge for 5 min at 18,000 ×  g , 4 °C. Discard the supernatant.   

   10.    Air-dry the pellet for 15 min and then resuspend in 15 μL 
sterile H 2 O.   

   11.    Check the DNA linearization by loading 1 μL of the reaction 
mix on a 1 % (w/v) agarose gel ( see   Note    3  ).     

         1.    To prepare about 500 μL of electrocompetent  P. pastoris  cells, 
inoculate 100 mL YPD medium with a fresh SMD1163 colony 
and incubate overnight at 30 °C in a shaking incubator.   

   2.    Measure the OD 600  of the culture with a spectrophotometer, 
dilute the culture with 400 mL fresh YPD to obtain an OD 600  
of 0.25, and incubate at 30 °C ( see   Note    5  ).   

   3.    When the culture reaches an OD 600  of 1 (approximately after 
4 h), harvest the cells by centrifugation in sterile tubes for 
5 min at 4000 × g, 4 °C.   

   4.    Discard the supernatant and resuspend the cells in 100 mL 
YPD, 20 mL of 1 M HEPES pH 8, and 2.5 mL of 1 M 
DTT. Mix gently until the pellet is resuspended.   

   5.    Incubate for 15 min at 30 °C.   
   6.    Transfer onto ice and add ice-cold sterile H 2 O to a fi nal vol-

ume of 500 mL.   
   7.    Pellet the cells by centrifuging for 5 min at 4000 ×  g , 4 °C.   
   8.    Discard the supernatant and wash the cell pellet with 250 mL 

ice-cold sterile H 2 O.   
   9.    Pellet the cells by centrifuging for 5 min at 4000 ×  g , 4 °C.   
   10.    Discard the supernatant and resuspend the cell pellet in 20 mL 

ice-cold 1 M sorbitol by gently mixing.   
   11.    Pellet the cells by centrifuging for 5 min at 4000 ×  g , 4 °C.   

   12.    Discard the supernatant and resuspend the cell pellet in 500 μL 
ice-cold 1 M sorbitol by gently mixing.      

       1.    Place an electroporation cuvette on ice at least 10–15 min 
before performing the transformation.   

   2.    Mix gently 40 μL competent cells with 7.5 μL of the linearized 
DNA in the cuvette and incubate for 5 min on ice.   

   3.    Adjust the electroporation settings as follows: 1500 V, 25 μF, 
and 400 Ω.   

3.3  Preparation of  P. 
pastoris  
Electrocompetent 
Cells ( See   Note    4  )

3.4  Electro- 
transformation 
and Selection 
of the Recombinant 
Clones
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   4.    Place the cuvette in the electroporator chamber and apply the 
electric pulse.   

   5.    Immediately resuspend the electroporated mixture in 1 mL 
ice- cold 1 M sorbitol and transfer into a sterile tube.   

   6.    Allow the cells to recover for about 1 h at 30 °C, and then pel-
let the cells by centrifuging for 10 min at 4000 ×  g , room 
temperature.   

   7.    Discard the supernatant and resuspend the pellet in 500 μL of 
1 M sorbitol.   

   8.    Spread, respectively, 10 % (50 μL) and 90 % (450 μL) of elec-
trotransformed cells on each of the two YNB plates and incu-
bate for 2–3 days at 30 °C ( see   Note    6  ).      

   When  using   expression vectors comprising the  HIS4  auxotrophy 
selection marker (e.g., vectors from  the   pPIC9K series), recombi-
nant yeast clones are selected in two consecutive steps. The fi rst 
one, performed after the electrotransformation, is based on the 
recovery of histidine prototrophy through growth ability on mini-
mal medium. The second one is dedicated to the identifi cation of 
multicopy transformants producing high yields of recombinant 
proteins. Indeed, a high number of integrated copies often (but 
not always) correlates with higher expression levels, and it is neces-
sary to screen several His + transformants in order to identify a high 
producer. 

 To this end, we propose two different procedures: either a clas-
sical one in which His + transformants are selected on YPD plates 
containing a range of  geneticin   concentrations or a more high- 
throughput immunostaining method named Yeastern blot in 
which histidine-prototroph clones are grown in expression condi-
tions and lysed directly on a nitrocellulose membranes in a 96-well 
plate format. 

 The goal of screening on increasing  geneticin   concentration is 
to select clones with geneticin resistance phenotypes representative 
of the number  of   expression vector-integrated copies (the higher 
number of integrated copies, the potentially higher resistance 
level), before evaluating their performance in terms of EMP expres-
sion ( see   Note    7  ).

    1.    Harvest the His + transformants with 1 mL of YPD medium 
poured onto the YNB plates and scrape off all the clones using 
a sterile scraper.   

   2.    Perform 10× and 100× dilutions and measure the OD 600  for 
each.   

   3.    Spread an equivalent of 10 5  cells/plate (OD 600  of 1 is equiva-
lent to approximately 5 × 10 7  cells/mL) on YPD plates supple-
mented with increasing  geneticin   concentrations ranging from 
50 to 250 μg/mL ( see   Notes 8  and  9 ).   

3.5  Screening 
of Recombinant 
Clones

EMPs in Pichia pastoris
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   4.    Incubate for 2–3 days at 30 °C.   
   5.    Pick 6–12 representative colonies from the different  geneticin   

concentration plates, streak them onto a fresh YPD plate sup-
plemented with 50 μg/mL geneticin, and let them grow for 
1–2 days at 30 °C.   

   6.    Directly use these colonies for further expression tests and/or 
resuspend them in 1 ml of sterile YPD supplemented with 20 % 
glycerol and store them at −80 °C.    

  The goal of the high-throughput expression-level screening 
assay or yeastern blotting that we developed is to screen at once the 
largest number of EMP-expressing clones with the fewest and sim-
plest handling steps. Therefore, no selection based on geneticin 
 resistance   phenotypes is required ( see   Note    10  ). 

  Steps 1 – 8  must be performed in sterile conditions.

    1.    Fill each well of a 96-well plates with 100 μL YPD supple-
mented  with   20 μg/mL geneticin.   

   2.    Inoculate each well with a single His + colony (from the YNB 
plate) with a sterile toothpick or inoculation loop.   

   3.    Incubate overnight on a shaker at 250 rpm, 30 °C.   
   4.    On the next day, place a sterile nitrocellulose membrane on a 

BMGY plate (14 cm diameter) avoiding air bubbles.   
   5.    With a multichannel pipette, spot 5 μL of each preculture on 

the membrane. Add 20 μL sterile glycerol in each well and 
conserve the plate at −20 or −80 °C.   

   6.    Incubate for about 12 h at 30 °C (plate lid on the top).   
   7.    After incubation, transfer the membrane on a BMMY plate 

avoiding air bubbles.   
   8.    Incubate for about 20 h at 30 °C (plate lid on the top).   
   9.    In a petri dish, soak 12 Whatman paper sheets in lysis buffer. 

The liquid level should not recover the last sheet.   
   10.    Transfer the nitrocellulose membrane on top of the Whatman 

paper pile avoiding air bubbles.   
   11.    Incubate for 4 h at 65 °C.   
   12.    After lysis, rinse generously the membrane with water to get 

rid of all visible yeast cell traces and proceed to standard immu-
nodetection of the protein of interest as described in 
 Subheading  3.8 . Figure  1  presents two examples of  GPCR  -
expressing colonies assayed with this method that are repre-
sentative of the typical patterns that can be obtained. This 
immunoblot clearly highlights clones that exhibit high expres-
sion levels of the proteins of interest.

       13.    Streak the high-expressing clones onto a fresh YPD plate sup-
plemented  with   50 μg/mL geneticin and let them grow for 
1–2 days at 30 °C.   
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   14.    Directly use these colonies for further expression tests and/or 
resuspend them in 1 ml of sterile YPD supplemented with 20 % 
glycerol and store them at −80 °C.    

    
 Once interesting transformants have been identifi ed, their expres-
sion abilities should be further explored in liquid culture. For 
expression based on P  AOX1  -dependent vectors, yeasts are fi rst cul-
tured in a glycerol-containing medium to an appropriate cell den-
sity and growth phase. Transferring the cells into a 
methanol- containing medium then induces protein expression. 

 The procedure presented below describes small-scale culturing 
using shaken baffl ed fl asks, which allows the parallel screening of 
several clones. It can easily be up-scaled to bigger baffl ed fl asks for 
the production of larger amounts of EMP ( see   Note    11  ).

    1.    Inoculate 50 mL of freshly prepared BMGY medium in a 250 
mL baffl ed fl ask with a fresh recombinant colony isolated on a 
YPD agar plate. Incubate on a shaker at 250 rpm, 30 °C, ON.   

   2.    On the next day, measure the OD 600  of the culture. Dilute the 
cells into 50 mL of fresh BMGY medium in a 250 mL fl ask to 
achieve an OD 600  of 1 (about 5 × 10 7  cells/mL) and incubate 

3.6  Yeast Culturing 
for Membrane Protein 
Expression

  Fig. 1    Yeastern blot analysis of ca. 96 recombinant  P. pastoris  clones expressing class A GPCRs. ( a )    Flag- tagged 
human B2AR receptor; ( b ) fl ag-tagged human NPFFR2 receptor.  Ctrl : colony expressing the AA2A receptor 
used as a positive control. After expression induction and direct lysis of the colonies grown on the nitrocellu-
lose membrane, the tagged receptors were immunodetected with an M2 anti-fl ag antibody       
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on a shaker at 250 rpm, 30 °C. This step usually corresponds 
to a tenfold dilution of the pre-culture.   

   3.    When the culture reaches ≈5 OD 600  (about 5 h later), pellet 
the cells by centrifuging in sterile tubes for 5 min at 4000 ×  g , 
room temperature.   

   4.    Discard the supernatant and resuspend the cell pellet with 50 
mL fresh BMMY medium ( see   Note    12  ). Incubate for 18–24 h 
in a shaker at 30 °C, 250 rpm.   

   5.    After induction, harvest the cells by centrifuging for 5 min at 
4000 ×  g , 4 °C.   

   6.    Discard the supernatant and wash the cell pellet with 50 mL 
PBS. Pellet the cells by centrifuging for 5 min at 4000 ×  g , 4 °C.   

   7.    Discard the supernatant and weigh the cell pellet. At this stage, 
the cell pellet can either be snap-frozen in liquid nitrogen and 
stored at −80 °C, or kept on ice to be directly used for  mem-
brane preparation  .    

        P.    pastoris     cells   are surrounded by a thick protective cell wall, result-
ing in the need to use a robust cell lysis method. The protocol 
described below involves glass microbeads associated with vigor-
ous mechanical shaking. Programmable equipment such as the 
FastPrep 24 from MP Biomedicals employed here can be used to 
achieve reliable and reproducible results. It can also be adapted to 
various sample volumes and formats (from 1.5 mL microcentrifuge 
tubes to 50 mL conical centrifuge tubes). However, similar results 
can be obtained using a basic vortex apparatus in 4–8 cycles of 
alternating shaking and ice-cooling phases.

    1.    Resuspend the yeast pellet obtained (about 1 g wet cells) with 
10 mL ice-cold TNGE buffer in a 50 mL conical centrifuge 
tube.   

   2.    Add 5 mL of acid-washed glass beads.   
   3.    Place the tubes on the cell breaker device and proceed to cell 

lysis by alternating shaking and cooling steps on ice (3 cycles 
of 40 s each at 6.5 m/s on a FastPrep 24).   

   4.    Centrifuge the samples for 5 min at 4000 ×  g , 4 °C, collect the 
supernatant, and store at 4 °C.   

   5.    Dissolve the remaining pellet in 10 mL ice-cold TNGE 
buffer.   

   6.    Repeat steps 3–4 times (or until the supernatant is clear).   
   7.    Centrifuge the collected supernatants for an additional 5 min 

at 4000 ×  g , 4 °C.   
   8.    Proceed to supernatant ultracentrifugation for 30 min at 

100,000 ×  g , 4 °C.   

3.7  Yeast Cell Lysis 
and Membrane 
Preparation Procedure
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   9.    Discard the supernatant and resuspend the membrane pellet 
with a Potter homogenizer in 3 mL ice-cold TNG buffer until 
a homogeneous suspension is obtained.   

   10.    Determine the protein concentration using the BCA assay kit 
following the manufacturer’s recommendations.   

   11.    Use directly the membrane preparation for expression- level 
analysis or purifi cation, or store them at −80 °C.      

      Immunodetection methods allow the determination of the overall 
amount of the recombinant EMP contained in the  membrane 
preparations  . These analyses can be performed using specifi c anti-
bodies targeted against the EMP of interest or against the tags 
fused to the protein. 

 The expression level can either be estimated on membrane sam-
ples previously separated by  a   denaturing  SDS-PAGE   or directly by 
 spotting   membrane preparation on a nitrocellulose membrane with 
 a   dot-blot device. Both methods are presented below. 

 The following proportions are given for casting two gels of 
1 mm thickness in a standard Mini-Protean system from Bio-Rad.

    1.    Prepare the separating gel by mixing 2.5 mL of the acrylamide 
solution, 3.3 mL Tris–HCl  SDS   buffer, 1.25 mL 80 % (v/v) 
glycerol, and 2.9 mL H 2 O. Add 90 μL APS and 6 μL TEMED, 
mix, and immediately cast the gel. Allow space to cast the 
stacking gel.   

   2.    Prepare the stacking gel by mixing 0.6 mL of the acrylamide 
solution, 1.6 mL Tris–HCl SDS buffer, and 4.1 mL H 2 O. Add 
90 μL APS and 6 μL TEMED,     mix, and cast carefully over the 
separating gel. The presence of glycerol in the separating part 
avoids the need to wait for its complete polymerization. Insert a 
10-well gel comb immediately without introducing air bubbles.   

   3.    Let polymerize for about 30 min.   
   4.    Preincubate 10 μg of  membrane preparation   in SB 2× for 

about 10 min at room temperature ( see   Note    13  ).   
   5.    Load the sample in a well of a 10 %    SDS-polyacrylamide gel. 

Proceed to electrophoresis using Tris-tricine-SDS cathode 
running buffer and Tris anode running buffer in a tank unit 
for about 1 h 30 min at 100 V.   

   6.    Transfer the proteins from the gel to a nitrocellulose mem-
brane by electroblotting in Tris-glycine transfer buffer for 
about 1 h 30 min at 100 V.   

   7.    Incubate the membrane in 50 mL blocking buffer for 1 h at 
room temperature on an orbital shaker. Alternatively, incubate 
the membrane overnight at 4 °C.   

   8.    Remove the blocking solution and incubate the membrane 
with the selected antibody diluted in blocking buffer (for 

3.8  Membrane 
Analysis Procedure: 
Immunodetection

EMPs in Pichia pastoris
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instance a monoclonal anti-fl ag antibody at a fi nal concentra-
tion of 0.1 μg/mL) for 1 h at room temperature on an orbital 
shaker.   

   9.    Wash the membrane three times, each time with 50 mL PBST 
on an orbital shaker for 5 min at room temperature.   

   10.    Remove the PBST and incubate the membrane with the 
adapted anti-IgG antibody diluted in blocking buffer (typical 
fi nal concentration of 0.1 μg/mL) for 1 h at room tempera-
ture on an orbital shaker.   

   11.    Wash the membrane three times, each time with 50 mL PBST 
on an orbital shaker for 5 min at room temperature.   

   12.    Remove the PBST and wash the membrane with 50 mL PBS 
on an orbital shaker for 5 min at room temperature.   

   13.    Store the membrane in PBS until revelation.   
   14.    Proceed to membrane revelation according to the reporter 

system selected and following the manufacturer’s recommen-
dations. Figure  2  exemplifi es a typical Western blot profi le 
obtained for membrane samples prepared from different 
clones expressing the same EMP construct (here a 1 TM 
human enzyme). This example illustrates the variation of 
expression levels that can be observed between clones, from 
no (clone #7) to low (clone #3) and relatively high (clone #4) 
amounts of protein produced.

Ctrl #4#3#1 #2 #5

70

25

55

35

100

170

kDa

130

40

#6 #7

Clone ID

  Fig. 2    Western  blot   analysis of membrane samples from eight different recombi-
nant  P. pastoris  clones expressing a native 1TM, ER-located, human enzyme.  Ctrl : 
membrane sample of a clone used as a positive control, expressing a tagged 
version of the ER enzyme. Equal amounts of membrane proteins were loaded in 
each lane (10 μg). Proteins were separated by a 10 %  SDS-PAGE   and immunob-
lotted with a protein-specifi c monoclonal antibody. Molecular weights are indi-
cated in kilodalton (kDa) on the  left        
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    For Dot-Blot Immunodetection  
   1.     Pre- soak   with PBS a piece of nitrocellulose membrane and fi x 

it tightly into the microfi ltration-blotting device following the 
manufacturer’s instructions.   

   2.    Pipet 100 μL of PBS into each well of the blotting device and 
let it fl ow through the nitrocellulose membrane by applying 
the vacuum.   

   3.    Turn the vacuum off and pipet 5–10 μg of membrane protein 
samples into the appropriate wells. Incubate for 5 min at room 
temperature before applying the vacuum.   

   4.    Turn the vacuum on and wash the wells three times, each time 
with 100 μL PBS.   

   5.    Remove the nitrocellulose membrane from the blotting device 
and proceed to the blocking and immunodetection reactions 
(as already described). Figure  3  provides an illustration of how 
this approach could be helpful in two different applications. 

a
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  Fig. 3    Dot  blot   comparisons of membrane samples from independent  P. pastoris  
clones induced in different conditions for the expression of a human class C 
GPCR. ( a )    Membrane samples from 11 different clones (#1 to #11) induced with 
methanol for 18 h at 20 °C. ( b ) Membranes from clones #1, #8, and #10 induced 
at various temperatures (20, 25, and 30 °C) and for different periods of time (18, 
24, 48, and 72 h). Equal amounts of corresponding membrane proteins (10 μg) 
were loaded in each well of the blotting device and immunoblotted with an M2 
anti-fl ag antibody (0.1 μg/mL)       
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With a higher throughput than a Western blot, the fi rst appli-
cation (panel A) is the ranking of several individual clones on 
their capacity to produce the recombinant EMP of interest. In 
a second direction, this method allows to screen relatively eas-
ily a number of parameters that may infl uence the yields of the 
expressed protein. The present example notably highlights the 
signifi cant effect of induction time and temperature on the 
expression levels of a class C GPCR,    but several other param-
eters may also be infl uential as shown in a number of studies 
( see   Note    12  ). 

               In  the   case of  GPCRs   and other ligand-regulated EMPs, ligand 
binding assays are highly valuable procedures to infer the amounts 
of active receptors ( B  max ) in a  membrane preparation   and their 
affi nity ( K  d ) for the ligand tested. These very sensitive and reliable 
techniques however suppose the availability of protein-specifi c 
radiolabeled ligands and an access to a lab facility where radioactive 
material can be handled. 

 In the following protocol, a saturation ligand binding proce-
dure is exemplifi ed with a  class   A GPCR, the MT1 melatonin 
receptor, assayed with the [ 3 H]-O-methyl-melatonin used as the 
tracer radioligand, and the agonist melatonin used to determine 
the nonspecifi c binding.

    1.    Thaw and homogenize  membrane preparations   on ice.   
   2.    For each concentration of radiolabeled ligand assayed (e.g., 

0.5, 1, 2, 5, 10, 20, and 50 nM), ligand-binding measure-
ments are performed in triplicate for total (T) binding and in 
parallel for nonspecifi c (NS) binding (i.e., 6-point measure-
ment for each concentration of radioligand).   

   3.    Fill each T well with 10 μg membrane proteins diluted in 90 
μL binding buffer.   

   4.    Fill each NS well with 10 μg membrane proteins diluted in 80 
μL binding buffer. Add 10 μL of 100 μM nonradioactive 
ligand (for a fi nal cold ligand concentration of 10 μM).   

   5.    Add to each well 10 μL of tenfold concentrated radiolabeled 
ligand to achieve the concentration range of 0.5, 1, 2, 5, 10, 
20, and 50 nM in a fi nal volume of 100 μL.   

   6.    Incubate at room temperature on a shaker for 2 h to achieve 
ligand-binding equilibrium.   

   7.    During the incubation or at least 15 min prior to fi ltration, 
pre-soak the GF/B fi lters in fi lter buffer.   

   8.    Terminate the reactions by a rapid fi ltration of the samples 
through the pre-soaked GF/B fi lters using a vacuum manifold 
according to the manufacturer’s instructions.   

   9.    Wash the fi lters three times with ice-cold washing buffer.   

3.9  Membrane 
Analysis Procedure: 
Radioligand Binding 
Assay
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   10.    Let the 96-well plate fi lter dry and add 40 µL scintillation 
cocktail.   

   11.    Incubate the vials for 2 h in the dark before proceeding to 
counting.   

   12.    Subtract the NS from the T values to determine specifi c (S) 
binding values. Analyze the data by nonlinear regression using 
appropriate software.    

  Figure  4  represents a typical saturation binding curve obtained 
with membranes of a  P. pastoris  clone expressing the MT1 receptor. 
In the present case, the GraphPad Prism software determined from 
these data a  B  max  value of 11.9 ± 0.4 pmol/mg and a  K  D  of 7.2 ± 0.8 
nM. According to the conversion factors detailed in [ 3 ], the total 
number of ligand-binding sites ( B  max ) present in this membrane sam-
ple approximately corresponds to about 0.5 mg of active receptor 
produced per 1 l of culture. On the other side, the measured  K  D  
value suggests that the affi nity of MT1 for its agonist ligand melato-
nin is decreased about tenfold in  P. pastoris  membranes compared to 
the receptor expressed in mammalian cells  [ 10 ].

4                    Notes 

     1.    A number of  P. pastoris  strains that are frequently used for 
EMP expression present an auxotrophic behavior for histidine 
due to a histidinol dehydrogenase defi ciency ( his4  genotype). 
The prototrophy for histidine can be restored upon transfor-

  Fig. 4    Radioligand binding saturation curve determined on membranes of a  P. 
pastoris  clone expressing the human MT1 melatonin receptor. The specifi c bind-
ing curve ( black circles ) is calculated by subtracting the nonspecifi c ( triangles ) to 
the total ( squares ) binding values. Data are fi tted using the one-site saturation 
binding model       
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mation with a series of pPIC vectors bearing the  HIS4  gene, 
thereby allowing positive selection of the transformants on 
minimum medium. Strains from the SMD series bear addi-
tional defi ciencies in endogenous proteases ( pep4 ,  prb1  for 
SMD1163) and are often preferred for this convenient pheno-
type ( see  ref.  10  for more details).   

   2.     Pme I is used to linearize the expression  vector   in the P  AOX  1   
promoter, thus favoring its integration at the homologous 
P  AOX  1   genomic locus. The absence of the  Pme I site in the gene 
to be expressed should be checked; otherwise several frag-
ments would be generated instead of a linearized vector. In 
case  Pme I is present, another restriction enzyme that cut only 
once in the P  AOX1   or  HIS4  sequences of the vector can be 
selected instead ( Sac I or  Sal I for instance).   

   3.    When the plasmid is correctly linearized, one single DNA 
band of the corresponding size should be observed. If addi-
tional bands of nonlinearized plasmid are present, proceed 
back to  step 1  and double the amount of  PmeI  restriction 
enzyme.   

   4.    Unlike bacteria, yeast cells cannot conserve their competence 
properties when stored at −80 °C. Electrocompetent  P. pasto-
ris  cells should then be prepared extemporaneously before 
each transformation experiment.   

   5.    One OD 600  unit measured with an Eppendorf Biophotometer 
approximately corresponds to 5 × 10 7  cells/mL. In order to 
keep a proper OD 600 /cell density proportionality, be also 
aware that it is important to dilute the cell culture before the 
spectrophotometer measurement so that OD 600  values do not 
exceed  ca . 0.3 (higher values are underestimating the actual 
cell density).   

   6.    Commercial vectors from the pPICZ series (Life Technologies) 
do not contain the  HIS4  auxotrophy marker and the  geneticin   
resistance gene present on the  pPIC9K   vectors. They com-
prise instead a single resistance marker to  zeocin   antibiotic. In 
this case, positive transformants are isolated on YPD plates 
containing a low  zeocin    concentration (e.g., 25 μg/mL) 
before proceeding to the screening of expressing clones.   

   7.    Direct selection of transformants on  geneticin-containing 
medium   is not recommended. Indeed, the level of resistance is 
dependent on the cell density and false-positive clones may be 
isolated. In addition, high concentration of antibiotics applied 
directly after transformation may eliminate potentially valu-
able clones that have not fully recovered from electroporation 
nor achieved homologous recombination.   

   8.    Because of its mutations conferring protease defi ciencies, the 
strain SMD1163 exhibits a relatively high susceptibility  to 
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  geneticin and the concentration range of antibiotic should be 
reduced to 50–250 μg/mL. When using other strains, recom-
binant clones may be selected on YPD plates supplemented 
with up to 2 mg/mL geneticin.   

   9.    When using vectors from the pPICZ series,  zeocin   concentra-
tions ranging from 25 to 1500 μg/mL may be applied.   

   10.    This second procedure enables to screen a high number of 
transformants within a shorter time frame. However, for 
diffi cult- to-express membrane proteins, a combination of both 
methods can be benefi cial (e.g., a Yeastern Blot performed 
with clones selected on  high   geneticin concentrations).   

   11.    This protocol can be applied to larger culturing format. It is 
however recommended to maintain a 1:5 ratio between the 
volume of the culture and the total volume of the selected 
baffl ed fl asks for an optimal aeration of the culture. Robust 
procedures for large-scale culturing in biorectors are also avail-
able [ 12 ] but are less straightforward to handle as they neces-
sitate specifi c equipment and a succession of culturing 
conditions before the induction step.   

   12.    BMMY induction medium can be supplemented with differ-
ent components depending on the protein expressed. In par-
ticular,  dimethyl sulfoxide (DMSO)   supplemented at 2.5 % 
(v/v) has been shown to increase remarkably the production 
yield of ligand-binding  active   GPCRs [ 7 ]. Similarly, adding a 
ligand specifi c to the receptor to be produced has been highly 
benefi cial for a large majority of the GPCRs tested [ 7 ], prob-
ably playing the role of a pharmacological chaperone [ 13 ].   

   13.    It is usually not recommended to boil membrane protein sam-
ples prior to electrophoresis. When compact and highly hydro-
phobic proteins such  as   GPCRs are boiled, they usually 
aggregate and keep stuck in the stacking gel.         
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    Chapter 11   

 Integral Membrane Protein Expression in  Saccharomyces 
cerevisiae                      

     Rebba     C.     Boswell-Casteel    ,     Jennifer     M.     Johnson    ,     Robert     M.     Stroud    , 
and     Franklin     A.     Hays      

  Abstract 

   Eukaryotic integral membrane proteins are challenging targets for crystallography or functional characterization 
in a purifi ed state. Since expression  is often  a limiting factor when  studying this diffi cult class of biological 
macromolecules, the intent of this chapter is to focus on the expression of eukaryotic integral membrane 
proteins (IMPs) using the model organism  Saccharomyces cerevisiae. S. cerevisiae  is a prime candidate for 
the expression of eukaryotic IMPs because it offers the convenience of using episomal expression plasmids, 
selection of positive transformants, posttranslational modifi cations, and it can properly fold and target 
IMPs. Here we present a generalized protocol and insights based on our collective knowledge as an aid to 
overcoming the challenges faced when expressing eukaryotic IMPs in  S. cerevisiae .  

  Key words     Integral membrane protein  ,    Saccharomyces cerevisiae   ,   Protein expression  ,   Protein over-
production  ,   Yeast  

1      Introduction 

  Saccharomyces cerevisiae  is  a   well-characterized eukaryotic model 
organism for recombinant protein expression, especially for inte-
gral membrane proteins [ 1 – 4 ], because it combines the advantages 
of unicellular organisms (e.g., rapid growth and genetic material is 
easily manipulated) with the capacity to perform eukaryotic post-
translational modifi cations. In contrast to more multifarious 
eukaryotic organisms,  S. cerevisiae  expression systems are cost- 
effective, are capable of rapidly reaching high cell densities, can 
produce high protein yields, and  S. cerevisiae  is generally regarded 
as safe (GRAS). These advantages position  S. cerevisiae  as a leading 
expression system for the overproduction of eukaryotic integral 
membrane proteins (IMPs). 

 Procuring suffi cient quantities of IMPs for downstream studies 
can be a formidable task. In this chapter we present our approach to 
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the over-expression of IMPs using the budding yeast  S. cerevisiae . 
However, at almost every step throughout this protocol, an alterna-
tive method, vector, buffer, etc. could be substituted to further 
optimize expression or meet the specifi c requirements of your IMP 
of interest. The primary intent of this chapter is to provide a gener-
alized approach to the expression of eukaryotic IMPs and, when 
possible, provide alternative strategies or important considerations 
that will aid in the overproduction of target IMPs (Fig.  1 ).

3.1 Cloning the GOI into a Chimeric Shuttle Vector
3.1.1 Vector Selection
3.1.2 DNA Oligomer Primer Design
3.1.3 PCR Amplification (Note 16)
3.1.4 Restriction Enzyme Digestion 
3.1.5 Gel Purification (Notes 17-20)
3.1.6 Ligation of Insert and Vector (Note 21)
3.1.7 Transformation of Ligation Products (Notes 22-24)
3.1.8 Isolation of Plasmid DNA (Notes 20, 25)
3.1.9 PCR Check & Construct Sequencing (Note 6)

3.2 Generation of S. cerevisiae competent cells

3.3 Transformation of GOI-plasmid into S. cerevisiae
Note 26

3.4 Expression of POI in S. cerevisiae
3.4.1 Shake Flask Growths (Notes 27-28)
3.4.2 Batch Fermentation Culture (Notes 29-33)

3.5 Membrane Preparation
& Immuno Detection

Notes 34-39

3.6 GFP Screening
3.6.1 Whole-cell fluorescence
        (Notes 40-45)
3.6.2 In-gel fluorescence
        (Notes 40-41, 46-47)

3.7 Expression Optimization
3.7.1 Vector Modification (Notes 49-54)
3.7.2 Optimizing Cell Densities (Notes 55-60)

  Fig. 1    Expression workfl ow. General workfl ow for integral  membrane protein 
expression   in  S. cerevisiae  with relevant Notes indicated for each section       
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2       Materials 

 Prepare all solutions using ultrapure water (simply referred to as 
ddH 2 O, prepared by purifying deionized water to attain a 
 sensitivity of 18 MΩ at 25 °C). Prepare and store all reagents at 
room temperature (RT, unless indicated otherwise). All listed pH 
values were determined at room temperature (unless indicated 
otherwise). 

       1.    DNA oligomer primers of less than 40 nucleotides in length 
can be ordered as “desalted” quality ( see   Note 1 ).   

   2.    Phusion® High-Fidelity DNA Polymerase (New England 
BioLabs) kit: 50 mM MgCl 2 , 5× Phusion Reaction Buffer, 
DMSO,    and Phusion ®  High-Fidelity DNA Polymerase.   

   3.    dNTP solution mix (New England BioLabs) was obtained sep-
arately. Stored −20 °C.   

   4.    QIAquick ®  PCR purifi cation kit (Qiagen).   
   5.    Ethidium bromide (EtBr, 2 mg/ml). It is highly carcinogenic 

and light sensitive. Keep wrapped in aluminum foil and store at 
RT ( see   Note 2 ).   

   6.    50× TAE (2 M Tris, 1 M acetic acid, 50 mM EDTA).   
   7.    Molecular biology grade ethanol.   
   8.    Molecular biology grade agarose.   
   9.    Restriction enzymes and corresponding 10× buffer stocks 

(New England BioLabs). Stored at −20 °C. (Specifi c buffer 
compositions can be found in the appendix of the NEB cata-
logue) ( see   Note 3 ).   

   10.    10× BlueJuice™ DNA gel loading buffer (Invitrogen).   
   11.    Quick-Load ®  2-Log DNA Ladder (0.1–10.0 kb, New England 

BioLabs).   
   12.    QIAquick ®  gel extraction kit (Qiagen).   
   13.    T4 DNA ligase and ligation buffer.   
   14.    SOC Media: autoclave 1 l of SOB broth and add 10 mM 

MgCl 2  (sterile solution) and 20 mM glucose (sterile 
solution).   

   15.     Escherichia coli  strain XL2-Blue. Store at −80 °C.   
   16.    Luria–Bertani (LB) medium and or on LB agar ( see   Note 4 ).   
   17.    Ampicillin (200 mg/ml) ( see   Note 5 ).   
   18.    QIAprep ®  spin miniprep kit (Qiagen).   
   19.    GAL1 promoter and Cyc terminator sequencing primers 

( see   Note 6 ).      

2.1  Cloning Your 
Gene of Interest 
into the “83Xi” Vector

Membrane Protein Expression in Yeast
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       1.     Yeast strain   W303-Δpep4 ( leu2-3, 112 trp1-1, can1-100, ade2-1, 
his3-11,15, Δpep4, MATα ).   

   2.    YPD broth (Research Products International) 0.2 μm sterile 
fi ltered.   

   3.    YPD agar. Plates are poured following a 15 min autoclave 
cycle, and stored at 4 °C.   

   4.    YPD broth plus 15 % (v/v) glycerol. 0.2 μm sterile fi ltered.      

       1.    PLATE solution: 40 % PEG 3350 (w/v), 0.1 M  lithium ace-
tate  , 10 mM Tris–HCl, pH 7, and 1 mM EDTA. Solution is 
brought to volume with ddH 2 O and 0.2 μm sterile fi ltered 
( see   Note 7 ).   

   2.    TE Buffer: 10 mM Tris–HCl, pH 9.0 and 150 mM EDTA.   
   3.    Molecular biology grade  sterile   DMSO.   
   4.    Sheared salmon sperm DNA (10 mg/ml). Stored at −20 °C.   
   5.    CSM-His plates (500 ml = 20 plates): of 0.77 g/L CSM-His 

(Sunrise Science Products), 20 g/L low melting agar, 10 g/L 
glucose, 3.0 g/L ammonium sulfate, 1.7 g/L yeast nitrogen 
base without amino acids and ammonium sulfate, and this is 
brought to volume with ddH 2 O. Autoclave for 15 min and 
store plates at 4 °C.      

       1.    Glucose solution, 40 % (w/v). Autoclave for 15 min and store 
at room temperature.   

   2.    20× galactose solution, 40 % (w/v). Add galactose to auto-
claved, sterile water. Once dissolved and cooled to room tem-
perature fi lter-sterilize using 0.45 μm fi lter. Store solution at 
room temperature ( see   Note 8 ).   

   3.    10× raffi nose solution, 10 % (w/v). Filter-sterilize using 0.22 
μm fi lter and store at room temperature ( see   Note 9 ).   

   4.    10× CSM-His solution, 7.9 g/L. Filter-sterilize using 0.22 μm 
fi lter and store at 4 °C ( see   Note 10 ).   

   5.    20× YNB solution. 13.4 % (w/v) yeast nitrogen base without 
amino acids. Filter-sterilize using 0.22 μm fi lter and store at 4 °C.   

   6.    4× YPG solution is used as the inductant. Yeast extract 8 % 
(w/v), peptone 16 % (w/v), and galactose 8 % (w/v). Add 
yeast extract and peptone to hot water to dissolve. Once dis-
solved autoclave for 15 min. After solution cools to room tem-
perature add galactose using the sterile 20× galactose stock, 
and stir ( see   Note 11 ).   

   7.    Antifoam 204.   
   8.    Resuspension buffer Y, pH 7.5 : 50 mM Tris–HCl, pH 7.5, 

10 % (v/v) glycerol, 150 mM NaCl, and 10 mM EDTA, pH 
8.0. Store at 4 °C.      

2.2  Generation of  S. 
cerevisiae  Competent 
Cells
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       1.    2×  Solubilization   Buffer, pH 7.4: 100 mM Tris–HCl, pH 7.4, 
800 mM NaCl, and 10 % (v/v) glycerol. Store at 4 °C.   

   2.    Coomassie Protein Staining Solution.   
   3.     SDS   Polyacrylamide Gel Components.

   (a)    Resolving gel buffer: 1.5 M Tris–HCl, pH 8.8   
  (b)    Stacking gel buffer: 0.5 M Tris–HCl, pH 6.8   
  (c)    30 % Acrylamide/Bis Solution, 29:1. Store at 4 °C ( see  

 Note 12 ).   
  (d)    Ammonium persulfate : 10 % (w/v) solution in water. 

Store at −20 °C   
  (e)     N , N , N , N ′-tetramethyl-ethylenediamine (TEMED)   
  (f)     SDS-PAGE   Running Buffer: 25 mM Tris–HCl, pH 8.3, 

0.192 M glycine, 0.1 % (w/v)    SDS ( see   Note 13 ).   
  (g)    4× Laemmli Sample Buffer: 200 mM Tris–HCl, pH 6.8, 

8 % (w/v) SDS,)    40 % (v/v) glycerol, 50 mM EDTA, pH 
8.0, and 0.08 % (w/v) bromophenol blue. Mix thoroughly 
and make 960 μl aliquots in 1.5 ml microfuge tubes.  Prior 
to use add 40 μl β - mercaptoethanol to the microfuge tube . 
Store at −20 °C ( see   Note 14 ).   

  (h)    Precision Plus Protein ™ Kaleidoscop™ (Bio-Rad).    
      4.    Immunoblotting Components.

   (a)    PVDF transfer membrane (0.2 μm, Thermo Scientifi c)   
  (b)    Western blot transfer buffer: 25 mM Tris–HCl, 192 mM 

glycine, and 20 % (v/v) methanol.   
  (c)    Tris buffered saline (TBS, 10× stock): 1.5 M NaCl, 0.1 M 

Tris–HCl, pH 7.4   
  (d)    1× TBS containing 0.05 % (v/v) Tween-20 (TBST)   
  (e)    Blocking solution: 5 % (w/v) milk in TBST ( see   Note 15 ).   
  (f)    Wash buffer: 1× TBS   
  (g)    Thick blotting paper (Bio-Rad)   
  (h)    Thin blotting paper (Bio-Rad)   
  (i)    Anti-histidine antibody, Penta-His Alexa Fluor ®  647 con-

jugate (Qiagen), or an antibody specifi c for your POI.          

       1.    Black Nunc 96 well plates  with   an optical bottom (Thermo 
Scientifi c).      

       1.    PCR machine.   
   2.    Agarose gel tank.   
   3.    Cell disrupter or bead beater.   
   4.    Glass beads 0.5 mm diameter (for use in bead beater).   

2.5  Membrane 
Preparation 
and Immunodetection

2.6  GFP Detection 
Components

2.7  Instruments 
and Useful Apparatus
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   5.    Polyacrylamide gel pouring apparatus.   
   6.    Polyacrylamide gel tank.   
   7.    Various centrifuges (micro, low speed, high speed, etc.) and 

corresponding centrifuge tubes.   
   8.    Trans-Blot SD semidry electrophoretic transfer cell (Bio-Rad).   
   9.    Water bath.   
   10.    UV transilluminator with camera.   
   11.    Shaking incubators.   
   12.    Fermenter.   
   13.    Fluorescent microplate reader.       

3    Methods 

 The following steps are necessary for the functional overexpression 
of your Protein of Interest (POI) in  S. cerevisiae  (Fig.  1 ): (1) clon-
ing of the corresponding gene of interest (GOI) into a chimeric 
shuttle vector, (2) generation of  S. cerevisiae  competent cells, (3) 
transformation of GOI plasmid into  S. cerevisiae  competent cells, 
(4) cell growth (shake fl asks or batch fermentation), (5) membrane 
preparations of  S.cerevisiae , (6) expression confi rmation of your 
POI via western blotting or  GFP   detection, and (7) expression 
optimization. 

   There are multiple approaches for cloning your GOI into a shuttle 
vector. These include the high-throughput ligase independent 
cloning [ 4 ] and GAP repair cloning [ 5 ,  6 ], methods previously 
described with detailed protocols. However, this chapter is orga-
nized around the expression of target IMPs and not high- 
throughput screening methods. For detailed approaches to various 
high-throughput screening methods for IMPs expressed in  S. cere-
visiae , we refer the readers to previously published detailed proto-
cols [ 2 ,  4 ]. Cloning for our purpose will focus on traditional  E. coli  
based approaches utilized for targeted GOIs. 

   The vector we selected to use is the “83Xi” designed by the 
Membrane Protein Expression Center (MPEC.ucsf.edu, Fig.  2 ). 
Briefl y, this is a GAP compatible expression plasmid that is based 
on a 2 μ plasmid backbone containing an N-terminal 10× Histidine 
tag followed by a thrombin protease cleavage site. This plasmid 
contains a HIS3 selection marker and is driven by a galactose 
inducible (GAL1) promoter.

       Primers   were designed for the 5′ and 3′ ends of our GOI. These 
primers included the palindromic sequences for XmaI (N-terminus 
of GOI) and XhoI (C-terminus of GOI) restriction enzymes, each 
containing a four basepair overhang (we choose XmaI and XhoI, 

3.1  Cloning of GOI 
into a Chimeric Shuttle 
Vector

3.1.1  Vector Selection

3.1.2  DNA Oligomer 
Primer Design
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but any unique restriction sites within the multiple cloning site may 
be used), and the fi rst 12–18 base pairs of either the N- or C-terminal 
of the GOI. A start codon was not included as it is already designed 
into the vector. Ensure stop codons (we suggest two) are placed at 
the end of the gene sequence. Before ordering primers for your 
GOI, make certain quality checks have been made for melting tem-
perature, self-complementarity, and dimer formation.  

        1.    To  amplify   your GOI use a high-fi delity proof reading DNA 
polymerase such as Phusion ® .   

   2.    Set up a 50 μl PCR reaction in a 0.5 ml PCR tube by mixing 
the following components in the given order: 

 36.5 μl  ddH 2 O 

 10 μl  5× HF buffer 

 1.0 μl  dNTPs, 10 mM 

 0.5 μl  100 μM Forward Primer 

 0.5 μl  100 μM Reverse Primer 

 1.0 μl  template DNA 

 0.5 μl  Phusion ®  polymerase 

       3.    Mix reaction mixture thoroughly. Make sure that the tubes are 
closed properly and put them into the PCR Machine.   

3.1.3   PCR Amplifi cations 
of GOI from cDNA

  Fig. 2    p83 Xi Plasmid Map: The p83 Xi plasmid is a chimeric shuttle vector based 
on a 2 μ backbone containing both an ampicillin and HIS3 selection marker. Gene 
expression is driven by the GAL1 promoter and terminates with the Cyc termina-
tor. Specifi cally, the p83 Xi plasmid contains an NcoI restriction site with an inter-
nal start codon followed by a 10× histidine tag, linker region, thrombin protease, 
and the multiple cloning site (XmaI, SmaI, and XhoI)       
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   4.    Close the lid to the PCR machine and start the following 
protocol:
   (a)    98 °C for 30 s   
  (b)    98 °C for 10 s   
  (c)     T  m  of lowest  T  m  primer + 3 °C for 30 s   
  (d)    72 °C for 30 s per kb   
  (e)    72 °C for 10 min   
  (f)    Hold reaction at 4 °C   
  (g)    Repeat steps b through d for 35 cycles       

   5.    Run 1–5 μl of the above PCR reaction (plus 1 μl of 10× 
BlueJuice™ gel loading dye and bring to a 10 μl volume with 
ddH 2 O) on a 0.7 % (w/v) agarose gel containing ethidium 
bromide to check the quality and amount of amplifi ed DNA 
fragment ( see   Note 16 ).   

   6.    Clean the PCR products using the QIAquick® PCR purifi ca-
tion kit. To column purify the remaining PCR products follow 
the instructions of the kit manufacturer.   

   7.    In short, mix the PCR products with 5 volumes (5 × 49 μl = 245 
μl) of PB buffer (binding buffer) and load onto a spin column. 
The PCR products will bind to the column by spinning the 
solution through the column at maximum speed in a microfuge.   

   8.    Discard the fl ow-through.   
   9.    Wash the column with 750 μl PE buffer (contains ethanol), 

and spin again discarding the fl ow-through.   
   10.    Spin the column once more to ensure that all residual buffer 

has been removed.   
   11.    Elute the bound DNA from the spin column into a 1.5 ml 

microfuge tube by adding 30 μl of EB buffer (elution buffer) 
to the spin column. Incubate column with buffer for 1–2 min 
before spinning the column at maximum speed in a microfuge.   

   12.    Purifi ed PCR products will be in the fl ow-through.       

       1.    Digest the purifi ed GOI fragment and the “83 Xi”    vector with 
XmaI and XhoI (or the preferred enzymes you designed within 
the PCR primers). To do so, add the following items to 25 μl 
of the purifi ed PCR product and 25 μl of vector (5 μl will be 
used as an undigested control) 

 (a) 18 μl  ddH 2 O 

 (b) 5 μl  10× NEB Cut Smart Buffer 

 (c) 1 μl  XmaI 

 (d) 1 μl  XhoI 

       2.    Mix the reaction thoroughly and incubate at 37 °C for 2 h.      

3.1.4  Digestion of GOI 
and Vector with Restriction 
Enzymes
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   In order to successfully clone your GOI into the shuttle vector, it 
is absolutely necessary to gel purify the digested GOI and vector 
fragments ( see   Note 17 ).

    1.    After the double restriction enzyme digest is complete add 6 μl 
of 10× BlueJuice™ gel loading dye (2 μl 10× BlueJuice™ gel 
loading dye and 13 μl ddH 2 O to undigested controls) and mix 
thoroughly.   

   2.    Load onto a 0.7 % (w/v) agarose gel. Run the gel at 100 V for 
1–1.5 h for separation.   

   3.    Isolate the fragments of interest by excising them from the gel 
using a UV transilluminator that visualizes ethidium bromide 
strained DNA bands.  Warning:  UV light is a potent muta-
gen—do not over expose DNA (or bare skin) to  UV light. To 
avoid over exposure to the UV light, cut the agarose gel into 
strips and only expose one lane at a time. Remove the band of 
interest using a scalpel. Make sure to cut as closely to the band 
as possible ( see   Note 18 ).   

   4.    Collect the excised bands into pre-weighed 1.5 ml microfuge 
tubes and calculate  weights of the agarose gel slices ( see   Note 19 ).   

   5.    Extract DNA from gel slices using the QIAquick ®  gel extrac-
tion kit, following the manufacturer’s instructions.   

   6.    In short, add 3 volumes of QG buffer to one volume of gel 
slice (0.7 g × 3 volumes = 210 μl) and dissolve the agarose gel 
by placing the closed microfuge tube at 50 °C for 10 min. 
Make sure the gel slice is fully dissolved before moving on to 
the next step.   

   7.    Add one volume of isopropanol to the dissolved gel solution, 
and mix by inverting the tube.   

   8.    Bind the DNA to the spin column by loading and spinning the 
solution through the column at maximum speed in a microfuge 
for 1 min. Repeat until all the DNA solution is bound to the 
column. Discard the fl ow-through   

   9.    Wash with 500 μl of QG buffer, spin at maximum speed in a 
microfuge for 1 min, and discard the fl ow-through.   

   10.    Wash with 750 μl of PE buffer, spin at maximum speed in a 
microfuge for 1 min, and discard the fl ow-through.   

   11.    Spin once more at maximum speed to remove any remaining 
buffer.   

   12.    Elute the bound DNA from the spin column into a 1.5 ml 
microfuge tube by adding 30 μl of EB buffer (elution buffer) 
to the spin column. Incubate column with buffer for 1–2 min 
before spinning the column at maximum speed in a microfuge 
( see   Note 20 ).   

   13.    Purifi ed DNA products will be in the fl ow-through.    

3.1.5  Gel Purifi cation 
of DNA Fragments
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     To ligate the GOI DNA fragment into shuttle vector everything 
needs to be completely digested with XmaI and XhoI restriction 
enzymes (or the preferred enzymes you designed within the PCR 
primers) to prevent the plasmids from self-ligating in the subse-
quent DNA ligation reaction. For an optimum ligation, choose a 
~10× molar excess of insert over plasmid ( see   Note 21 ).

    1.    Set up the following ligation reactions (20 μl): 

 (a) 17 − ( x  +  y ) μl  ddH 2 O 

 (b)  x  μl  Insert (not added to the control reaction) 

 (c)  y  μl  Plasmid 

 (d) 2 μl  10× T4 ligase buffer 

 (e) 1 μl  T4 Ligase 

       2.    Incubate at room temperature overnight.   
   3.    Store the ligation reactions at 4 °C until needed.    

     The ligation reactions can now be used to transform  E.    coli    XL2 
Blue competent cells for the propagation of individual ligated plas-
mids. Once the  E. coli  cells have been plated on a selective medium, 
only the  E. coli  cells that have been successfully transformed will 
grow on the selective medium.

    1.    Remove a tube of ultra or super  competent    E. coli  XL2 Blue 
competent cells from the −80 °C storage ( see   Note 22 ).   

   2.    Aliquot 200 μl of ice-cold competent cells into two separate 
1.5 ml microfuge tubes.   

   3.    Add 5 μl of the ligation mixture and 5 μl of ligation control to 
individual 1.5 ml microfuge tubes ( see   Note 23 ).   

   4.    Gently mix each tube by fl icking the tube several times.   
   5.    Incubate the cells on ice for 10 min.   
   6.    Heat-shock the cells for 30 s in a 42 °C water bath.   
   7.    Place on ice for an additional 5 min following the heat-shock.   
   8.    Add 800 μl of SOC medium to the transformed cells and incu-

bate at 37 °C for 1 h in shaking incubator (~250 RPM).   
   9.    Pipette ~25 μl of the transformed cells onto LBAmp plates, 

spread the cells evenly using a cell spreader or glass beads.   
   10.    Incubate at 37 °C overnight for the transformed  E. coli  colo-

nies to appear.   
   11.    Remove the plates from the incubator and compare the liga-

tion plate (vector plus insert) to the control plate (vector only). 
The control plate should have signifi cantly fewer colonies ( see  
 Note 24 ).    

3.1.6  Ligation of DNA 
Fragments

3.1.7  Transformation 
of Ligation Products 
into  E. coli 
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     Plasmid preparations are made from individual  E. coli  colonies to 
identify those that contain the desired GOI containing plasmid. If 
signifi cantly more colonies are located on the ligation plate (vector 
plus insert) when compared to the control plate (vector only), pro-
ceed with isolating the plasmid DNA. If the ligation step appears 
to have failed, determine which of the previous DNA manipulation 
steps failed and repeat the protocol starting from the failed step ( see  
 Note 25 ). Isolate plasmid DNA from 5–10  E. coli  colonies.

    1.    Pick a single  E. coli  colony, using sterile technique, and inocu-
late 8 ml portions of LB-Amp broth in sterile plastic tubes.   

   2.    Grow cells at 37 °C in a shaking incubator at 250 RPM 
overnight.   

   3.    Harvest the cells by centrifugation, 3000 ×  g  for 10 min at 4 °C.   
   4.    Use the QIAprep® spin miniprep kit to isolate the plasmid 

DNA following the manufacturer’s instructions.   
   5.    In short, resuspend the cells in 250 μl of buffer P1, transfer the 

cells to a 1.5 ml microfuge tube.   
   6.    Add 250 μl of buffer P2 to the cells and mix by inverting the 

tube.   
   7.    Add 350 μl of buffer N3 to the cells and mix my inverting the 

tube.   
   8.    Spin at maximum speed in a microfuge for 10 min to sediment 

the cellular debris.   
   9.    Load the supernatant into a spin column and spin at maximum 

speed in a microfuge for 1 min. Discard fl ow-through, the 
DNA will be bound the spin column.   

   10.    Wash the spin column with 500 μl of buffer PB, spin for 1 min 
and discard the fl ow-through.   

   11.    Wash the spin column with 750 μl of buffer PE, spin for 1 min, 
and discard the fl ow-through.   

   12.    Re-spin the column to remove any buffer.   
   13.    Place the column into a clean 1.5 ml microfuge tube.   
   14.    Add 30 μl of buffer EB to the column and incubate at room 

temperature for 1–2 min. Spin the column to elute the DNA. 
DNA is stored at −20 °C ( see   Note 20 ).    

         1.    Instead of sending the isolated plasmid DNA to sequencing, 
perform a PCR check to identify plasmid stocks that contain 
the GOI. Set up the PCR reactions according to the param-
eters used in Subheading  3.1.3 . The presence of amplifi ca-
tion will signify that the plasmid sample has the target GOI 
sequence.   

   2.    Send plasmids with positive amplifi cation to a sequencing facil-
ity for sequence confi rmation.   

3.1.8  Isolation of Plasmid 
DNA from  E. coli  
Transformants

3.1.9  PCR Check, 
Sequencing, 
and Generation of GOI-
Fusion Plasmid Stocks
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   3.    Send sequencing primers together with the column-purifi ed 
plasmids to a DNA sequencing facility for confi rmation of 
sequence ( see   Note 6 ).   

   4.    Keep additional unsequenced plasmids as reserves in case the 
fi rst plasmid DNA sequences are not 100 % correct.   

   5.    Repeat the steps for transformation into  E. coli  cells and the 
isolation of plasmid DNA using the QIAprep ® spin miniprep 
kit to generate sequence confi rmed stocks of the GOI-fusion 
construct.       

       1.    Inoculate 10 ml of YPD broth and place in a shaking incubator 
at 30 °C, 220 RPM overnight.   

   2.    Streak a YPD plate for colony isolation and incubate at 30 °C 
for 48 h.   

   3.    Place 5 ml of YPD broth in fi ve aerated culture tubes (you may 
increase/decrease this number as desired) and inoculate each 
tube with a single colony of yeast. Grow at 30 °C, 220 RPM, 
for 24 h.   

   4.    Spin down growths at 3000 ×  g  for 10 min, and discard the 
supernatant.   

   5.    Resuspend cell pellets in 5 ml of YPD + 15 % (v/v) glycerol broth. 
Aliquot 500 μl into each microfuge tube. Store at −80 °C.      

       1.    Remove a vial of competent cells from the −80 °C freezer. 
Thaw and pellet the cells.   

   2.    Resuspend cells in 150 μl PLATE solution.   
   3.    Add 5 μl of sheared salmon sperm (carrier DNA, 10 μg) plus 

~0.1 μg of plasmid DNA of your GOI-fusion construct and 
vortex well.   

   4.    Add 10 μl if  DMSO   and vortex briefl y.   
   5.    Incubate at room temperature for 15 min.   
   6.    Heat shock at 42 °C for 20 min.   
   7.    Pellet cells in a microfuge for 30 s and remove supernatant.   
   8.    Add 200 μl TE to the cell pellet and gently resuspend cells by 

aspirating up-and-down with a pipette tip.   
   9.    Pipette 50 and 150 μl of the resuspended cells onto selective 

CSM-His plates.   
   10.    Incubate at 30 °C for 2 days ( see   Note 26 ).      

          Preculture outgrowth  

   1.    Inoculate 5 ml SC-His media with a single colony of the trans-
formant from the CSM-His selective plate containing your 
GOI-fusion plasmid.   

3.2  Generation of 
 S. cerevisiae  
Competent Cells

3.3  Transformation 
of GOI-Fusion Plasmid 
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   2.    Incubate 4 h at 30 °C and at 220 RPM.   
   3.    Autoclave 270 ml ddH 2 O in a 1 l size baffl ed fl ask. Allow fl ask 

to cool to room temperature.   
   4.    Add 37.5 ml 10× CSM-His, 18.8 ml of 20× YNB and 40 % 

(w/v) glucose.   
   5.    Inoculate the fl ask with 5 ml of the starter culture.   
   6.    Incubate for 24 h at 30 °C and at 220 RPM.    

   Scale up shake fl ask cultures (7.5 l)  

   7.    Autoclave 15 × 270 ml ddH 2 O in 1 l baffl ed fl asks.   
   8.    Add 37.5 ml 10× CSM-His and 10 % (w/v) raffi nose, 18.8 ml 

of 20× YNB, and 9.4 ml 40 % (w/v) glucose to each fl ask.   
   9.    Inoculate with 10 ml of preculture.   
   10.    Incubate for 24 h at 30 °C and at 220 RPM ( see   Note 27 ).    

   Induction of shake fl ask cultures  

   11.    Following this growth period the optical density at 600 nm 
ranged between 15 and 20 for most cultures with glucose con-
centrations generally <0.1 %. Induce the cultures using 125 ml 
of the 4× YPG stock medium to each fl ask ( see   Note 28 ).   

   12.    Incubate for 16 h at 30 °C and at 220 RPM.    

         Preparation of the fermenter  

   1.    Add 5.1 l of  ddH 2 O   and 500 μl of antifoam 204 (Sigma) to the 
fermentation vessel.   

   2.    Calibrate the pH probe using pH standards of 4 and 7.   
   3.    Prepare the DO (dissolved oxygen) probe

   (a)    Clean probe   
  (b)    Pour out old electrolyte solution   
  (c)    Refi ll with new electrolyte solution       

   4.    Ensure all tubing is disconnected, clamps are shut, all protec-
tive caps are in place (motor, pH probe, and DO probe). Foil 
all non-sterile connections and place sterile lines in 50 ml coni-
cal tubes sealed with foil. Use autoclave tape where necessary 
( see   Note 29 ).   

   5.    Autoclave for 1 h ( see   Note 30 ).   
   6.    Allow fermenter to cool to room temperature ( see   Note 31 ).   
   7.    Add 175 ml of 40 % (v/v) glucose, 350 ml of 20× YNB, and 

700 ml of 10× CSM-His and 10 % (w/v) raffi nose to the fer-
mentation vessel.   

   8.    Calibrate the DO probe at 0 %.   
   9.    Set temperature at 30 °C.   

3.4.2   Batch 
Fermentation Culture
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   10.    Set the agitation rate from 200 to 350 RPM based on a DO 
scale of 20–90 %.   

   11.    Flow air at 2.5 l/min.   
   12.    Calibrate DO probe at 100 % ( see   Note 32 ).    

  Batch fermentation growth 

   1.    Inoculate with 375 ml of overnight growth as previously 
described in Subheading  3.4.1  ( steps 1 – 6 ).   

   2.    Grow at 30 °C for 24 h    

  Inoculation of batch fermentation growth 

   1.    Induce the culture by adding 2.5 l of the 4× YPG stock media 
to the vessel.   

   2.    Increase air fl ow to 5.0 l/min ( see   Note 33 ).   
   3.    Incubate for 16 h.     

          1.    Pellet cells via centrifugation.   
   2.    Resuspend cells in 60 ml of Resuspension Buffer Y per 80 g of 

cell pellet.   
   3.    Lyse cells immediately or store at −20 °C.       

         1.    12 %  SDS-PAGE    Gels   (makes four mini gels): First, prepare 
and pour the resolving gel using the following components in 
the order listed (6.6 ml ddH 2 O, 8.0 ml 30 % acrylamide mix, 
5.0 ml 1.5 M Tris–HCl, pH 8.8, 0.2 ml 10 % (w/v) SDS,    
0.2 ml 10 % (w/v) ammonium persulfate, and 0.008 ml 
TEMED). Once gel has been poured, top gel off with water to 
prevent drying. Once the resolving gel has set, pour off any 
remaining water. Next, prepare and pour the stacking gel (5 %) 
using the following components in the order listed (3.4 ml 
ddH 2 O, 0.83 ml 30 % acrylamide mix, 0.63 ml 1.5 M Tris–
HCl, pH 8.8, 0.05 ml 10 % (w/v) SDS, 0.05 ml 10 % (w/v) 
ammonium persulfate, and 0.005 ml TEMED). Insert the 
comb, taking care not to trap bubbles in the wells. Once the 
stacking gel has set remove from gel apparatus and store at 4 
°C ( see   Note 12 ).   

   2.    If frozen cells are to be used thaw them fi rst.   
   3.    Lyse cells using a C3 Emulisfl ex (~28,000 psi, 3 passes) or a 

bead beater (blend at maximum speed for 60 s, stop for 60 s. 
Repeat for a total of fi ve cycles of beating and cooling.) ( see  
 Note 34 ).   

   4.    Spin down the crude cell extract at 7500 ×  g  for 1 h at 4 °C.   
   5.    Collect the supernatant of the previous low speed spin. Save 

sample for  SDS-PAGE   gel ( see   Note 35 ).   

3.4.3  Cell Harvest

3.5   Membrane 
Preparation 
and Immunodetection
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   6.    Resuspend the post lysis pellet in ddH 2 O to the original vol-
ume (pre centrifugation). Save sample for  SDS-PAGE   gel.   

   7.    Spin supernatant at 101,000 ×  g  for 1 h at 4 °C.   
   8.    Separate the supernatant from the high-speed membrane pel-

let. Save sample of the supernatant for  SDS-PAGE   gels.   
   9.    Either scrape out the membrane pellet from each tube and 

store at –20 °C or resuspend each pellet with 1×  solubilization   
buffer (16 ml buffer per g membrane) then store at −20 
°C. Save sample for  SDS-PAGE   gels ( see   Note 36 ).   

   10.    Locate the samples that were saved for  SDS-PAGE   gels. 
Normalize the volume of sample added based on the original 
starting volumes. Bring to 30 μl using Resuspension Buffer 
Y. Add 10 μl of 4× Laemmli Sample Buffer for a total volume 
of 40 μl ( see   Note 37 ).   

   11.    For single construct screening: load 5 μl of protein standard in 
lanes 1 and 6 of a 10 lane 12 %  SDS-PAGE   mini gel. Load 20 
μl of the cleared cell lysate, resuspended cell pellet, supernatant 
from the high-speed spin and solubilized membrane pellet in 
lanes 2–5 and in lanes 7–10 of the gel.   

   12.    For multiple construct screening: load 5 μl of protein standard 
in lanes 1 or 6 of a 10 lane 12 %  SDS-PAGE   mini gel. Load 20 
μl of the cleared cell lysate, resuspended cell pellet, supernatant 
from the high-speed spin and solubilized membrane pellet in 
lanes 2–5 for the fi rst construct and in lanes 7–10 of the gel for 
the second construct. Prepare two gels loaded identically.   

   13.    Run  SDS-PAGE   gels in the electrophoresis unit (~140 V for 1 
h, or until dye front has reached the base of the gel).   

   14.    Prewet two pieces of thick and thin fi lter papers (per gel, cut to 
size) in 1× western transfer buffer, and pre-wet enough 0.2 μm 
PVDF membrane in 100 % (v/v) methanol to adequately cover 
the gel. Rinse the membrane with 1× western transfer buffer 
immediately before use.   

   15.    Prepare the semidry transfer blot apparatus. In brief, make a 
sandwich of thick blot paper, thin blot paper, PVDF mem-
brane,  SDS-PAGE    gel, thin blot paper, and thick blot paper. 
(Use ½ the gel for single constructs and one of the full dupli-
cate gels for multiple constructs.)   

   16.    Transfer proteins to the PVDF membrane for 30 min, 25 V, 
and 0.33 amps (per gel).   

   17.    Stain the remaining  SDS-PAGE    gels with a Coomassie Protein 
staining solution.   

   18.    Block the membranes with a solution of 5 % (w/v) milk in 1× 
TBST for 1 h at room temperature ( see   Note 38 ).   

   19.    Make working solutions of the desired antibody. For the 
Penta-His Alexa Fluor ®  647 conjugate antibody use a 1:10,000 
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dilution in 5 % (w/v) milk 1× TBST.  Make sure the antibody 
solution is protected from light .   

   20.    Incubate at room temperature for 1 h ( see   Note 38 ).   
   21.    Wash the membrane(s) with TBS for 15 min at room tempera-

ture. Repeat for a total of three times ( see   Note 39 ).   
   22.    Image membranes, and evaluate POI localization and expres-

sion level.       

    This  method   is applicable if the expression construct has a  GFP   
fl uorescent fusion partner. Expression is determined by using 
whole-cell and in-gel fl uorescence via this method.

    1.    Follow steps outlined previously for cell growths (Subheading 
 3.4.1  or  3.4.2 ).   

   2.    Prepare one culture without galactose addition (protein 
expression not induced) ( see   Note 40 ).   

   3.    Harvest 10 ml of cells that have been cultured with and with-
out galactose via centrifugation and resuspend in 200 μl 
Resuspension Buffer Y ( see   Note 41 ).   

   4.    Harvest and resuspend the remaining cells according the steps 
outlined in Subheading  3.4.3 .    

         1.    Transfer 200 μl of the resuspended cells to a black Nunc 
96-well optical bottom plate ( see   Note 42 ).   

   2.    Measure fl uorescence emission in a microplate spectrofl uo-
rometer ( GFP   has an excitation wavelength of 488 nm and 
emission wavelength of 512 nm) ( see   Note 43 ).   

   3.    Estimate  membrane protein expression   levels (mg/L) using 
the following methods:
   (a)    Aliquot 200 μl of cell suspension from induced (MP-I, 

RFU) and non-induced (galactose not added, MP-NI, 
RFU) cultures.   

  (b)    Measure fl uorescence as described in  steps 1 – 2  in 
Subheading  3.6.1    

  (c)    Measure the fl uorescence of a known concentration of the 
 GFP   fusion partner (STD, RFU) ( see   Note 44 ).   

  (d)    Calculate the concentration of the  GFP   fusion partner in 
mg/L as follows: 

   

MP I MP NI
STD

STD protein
-( ) - -( )

´ ( ) =conc conc. .
   

  For example: 

  

30 000 2000
10 000

0 02 0 056
,

,
. / . /
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mg ml mg ml of protein
-( )

´ =

       

3.6  GFP-Based 
Optimization Screen 
as Described by David 
Drew et al. [ 2 ]

3.6.1  Expression 
Quantifi cation Using 
Whole-Cell Fluorescence
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      4.    Next divide the  calculated   GFP concentration from whole cells 
by 40 (8000 μl cell culture/200 μl resuspended cells) in order 
to determine the GFP concentration in 200 μl of resuspended 
cell culture ( see   Note 45 ).   

   5.    According to David Drew et al. “the typical recovery of GFP 
counts from a 1 l culture into membranes is 60 % or 0.6.” 
Multiply the  calculated   GFP concentration by 0.6. 

   1 4 0 6 0 84. / . . /mg L mg L GFP fusion protein´ =    
      6.    Calculate the amount of membrane protein (MP) expression 

as follows:

 
Molecular Mass of MP kDa
Molecular Mass of GFP kDa

of GFP mamount
( )
( )

´ gg l

Membrane Protein Expression mg l

/

/

( )

= ( )
  

  For Example:
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´ =. . /         

       1.    Lyse the resuspended cells obtained in Subheading  3.6  
(Subheading  3.5 ,  step 2 ).   

   2.    Follow  steps 1 – 12  as outlined in Subheading  3.5  to prepare, 
resuspend the membrane pellet, and run the  SDS-PAGE   gel.   

   3.    Once the gel has fi nished running, rinse the gel with ddH 2 O 
and detect the fl uorescent bands with a CCD camera system. 
Gel bands are visualized via exposure to blue light (EPI source) 
set at 460 nm and cut-off fi lter of 515 nm ( see   Note 46 ).   

   4.    The gel may then be stained with a Coomassie staining solu-
tion and destained if desired ( see   Note 47 ).       

   If the initial cloning efforts result in less than optimal expression 
levels there are several options available to increase protein yields. 
The two most prevalent options are altering the expression vector 
or modifying the growth conditions ( see   Note 48 ). 

   There are several options available for modifying  the   expression 
vector to improve overall yields. Firstly, the “83Xi” vector could 
be modifi ed to express a C-terminal tag ( see   Note 49 ). Next, the 
choice of tag can affect expression levels. While we prefer the gen-
eral ease of a His tag for downstream applications, an alternative 
tag may improve protein production ( see   Note 50 ). Another avail-
able option is to choose a different promoter. The current vector 
is driven by the inducible GAL1 promoter. Changing to a differ-

3.6.2  Expression 
Screening Using In-Gel 
Fluorescence

3.7  Expression 
Optimization

3.7.1  Vector 
Modifi cations
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ent tightly regulated promoter with a strong transcriptional start 
signal, such as ADH2, is a viable option ( see   Notes 51  and  52 ). 
Additionally, modifying the selection marker could assist in 
improving protein expression as different media formulations 
could then be tried ( see   Note 53 ). Finally, your gene of interest can 
be codon optimized using synthetic gene redesign ( see   Note 54 ).  

   In addition to optimizing  the   expression vector, growth conditions 
can be modifi ed to maximize the amount of biomass being pro-
duced and the protein content within each cell. The media condi-
tions may not be optimal to produce your POI, in this case 
changing to an alternative minimal media ( see   Note 55 ), semide-
fi ned medium, or a rich complex medium may be benefi cial ( see  
 Note 56 ). Altering the dissolved oxygen content can also be ben-
efi cial ( see   Note 57 ). Oxygen availability can effect growth rates 
and energy availability [ 7 ], which may alter plasmid replication or 
partitioning. Studies have also shown that reducing growth tem-
peratures can improve yields if toxicity is suspected [ 8 ], but it can 
also be detrimental to the expression of IMPs [ 1 ] ( see   Note 58 ). 
Several reports have shown chemical chaperones can increase pro-
tein expression levels by improving the folding of IMPs [ 9 ,  10 ]. 
These chemical chaperones include: (1)    DMSO (2.5 % v/v), glyc-
erol (10 % v/v), or histidine (0.04 mg/ml) ( see   Note 59 ). You may 
also alter the media by changing the composition of the carbon 
sources. We opt to use 1 % (w/v) glucose and 1 % (w/v) raffi nose 
for a fi nal carbohydrate concentration of 2 % (w/v) because it 
ensures the absence of glucose repression once the galactose induc-
tant has been added. Variations to this include increasing or 
decreasing the fi nal carbohydrate concentration, using only glu-
cose, or substituting with alternative secondary carbon sources 
(e.g., lactose, maltose, and raffi nose). Finally more mechanical 
approaches can be taken. These include switching from shake fl ask 
growths to a fermentation process, or increasing the complexity of 
your fermentation scheme ( see   Note 60 ).    

4    Notes 

     1.    No further purifi cation is needed if the oligos are ordered in 
the salt free format. Ensure that the start codon from the tar-
get gene has been removed, as it is already incorporated into 
the “83Xi” plasmid.   

   2.    Ethidium bromide is highly carcinogenic and poses a repro-
ductive hazard. Use proper personal protective equipment 
(e.g., gloves and lab coat) when handling ethidium bromide 
and thoroughly rinse with water all equipment that comes into 
contact with ethidium bromide. Dispose of ethidium bromide 
waste according to local regulations.   

3.7.2  Optimizing Cell 
Densities
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   3.    The majority of restriction enzymes are stable for at least 1 year 
and up to 5 years when stored at −20 °C. Use a portable −20 °C 
freezer box when handling the restriction enzyme or any other 
enzyme (e.g., DNA polymerase and DNA ligase) used for 
molecular biology purposes.   

   4.    Autoclaved sterile stocks of LB can be stored at room tem-
perature and will remain sterile for long periods of time if the 
stocks remain unopened. LB plates made with ampicillin 
(LBAmp) are stable for 1 month when protected from light at 
stored at 4 °C.   

   5.    Ampicillin is light sensitive. Ampicillin stocks stored at 4 °C 
will remain viable for approximately 1 month. Store at −20 °C 
for time frames extending past 1 month.   

   6.    The sequences for the sequencing primers are as follows: GAL1 
forward primer—5′ CTT TCA ACA TTT TCG GTT TG-3′ 
and Cyc reverse primer—5′ GGG GGG AGG GCG TGA ATG 
TAA-3′. When ordering oligos, obtain them in the desalted 
form if possible.   

   7.    This solution will acidify overtime causing transformation effi -
ciency to decline.   

   8.    Do NOT autoclave galactose. Galactose isomerizes at elevated 
temperature. Galactose stored at room temperature and 0.45 
μm sterile fi ltered is stable for approximately 4 months.   

   9.    Dissolve using warm water. Do NOT autoclave. Raffi nose will 
isomerize if exposed to elevated temperature for extended 
periods of time.   

   10.    Dissolve using warm water.   
   11.    Dissolve yeast extract and peptone using warm water. Do not 

autoclave in the presence of galactose. Galactose isomerizes at 
elevated temperatures and this will result in unacceptable levels 
of repressive glucose.   

   12.    Caution: unpolymerized acrylamide is a neurotoxin and proper 
protective equipment should be used.   

   13.    This solution can be made up as a 10× concentrated stock. Add 
SDS last, as it causes bubbles.   

   14.    Add SDS last as it causes bubbles. SDS precipitates at 4 °C. 
Warm the Laemmli Sample Buffer prior to use.   

   15.    Make this solution fresh and store at 4 °C. Once hydrated, the 
milk will spoil if left out at room temperature.   

   16.    To visualize the DNA fragments we add 5 μl of ethidium bro-
mide (2 mg/ml) to melted agarose (70 ml of 0.7 % (w/v) 
agarose in 1× TAE) prior to pouring the gel ( see   Note 2 ).   

   17.    Gel purifi cation is critical for successful cloning, PCR clean-up 
alone is not suffi cient.   
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   18.    If the double digestion appears to have failed, repeat the 
digestion using a single enzyme at a time.   

   19.    Large pieces of agarose (>400 mg) will result in lower DNA 
recovery.   

   20.    Minimizing the elution volumes or eluting more than one col-
umn (identically prepared) with the same elution buffer will 
increase the fi nal concentrations of recovered DNA.   

   21.    
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      22.    Commercially available high effi ciency competent cells work 
best. However, in-house competent cells will also work but 
transformation effi ciency may be diminished.   

   23.    It is important to include the ligation control containing only 
the digested vector. This allows you to determine if a successful 
double digestion and gel purifi cation has occurred—because 
the vector will remain linear and thus will not impart any anti-
biotic resistance to the transformed cells.   

   24.    If the control plate does not have signifi cantly fewer colonies, 
repeat the cloning process starting with the restriction enzyme 
digestion. Modify by digesting with each enzyme individually. 
If the enzymes are compatible in the same buffer, heat- 
inactivate the fi rst enzyme.   

   25.    The cloning process can be considered to have failed if the 
background number of transformants on the ligation control 
plate in higher than the number of transformants on the liga-
tion plate containing vector and insert.   

   26.    If colony size is small, incubate for an additional 24 h. If the 
transformation effi ciency is low or absent, remake the PLATE 
solution—it will acidify over time.   

   27.    After 24 h of growth the glucose concentration should be less 
than 0.1 % (w/v). This yeast strain will turn pink due to the 
 ade2-1  mutation.   

   28.    Glucose represses the GAL1 promoter. If the glucose concen-
trations have not been suffi ciently depleted during growth, 
induction will not occur.   

   29.    Ensure that at least one line of the fermenter is opened to allow 
for venting, during autoclaving.   

   30.    An hour autoclave time should be suffi cient. However, a 
dummy growth to check for adequate sterility is recommended 
if the reader is not familiar with the operation of the fermenter. 
If contamination occurs, increase the time of the autoclave 
cycle.   
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   31.    The fermenter can be left at room temperature to cool or it can 
be attached to a cooling unit.   

   32.    It is important to calibrate the DO probe at 100 % in the exact 
growth conditions that will be used (e.g., agitation rate, tem-
perature, and airfl ow), as these conditions can affect the dis-
solved oxygen content.   

   33.    The addition of the 4× YPG will decrease the dissolved oxygen 
content because it has not been pre-equilibrated in order to 
maintain sterility. Increasing the airfl ow will limit exposure to 
an anoxic environment.   

   34.    Yeast cells will NOT suffi ciently lyse using sonication or freeze 
fracture methods.   

   35.    There are two ways determine the lysis effi ciency: (1) visually 
inspect cells under a microscope or (2) the cell debris pellet 
typically has two layers: bottom darker colored layer of unlysed 
cells, and a top lighter colored layer consisting or organelles 
and lysed cells. The estimated ratio of the top layer of lysed 
cells verses the bottom layer of intact cells will give you an esti-
mate of the lysing effi ciency.   

   36.    Solubilizing the membrane pellet using a defi ned ratio of buffer 
will ease expression comparisons between various constructs.   

   37.    Normalizing the loading volumes for the  SDS-PAGE   gel is 
essential for comparing expression levels between various con-
structs or comparing various growth conditions during 
optimization.   

   38.    It can be blocked overnight at 4 °C.   
   39.    Increasing the number of washes or the length of each wash 

can help reduce the amount of background.   
   40.    This culture will be used to estimate the amount of background 

fl uorescence.   
   41.    It is important to remove all of the supernatant, it can affect 

whole-cell fl uorescence measurements by altering the fi nal vol-
ume of the resuspended cells.   

   42.    Yeast cells will settle to the bottom of the 96-well plate. 
Immediately measure fl uorescence to ensure accurate readings.   

   43.    Choose the bottom read option on the plate reader if available.   
   44.    This is needed in order to correlate the whole-cell fl uorescence 

with the amount of  GFP   produced.   
   45.    Although the initial cell volume was 10 ml there is an effective 

2 ml loss by only transferring 200 μl of the resuspended cells 
(approximately 250 μl total volume, 200 μl buffer + cell pel-
let = 250 μl).   

   46.    Blue light is closer to the excitation wavelength of GFP, there-
fore it is preferred over UV light. Detection  of    GFP expression 
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using western blotting is not recommended because the transfer 
of GFP-fusion IMPs can be inconsistent between samples.   

   47.    Coomassie staining is a poor indication of the expression level, 
because some IMPs bind Coomassie better than others.   

   48.    Another option would be to change the cell line being used, 
but this may require additional changes with  the   expression 
vector or growth conditions.   

   49.    Although our suggested plasmid has an N-terminal tag, 
N- terminal tags can interfere with the processing of signal pep-
tides. If the POI does not contain a signal peptide, then 
N-terminal tags provide greater fl exibility for the development 
of expression constructs. However, if a signal peptide is sus-
pected or present a C-terminal tag is preferable.   

   50.    There is a wide variety of expression tags available including, 
but not limited too:  GFP,    FLAG, galectin, or  maltose binding 
protein (MBP).   Our experience has shown that MBP or 
 galectin tags may help improve expression levels and aid in 
processing properly folded protein.   

   51.    Like the GAL1 promoter, ADH2 is also subject to glucose 
repression. The ADH2 promoter is induced in the presence of 
ethanol, and gene expression increases as glucose is consumed. 
Two advantages of this promoter include: (1) expression is 
turned on when the culture is in stationary phase (high bio-
mass), and (2) no inductant is required, and therefore, no dis-
ruptions to the growth process occur [ 11 ,  12 ].   

   52.    Constitutive promoters are generally not well suited for the 
expression of IMPs. Toxicity issues can arise from the inability 
to control onset of expression. Additionally, constitutive pro-
moters usually results in lower expression levels for IMPs [ 1 ,  4 ].   

   53.    The vector we suggest currently has a HIS3 selection marker. 
However, the yeast strain that we use is compatible with vec-
tors containing at least one of the following selection markers: 
 leu2-3, 112 trp1-1, can1-100, ura3-1, ade2-1,  and  his3-11.  
Since our chosen yeast strain is compatible with numerous 
selection methods, substituting the current selection markers 
may provide additional optimal growth conditions.   

   54.    Synthetic gene redesign can either be performed in house 
based upon your extensive knowledge of your gene of interest, 
or it can be out-sourced to companies specializing in synthetic 
gene redesign/production.   

   55.    Changing to alternative minimal medias may require altering 
the selection marker on the expression  vector  .   

   56.    Generally, minimal media is preferred as it favors plasmid sta-
bility [ 7 ]. However this is not the case for plasmids containing 
an ADH2 promoter [ 11 ,  12 ].   
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   57.    Oxygenation can be controlled in shake fl ask cultures by 
increasing the speed at which they are shaking and changing 
fl ask size (e.g., liter vs. 2.5 l) or shape (e.g., baffl ed vs. non- 
baffl ed). For growth utilizing fermentation, the agitation speed 
and air supply rate may be altered or the air source can be 
changed (e.g., nitrogen, air, pure oxygen).   

   58.    The general starting point for temperature reduction screening 
is 20 °C, but any temperature below 30 °C may be tried.   

   59.    In order to use histidine as a chemical chaperone with the sys-
tem we describe, the selection marker and current media con-
fi guration will need to be altered. Our systems employ a 
histidine selection marker and use a synthetic complete histi-
dine dropout media. The URA3 marker is common for growths 
utilizing a histidine chemical chaperone.   

   60.    Increasing the cell biomass is one crude option for increasing 
the amount of recoverable protein. This can be done through 
using advanced fermentation techniques (continuous or fed- 
batch process) to reach higher cell densities. However, these 
fermentation processes will have to be designed around each 
particular POI-vector-yeast strain combination used. Feb- batch 
process are the most commonly used and designing optimized 
feeding protocols has two major general points of consider-
ation: (1) is the host strain Crabtree positive or negative, and 
(2) is protein expression constitutive or regulated [ 13 ]?         
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    Chapter 12   

 High-Throughput Baculovirus Expression System 
for Membrane Protein Production                     

     Ravi     C.     Kalathur     ,     Marinela     Panganiban    , and     Renato     Bruni     

  Abstract 

   The ease of use, robustness, cost-effectiveness, and posttranslational machinery make baculovirus 
 expression system a popular choice for production of eukaryotic membrane proteins. This system can be 
readily adapted for high-throughput operations. This chapter outlines the techniques and procedures for 
cloning, transfection, small-scale production, and purifi cation of membrane protein samples in a high-
throughput manner.  

  Key words     Sf9  ,   Insect cell  ,   Baculovirus  ,   Bacmid  ,   Membrane protein  ,   High-throughput  ,   Expression  , 
  Purifi cation  ,   Nickel affi nity chromatography  

1      Introduction 

 Membrane proteins are of particular biological interest due to their 
involvement in various cellular functions and the fact that their 
genes make up between 20 and 30 % of a genome. Some mem-
brane proteins span the membrane (integral or intrinsic membrane 
proteins) while others are exposed on the outside or the inside 
(extrinsic or peripheral membrane proteins). Membrane proteins 
are gateways of the cell and this feature makes them attractive tar-
gets for drug discovery [ 1 ]. Structural biology is an integral part of 
drug discovery process and this truly is the golden era for struc-
tural biologists. Thanks to the advent of high-throughput tech-
nologies and structural genomics (SG) consortia (such as the 
NIH-funded Protein Structure Initiative) one can easily screen 
several thousand constructs for a given target. Another major 
recent development has been the emergence of single-particle 
cryo-electron microscopy for determining three-dimensional 
structures with high resolution [ 2 ,  3 ] although X-ray crystallo-
graphy still dominates the fi eld when it comes to structure 
determination. 
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  E. coli  is the most dominant expression host for production of 
membrane proteins, but many eukaryotic membrane proteins 
 cannot be produced in bacterial systems in a functional form, 
 particularly if the protein of interest requires some type of post-
translational modifi cation, such as glycosylation, for proper folding 
and function. However yeast, insect cell and mammalian expres-
sion systems can be used to overcome (to various degrees) the 
defi ciencies of  E. coli . Among these systems, the insect cell baculo-
virus expression vector system (BEVS) is the most attractive option 
not only for soluble protein production but also for eukaryotic 
membrane protein production. It is also gaining popularity in 
commercial manufacturing for vaccines and gene therapy vectors [ 4 ]. 

 Structural studies on membrane proteins are notoriously 
 diffi cult [ 5 ,  6 ]. In most cases only little amount of protein is 
obtained. Even when large amounts of membrane protein are 
expressed, proper folding and insertion into the host membrane 
are roadblocks still to be overcome. Further during the purifi cation 
step the membrane proteins may get destabilized due to the inad-
equacy of the detergents used to extract the proteins from the 
membranes. Even if all this works out, many membrane proteins 
do not crystallize as most of them commonly lack surfaces suffi -
ciently large for the strong protein–protein interactions needed for 
crystal formation. 

 Our experience with high-throughput screening of membrane 
proteins in baculovirus expression system shows that about 20–30 % 
of eukaryotic membrane protein targets can be expressed 
(NYCOMPS unpublished data). It was also observed that in cases 
where a target protein could be expressed most of its orthologs 
also showed appreciable expression. The inverse was also true; that 
is, orthologs of target proteins that failed to express also could not 
be expressed. 

 In order to improve success rate, a multi-thronged approach is 
needed covering all aspects of the workfl ow including expression, 
extraction, purifi cation, and crystallization. Achieving success in all 
these aspects is time consuming and incremental. The other route 
is a brute-force approach of structural genomics [ 7 – 10 ], where 
large numbers of constructs (different tags, homologs, trunca-
tions, and mutations) for a given target protein are screened in 
different detergents, and look for the well-behaved constructs for 
carrying out structural studies. 

 Our high-throughput strategy utilizes  ligation-independent 
cloning (LIC)   [ 11 ,  12 ], the BAC-to-BAC system for production 
of recombinant baculovirus DNA molecules [ 13 ], and use of 
robotics wherever necessary.)    LIC was chosen over other cloning 
methods for the reasons of cost, ease, and simultaneous cloning of 
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the same amplifi ed product into several other LIC    vectors (with 
same overhangs). BAC-to-BAC was preferred over co-transfection 
method for reasons of cost. Considerable research effort has gone 
into increasing the productivity of the BEVS [ 14 ]. Detergent 
choice is very tricky but important for the success of the membrane 
protein isolation.    We chose n-dodecyl-β- d -maltoside (DDM) as 
our primary detergent, even though it forms large micelles, since 
this has been shown to maintain many membrane proteins in a 
stable state over the prolonged periods of time (2–4 day) required 
for sample preparation. Lastly,  SDS-PAGE   rather  than   western blot 
has been used to assess the expression and recovery of membrane 
protein following  solubilization  , since a band on Coomassie-
stained SDS-PAGE gel would be a better yardstick and indicator 
for the scale-up of these positive hits. We have designed this high-
throughput protocol keeping in mind the cost, time, ease of use, 
and reproducibility ( see  Fig.  1 ).

  Fig. 1    The representation of the workfl ow of baculovirus expression system used to produce membrane pro-
teins. The plate format and the instruments used for a particular step in the protocol are showed in the panel       
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2       Materials 

       1.    SF9 and  Hi5   cells (Expression Systems/Invitrogen).   
   2.    ESF 921 Insect Cell Culture Medium: (Product No. 96-001, 

Expression Systems).   
   3.    Cell countess and slides (Invitrogen).   
   4.    Erlenmeyer fl asks, polycarbonate, sterile.   
   5.    Incubator shaker.      

       1.        Expression   vector.   
   2.     Restriction   enzyme BfuAI and 10× buffer.   
   3.    PCR purifi cation kit.   
   4.    100× Bovine serum albumin (BSA) (10 mg/ml).   
   5.    Deoxynucleotides (100 mM).   
   6.    T4 DNA polymerase.   
   7.    0.8–1.0 % Agarose gel and agarose gel electrophoresis system.   
   8.    37 °C, 42 °C, and 50 °C incubators.   
   9.    Thermal cycler.   
   10.    25 mM EDTA.   
   11.     E. coli  DH10B-T1 R  competent cells.   
   12.    SOC medium.   
   13.    LB agar.   
   14.    Antibiotics.   
   15.    96-Well PCR plates.   
   16.    Multichannel pipettor.   
   17.    Adhesive foil seals (VWR).   
   18.    Adhesive porous seals (VWR).   
   19.    37 °C Shaking incubator.   
   20.    96-Well deep-well blocks.   
   21.    Centrifuge with plate rotor.   
   22.    Liquid-handling robot (Beckman Coulter Biomek®).   
   23.    96-Well round-bottom plates.   
   24.    Sterile toothpicks.   
   25.    2 × YT.   
   26.    CosMCPrep plasmid DNA isolation kit (Beckman Coulter).   
   27.    24-Well blocks   
   28.    Glass beads (Sigma, cat. no. Z273627).        
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       1.     Sequence  -verifi ed miniprep plasmid DNA.   
   2.     E. coli   DH10Bac   competent cells.   
   3.    Antibiotics: Kanamycin sulfate,  tetracycline  , and gentamycin.   
   4.    Genetix Qpix 2 XT Automated Arraying Bacterial Colony 

Picker.   
   5.    Genetix vented QTray with 48-well divider.   
   6.    Glycerol: Prepare 65 % (w/v) stock with 25 mM Tris, 

pH 8.0 and 100 mM MgSO 4 , autoclave, and store at room 
temperature.   

   7.    Eppendorf epMotion 5075 Vac.   
   8.    5 Prime Perfectprep Bac 96 kit.   
   9.    KOD Hot-Start DNA polymerase kit (Novagen) containing:

   KOD Hot-Start DNA polymerase  
  10× PCR buffer  
  25 mM MgSO 4   
  dNTP mix (2 mM each)      

   10.    pUC/M13 forward and reverse primers (Integrated DNA 
Technologies, custom synthesized).       

       1.    Cellfectin®  II   Reagent (Invitrogen).   
   2.    Grace’s Insect Cell Medium, unsupplemented (Gibco™).   
   3.    6-Well tissue culture plates, sterile.   
   4.    96-Well microplates.   
   5.    ESF 921 Insect Cell Culture Medium (Expression Systems).   
   6.    25 ml Reagent reservoirs, polystyrene, sterile.   
   7.    Light microscope.   
   8.    Shaker incubator.   
   9.    Centrifuge, with adaptors for centrifuging deep-well plates.       

       1.    96- Well   deep-well plates, sterile.   
   2.    24-Well deep-well blocks.   
   3.    Adhesive foil seals.   
   4.    Virus counter (ViroCyt).   
   5.    Sample dilution buffer; Combo Dye solution (Virocyt).   
   6.    Autoclaved 96-well deep-well blocks.   
   7.    Aluminum foil.   
   8.    Shaker incubator.   
   9.    Centrifuge, with adaptors for centrifuging deep-well blocks.      
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       1.    Resuspension buffer: 50 mM HEPES pH 7.8, 300 mM NaCl, 
20 mM imidazole pH 7.8, 5 % (v/v) glycerol, 0.1 mM TCEP 
( tris (2- carboxyethyl)phosphine), 1 mM MgCl 2 .   

   2.    Resuspension  buffer   containing 12 % (w/v)  N -dodecyl-β- d -
maltopyranoside (DDM).   

   3.    Benzonase nuclease (EMD Millipore).   
   4.    Protease inhibitor.   
   5.    Titramax 1000 shaking platform (Heidolph Instruments), 

4 °C.   
   6.    Sonicator robot-small probe (ST Robotics) or handheld 

sonicator.   
   7.    50 ml centrifuge tubes.   
   8.    96-Well, 2 ml fi lter plates (Thompson Instrument Company).   
   9.    96-Well bottom plate seal (Thompson Instrument Company).   
   10.    Large orifi ce pipet tips.   
   11.    Nickel-chelating resin.   
   12.    Wash buffer: 25 mM HEPES pH 7.8, 500 mM NaCl, 75 mM 

imidazole pH 7.8, 5 % (v/v) glycerol, 0.1 mM TCEP, 0.05 % 
DDM.   

   13.    Elution buffer: 25 mM HEPES pH 7.8, 200 mM NaCl, 
500 mM imidazole pH 7.8, 5 % (v/v) glycerol, 0.1 mM TCEP, 
0.05 % DDM.   

   14.    5×  SDS-PAGE   loading buffer: 200 mM Tris-Cl pH 6.8, 10 % 
(w/v) SDS, 25 % (v/v) glycerol, 0.05 % (w/v) bromophenol 
blue, 5 % (v/v) β-mercaptoethanol (added fresh).   

   15.    Criterion Precast 5 to 20 % (w/v) acrylamide-Tris-Cl gels, 
26 wells (Bio-Rad).   

   16.    Coomassie Brilliant Blue R-250 Dye.       

3    Methods 

       1.    Use the sterile, disposable 125 ml and/or 500 ml fl asks with-
out baffl es at the bottom.   

   2.    Passage the SF9 cells in 200 ml of ESF 921 medium at a cell 
density of 0.5 × 10 6  viable cells per ml.   

   3.    Shake the fl ask in an orbital shaker at 140 rpm and 27 °C.   
   4.    Allow the culture to reach a density of 3–5 × 10 6  viable cells 

per ml. These cells can be used for both adherent and suspen-
sion culture without any adaptation procedures.     

 The abovementioned procedure can be used for the maintenance 
of Hi5 cells except that, as Hi5 cells grow faster, they can be split 
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to a lower cell density (0.3 × 10 6  cells/ml) compared to SF9 cells. 
These cells can be maintained for approximately 40 passages. Rather 
than strictly going by the passage number, cells have to be constantly 
checked for any morphological changes and doubling time. Sf9 cells 
were used for transfection, virus propagation, and protein produc-
tion, whereas Hi5 cells were used only for protein production.  

   The  generation   of  recombinant   baculoviruses is based on the  Bac- 
to- Bac expression system   (Invitrogen). The pFastBac transfer vec-
tor is modifi ed to include overhangs to carry out  ligation-independent 
cloning (LIC)  . The LIC pFastBac vectors come in many versions 
with affi nity tags either introduced at the N- or at C-terminus of 
the target gene. Other constructs also fuse the  GFP   gene along 
with affi nity tags to the gene of interest. High-throughput cloning 
is performed on a 96-well format. The procedure described below 
is for the pFastBac- C vector with c-terminally tagged 10× His and 
FLAG epitope. The vector also contains the SacB gene for negative 
selection of parental plasmid.

    1.    Digest 30–40 μg of plasmid pFastBac-C vector with BfuAI. 
Incubate at 50 °C for 2.5 h. 

 BfuAI digestion:  x μl plasmid DNA (30–40 μg) 

 10 μl of NEB 10× buffer 3 

 6 μl BfuAI (NEB, 30 units 
total) 

 ddH 2 O to 100 μl fi nal 

       2.    Purify entire digest using the Qiagen QiaQuick PCR purifi ca-
tion kit. Use 3 columns per digestion reaction. Elute each col-
umn twice: fi rst with 50 μl EB, and then with 30 μl EB. Pool 
all eluates (approximately 240 μl) and measure the DNA 
concentration.   

   3.    Run a 2 μl sample on an agarose gel to verify the completion of 
the digestion reaction.   

   4.    Assemble the vector    LIC reaction in one or two rows of a 
96-well plate. 

 LIC treatment   :  x μl of BfuAI-digested DNA (10 μg) 

 40 μl of NEB 10× buffer 2 

 4 μl of 100× BSA (NEB) 

 10 μl 100 mM dCTP (2.5 mM fi nal) 

 5 μl of T4 DNA polymerase (NEB, 
15 units total) 

 ddH 2 O to 400 μl fi nal 
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    The fi nal DNA concentration should be 25 ng/μl.   
   5.    Incubate at 22 °C for 1 h and then 20 min at 75 °C to  inactivate 

the polymerase (programmed on thermal cycler). Keep at 
−20 °C for long-term storage.   

   6.    Amplify target gene using primers with    LIC overhang for 
selected vector ( see   Notes    1   and   2  ).   

   7.    Purify amplifi ed products using standard protocols ( see   Note    3  ).   
   8.    Prepare    LIC reaction mixture for purifi ed PCR products. 

 LIC treatment (120 inserts):  120 μl of NEB 10× Buffer 2 

 12 μl of 100× BSA (NEB) 

 30 μl 100 mM dGTP (2.5 mM fi nal) 

 15 μl T4 DNA polymerase (0.0375 
units/μl) 

 785 μl ddH 2 O 

   Combine 8 μl of the above mixture with 2 μl of each purifi ed 
PCR product. Incubate at 22 °C for 60 min. Heat inactivate 
enzyme at 75 °C for 20 min (programmed on thermal cycler).   

   9.    Assemble the annealing reaction by combining 2 μl of vector 
( see   step 2 ) with 4 μl of each insert ( step 5 ) and incubate at 
22 °C for 60 min.   

   10.    Add 2 μl of 25 mM EDTA and incubate at 22 °C for 5 min 
(annealed products can be stored at −20 °C if necessary).   

   11.     Transformation:  Use a multichannel pipettor to combine 2 μl 
of each LIC reaction to 20 μl of competent DH10B-T1 R  cells 
(96-well PCR plate of frozen competent cells,  see   Note    4  ) and 
leave on ice for 30 min. Heat shock for 45 s at 42 °C (per-
formed on thermal cycler). Add 80 μl pre-warmed (37 °C) 
SOC medium. Cover with porous seal and recover cells for 1 h 
in a 37 °C shaking incubator at 400–500 rpm. Plate transfor-
mations onto LB-agar-containing carbenicillin and 5 % sucrose 
in 24-well blocks with two to four sterile glass beads per well 
( see   Notes    5   and   6  ). Shake blocks at 37 °C shaker until all liq-
uid is absorbed into LB agar (approximately 45 min). Incubate 
inverted blocks overnight at 37 °C.   

   12.     Plasmid isolation:  Plasmid DNA is isolated using the 
CosMCPrep plasmid purifi cation system and a liquid-handling 
robot. For non- automated, 96-well plasmid purifi cation, the 
PureLink 96 HQ mini plasmid DNA purifi cation kit 
(Invitrogen) can be used. Use sterile toothpicks to pick a single 
colony from each well of the 24-well blocks and inoculate 
1.2 ml of 2× YT medium containing the appropriate antibiotic 
in a 96-well deep-well block. Incubate overnight in a 37 °C 
shaking incubator at 800 rpm (a small amount of the overnight 

Ravi C. Kalathur et al.



195

culture should be used to inoculate another culture for 
sequencing purposes ( see   Note    7  )). Recover cells by centrifuging 
for 10 min at 4500 ×  g , 4 °C. Decant medium. Use the 
CosMCPrep plasmid DNA isolation kit according to the man-
ufacturer’s protocol. Elute DNA with 100 μl buffer RE1 (or 
water) into a 96-well round-bottom plate ( see   Note    8  ). DNA 
can be stored at −20 °C for up to 1 year.      

     The next step is  the   transfer of the cloned fragment (from the 
pFastBac vector) into the DH10Bac  E. coli  strain. DH10Bac cells 
contain a baculovirus shuttle vector (i.e., bacmid) with a mini-
 att Tn7 target site and a helper plasmid. In this system, the recom-
binant baculovirus genome is generated in bacteria through a 
transposition reaction, which occurs between the mini-Tn7 site on 
 the   pFastBac vector and the mini- att Tn7 site on the bacmid.

    1.    Use 1–2 μl of the above sequence-verifi ed plasmids to trans-
form 20 μl of competent DH10-Bac cells (96-well PCR plate 
of frozen competent cells).   

   2.    Meanwhile, add 1 ml of pre-warmed SOC into the Costar 
96-well assay block (2 ml capacity).   

   3.    Incubate the 96-well PCR plate containing transformation mix 
in ice for 30 min.   

   4.    Heat shock at 42 °C for 45 s.   
   5.    Incubate in ice for 2 min.   
   6.    Transfer the contents to the deep-well block containing SOC 

media. Grow the cells in a shaking incubator for 5 h at 37 °C 
with medium at 600 rpm.   

   7.    Prepare LB agar Q-plates containing kanamycin (50 μg/ml), 
 tetracycline   (10 μg/ml),  gentamicin   (7 μg/ml),    IPTG (40 μg/
ml), and  Bluo gal   (100 μg/ml). Label four Q-plates as A1-H6 
and A7-H12 for plating 150 μl of undiluted and 150 μl of 
(1:10) diluted samples, respectively. The Q-plating protocol 
on Genetix robotic colony picker was used to spread the colo-
nies. If the above instrument is unavailable, plating can be 
done manually using glass beads. Incubate the plates at 37 °C 
for 48 h ( see   Note    9  ).   

   8.    White colonies for each bacmid sample are picked and grown 
in 1.5 ml of 2× YT media containing kanamycin,  gentamicin  , 
and  tetracycline   at 37 °C for 12–18 h ( see   Note    10  ). Some of 
the sample (300 μl) can be kept aside to make glycerol stocks 
of these bacmids ( see   Note    11  ).   

   9.    Isolation of transfection-grade bacmid DNA from 96-well cul-
ture plates can be completed in approximately 75 min using 
the Perfectprep BAC 96 Kit (5 PRIME) on the Eppendorf 
epMotion 5075 Vac. The Perfectprep BAC 96 Kit and the 
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Eppendorf epMotion 5075 Vac workstation are integrated to 
provide a complete “walk-away” protocol. This protocol is 
optimized to yield 0.5–1.0 μg of bacmid DNA that is immedi-
ately ready to use for multiple downstream applications. If the 
above instrumentation is unavailable, the 5 PRIME Perfectprep 
BAC 96 Kit has alternative protocols suited for either a vac-
uum manifold compatible with 96-well plates or a centrifuge 
with a deep-well rotor ( see   Note    12  ).   

   10.    A PCR analysis on the bacmid samples is carried out to verify 
the presence of the gene of interest in  the   recombinant bac-
mid. Use the pUC/M13 primers and Novagen KOD Hot 
Start DNA Polymerase for amplifi cation ( see   Note    13  ). 
Assemble the PCR reactions in 96-well plate(s). Prepare the 
following PCR master mix. (Note: It is designed for 110 reac-
tions to account for loss during pipetting. Scale up or down 
depending on the number of samples). 

 10× Buffer for KOD Hot Start DNA Polymerase  550 μl 

 2 mM dNTPs  550 μl 

 25 mM MgSO 4   330 μl 

 pUC/M13 forward primer (30 μM)  55 μl 

 pUC/M13 reverse primer (30 μM)  55 μl 

 KOD Hot Start DNA Polymerase (1 U/μl)  110 μl 

 Sterile dH 2 O  3.74 ml 

       Aliquot 49 μl of PCR mix into each well of a 96-well PCR 
plate ( see   Note    14  ). Use a multichannel pipette to add 1 μl 
(100 ng of recombinant bacmid DNA) bacmid DNA template 
into the corresponding well of the PCR plate. 

 Amplify the target genes with initial denaturation for 3 min 
at 93 °C, followed by 35 cycles of 94 °C for 45 s, 55 °C for 
45 s, and 72 °C for 5 min. Final extension is at 72 °C for 7 min. 

 Use 5–10 μl from each reaction to analyze on 1 % (w/v) 
 agarose gel (containing ethidium bromide) by electrophoresis. 
Successful insertion of the gene into the bacmid will show a 
PCR product of approximately 2300 bp fragment of vector 
plus the size of your insert.   

    Transfection   is defi ned as the process of introducing nucleic acids 
into eukaryotic cells by nonviral methods; in the present case 
 the   recombinant bacmid DNA is mixed with cationic lipid, 
cellfectin®II. The cationic head group of the lipid compound asso-
ciates with negatively charged phosphates on the nucleic acid, 
thereby forming a unilamellar liposomal structure with a positive 
surface charge when in water [ 15 ,  16 ]. The positive surface charge 
of the liposomes mediates the interaction of the DNA and the cell 
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membrane, allowing for fusion of the liposome/bacmid DNA with 
the negatively charged insect cell membrane. The cationic lipid-
based transfection reagents have been used widely and are known 
for their consistently high transfection effi ciencies.

    1.    Seed an appropriate number of 6-well plates with Sf9 cells, at 
8 × 10 5  cells per well in a total volume of 2 ml. Allow at least 
20 min for the cells to adhere ( see   Note    15  ).   

   2.    Meantime, prepare the transfection mixture for 100 samples 
(96 bacmid samples and 4 controls ( see   Note    14  )). In a sterile 
15 ml Falcon tube dispense 11 ml of Grace’s medium-unsup-
plemented (without antibiotics and serum; alternatively unsup-
plemeted growth medium like ESF 921 medium can also be 
used). Add 880 μl of Cellfectin II. Vortex briefl y to mix.   

   3.    In a sterile 96-well dispense 100 μl of Grace’s medium- 
unsupplemented into each well and add 0.8–1 μg of bacmid to 
each well using a 12-channel pipette. Mix gently.   

   4.    Add the diluted Cellfectin II in a 25 ml sterile pipetting reser-
voir. Dispense 108 μl of it into each well of the 96-well plate 
containing diluted bacmids. Mix gently and incubate for 
15 min at room temperature.   

   5.    Add ~210 μl of bacmid-Cellfectin mixture dropwise to the 
cells in each corresponding well of a 6-well plate. Incubate the 
cells 27 °C for 3–5 h.   

   6.    Remove the transfection media and replace with 2 ml of growth 
media. Incubate cells at 27 °C for 5 days or until you see signs 
of viral infection ( see   Note    16  ).     

     The consistent  and   high-level expression of recombinant proteins 
in insect cells or transducing vertebrate cells requires amplifi cation 
and titer determination of recombinant virions. Often the titer is 
determined by detecting morphological changes in infected cells 
using traditional end-point dilution assays and/or laborious and 
time-consuming plaque formation. There are several other proto-
cols like (a) Q-PCR-based primers and probes for gp64 [ 17 ]; (b) 
measurement of cell diameter change [ 18 ]; (c) immunostaning 
methods using an antibody to a DNA-binding protein [ 19 ]; (d) 
fl ow cytometric titering methods: cell surface expression of the 
gp64 protein [ 20 ], eGFP fl uorescence [ 21 ], and staining of 
the baculovirus DNA with SYBR Green I [ 22 ]; (e) virus counter 
using a two-color method which involved staining the viral genome 
and the protein coat for baculoviruses [ 23 ]. In the current study, 
we describe simple 96-well tittering protocols using virus counter.

    1.     Harvest P0 virus : Collect the ~2 ml medium containing bacu-
lovirus after 5 days and transfer to a sterile 96-well storage 
block. Centrifuge the block at 500 ×  g  for 5 min and transfer 
supernatant to a fresh sterile block. Seal with a sterile adhesive 
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aluminum foil. In order to protect from light, wrap the block 
with aluminum foil and store at 4 °C.   

   2.     Virus counting : Aspirate 150 μl of viral suspension into an 
Eppendorf tube. Prepare the combo dye working solution by 
reconstituting the combo dye concentrate with 5 μl of acetoni-
trile. Add 1 ml of the combo dye buffer to combo dye concen-
trate. Then add 75 μl of combo dye to 150 μl of viral suspension 
sample. Incubate for 30 min in the dark. Then analyze the 
virus titer with virus counter.   

   3.     P1 amplifi cation : Take four sterile 24-well deep-well blocks 
(labels A–G and 1–12), and add 4 ml of Sf9 cells with a density 
of 1.5 × 10 6  viable cells/ml. Infect the culture with an MOI of 
0.1 by adding appropriate amount of P0 viral stock from each 
well. Cover each block with a sterile adhesive breathable rayon 
fi lm. Place all the four blocks in a shaker incubator and shake 
them at 300 rpm at 27 °C for 3 days. Centrifuge the blocks at 
500 ×  g  for 5 min. Seal and wrap the block with aluminum foil.   

   4.     P2 amplifi cation : Use the same procedure as mentioned for P1 
amplifi cation to generate a high-titer P2 baculoviral stock.     

        Infection of Sf9 cells with recombinant baculovirus 

   1.     Take   four sterile 24-well deep-well blocks (labels A–H and 
1–12), and add 4 ml of Sf9 cells with a density of 2.0 × 10 6  
viable cells/ml.   

   2.    Infect the culture with an MOI of 3 by adding appropriate 
amount of P2 viral stock to each well.   

   3.    Cover each block with a sterile adhesive breathable rayon fi lm.   
   4.    Place all the four blocks in a shaker incubator and shake them 

at 300 rpm at 27 °C for 2–4 days.   
   5.    Centrifuge the blocks at 500 ×  g  for 10 min.   
   6.    Discard the media, seal the block, and store pellets at −80 °C.     

   Cell lysis and solubilization 

   1.     Prepare   the resuspension buffer supplemented with 0.5 mM 
TCEP ( tris (2-carboxyethyl)phosphine), 4 μl/25 ml benzo-
nase, protease inhibitors).   

   2.    Add 500 μl of resuspension buffer to each well containing pel-
lets, pipette up and down to resuspend the pellet, and then 
transfer the samples to a fresh 96-well deep-well block.   

   3.    Lyse the cells with two rounds of sonication using a robotic or 
handheld sonicator.   

   4.    Add 100 μl of resuspension buffer containing 12 %  DDM   (fi nal 
concentration about 2 %) ( see   Note    17  ). Allow lysates to clear 
for at least 1 h (or overnight) using a Glas-Col shaking 
platform at 4 °C.     
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  Nickel affi nity protein purifi cation 

   1.    Pour desired amount of nickel resin into a clean 50 ml Falcon 
tube. Centrifuge at 500 ×  g  for 2 min, pour off supernatant, 
add Milli-Q water to nickel resin, and centrifuge. Repeat the 
step one more time with lysis buffer. Add equal amount of lysis 
buffer to the pelleted nickel resin and mix.   

   2.    Transfer lysate to a bottom-sealed 96-well Thomson fi lter plate.   
   3.    Add 50 μl of nickel slurry to each well.   
   4.    Place the fi lter plate on a Glas-Col shaking platform and set it 

for 600 rpm at 4 °C to bind overnight.   
   5.    The following day, unseal fi lter plate and place it on a vacuum 

manifold to draw out the lysate.   
   6.    Reseal fi lter plate and add 1 ml of wash buffer to each well and 

shake at 600 rpm for 30 min on a shaking platform at 4 °C.   
   7.    Unseal fi lter plate and place it on a vacuum manifold to draw 

out the wash buffer.   
   8.    Repeat wash with an additional 1 ml of wash buffer and allow 

to shake at 600 rpm for 30 min at 4 °C.   
   9.    Vacuum wash buffer from fi lter plate and place a 96-well 

U-shape microplate underneath.   
   10.    Centrifuge for 2 min at 500 ×  g  in a plate rotor to remove 

excess wash buffer and replace bottom seal on fi lter plate.   
   11.    Apply 35 μl of elution buffer into each well and shake at 

600 rpm for 30 min at 4 °C on a shaking platform.   
   12.    Remove bottom seal and place a new 96-well U-shape micro-

plate underneath.   
   13.    Centrifuge for 2 min at 500 ×  g  in a plate rotor to collect the 

eluates.   
   14.    Analyze the eluted samples by  SDS-PAGE   followed by 

Coomassie blue staining to visualize expressed proteins 
( see   Note    18  ). If the construct is a membrane protein– GFP   
fusion, then some of the sample can be used to run a fl uores-
cence-based size-exclusion chromatography (FSEC)    to check 
for aggregation/monodispersity [ 24 ,  25 ].    

4                          Notes 

     1.    Amplifi cation of target DNA should be done using cDNA ver-
sion of the gene. We routinely use I.M.A.G.E clones for human, 
mouse, rat, bovine, frog, and zebrafi sh orthologs (image-
consortium.org). Synthetic genes are a valid but pricey option. 
For amplifi cation reactions any standard thermostable 
 polymerase can be used. In our lab we routinely use KOD 
Hot-Start Polymerase (Novagen-EMD).   
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   2.    Overhangs for  the   pFastBac-C vectors are as follows: 
 For forward primers: 5′ TTAAGAAGGAGATATACT 3′ (fol-
lowed by start codon of target gene). For reverse primes: 5′ 
GATTGGAAGTAGAGGTTCTCTGC 3′ (followed by reverse 
complement of last codon; do not include stop codon).   

   3.    In most cases a simple purifi cation to remove nucleotides and 
enzymes will suffi ce. If amplifi cation results in several bands 
visible on an agarose gel, a gel purifi cation step of the correct 
amplifi ed band is necessary.   

   4.    We routinely use T1-resistant  bacterial strains   (wherever pos-
sible) in our laboratory to avoid potential phage contamina-
tion. Chemically competent bacteria can be prepared using 
standard procedures. Cloning strains other than DH10B can 
also be used.   

   5.    Sucrose is included for negative selection of parental vector 
containing the SacB gene (sucrose will have no effect on vec-
tors lacking SacB gene).   

   6.    Four 24-well blocks recreate a standard 8 × 12 96-well plate. 
We routinely reuse 24-well blocks multiple times by scraping 
out old agar, running them through a standard glassware 
washer, and autoclaving them.   

   7.    We recommend sequencing constructs for insert verifi cation. 
We use Beckman Genomics single-pass sequencing service 
(beckmangenomics.com). Restriction enzyme analysis (if 
possible) or amplifi cation of insert are viable, albeit more 
ambiguous, options.   

   8.    The DNA concentration of plasmids isolated from high- 
throughput miniprep can be as high as 100 ng/μl. If signifi -
cantly higher, then they should be diluted in the working range 
of 20–100 ng/μl.   

   9.    A 48-h incubation time is necessary to discriminate white 
 colonies from blue ones. White colonies indicate that the 
β-galactoside gene residing in the parental bacmid has been 
replaced by the gene of interest from  the   pFastBac vector.   

   10.    Pick two (or preferably three) colonies for each construct, as 
not all white colonies will harbor bacmid DNA recombined 
with the gene of interest.   

   11.    It is a good practice to make the glycerol stocks of the  pFastBac 
  constructs and also the corresponding recombinant bacmids. 
As the BEVS is a multi-step process,  things   can go wrong at 
any step; frozen stocks will help to curb some of the delays.   

   12.    Alternatively, bacmid DNA can also be isolated using the 
 standard alkaline lysis miniprep procedure. Do not use Qiagen 
miniprep DNA columns, as they will not bind the bacmid 
DNA.   
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   13.    The pUC/M13 primers must be custom synthesized (pUC/M13 
forward: 5′-CCCAGTCACGACGTTGTAAAACG-3′; pUC/
M13 reverse: 5′-AGCGGATAACAATTTCACACAGG-3′).   

   14.    It is important to include controls with your 96-sample batch 
of bacmids. The control should be as follows: (1) a bacmid that 
has worked in the past, with good transfection effi ciency and 
virus production; (2) a bacmid with moderate effi ciency; (3) a 
bacmid with poor effi ciency; and (4) cells alone with transfec-
tion reagent but no bacmid.   

   15.    Transfections can also be done with cells in suspension rather 
than monolayer, but we prefer monolayer as we can visually 
monitor signs of infection under a microscope.   

   16.    When placing 6-well transfection plates in the 27 °C incubator 
for several days, it is important to minimize evaporation of the 
media in the wells. This is best achieved by placing the plates in 
an enclosed plastic dish containing dampened paper towels.   

   17.    Sonication followed by dropwise addition  of   DDM detergent 
robustly solubilizes over 90 % of cell pellets. In case the lysate 
does not clear, shake the block for longer times in the cold 
room.   

   18.    After the membrane protein isolation and fi rst purifi cation 
step, users should carry out a detergent screen to fi nd the one 
which best suits their purposes.         
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    Chapter 13   

 Small-Scale Screening to Large-Scale Over-Expression 
of Human Membrane Proteins for Structural Studies                     

     Sarika     Chaudhary     ,     Sukanya     Saha    ,     Sobrahani     Thamminana    , 
and     Robert     M.     Stroud      

  Abstract 

   Membrane protein structural studies are frequently hampered by poor expression. The low natural 
 abundance of these proteins implies a need for utilizing different heterologous expression systems.  E. coli  
and yeast are commonly used expression systems due to rapid cell growth at high cell density, economical 
production, and ease of manipulation. Here we report a simplifi ed, systematically developed robust strat-
egy from small-scale screening to large-scale over-expression of human integral membrane proteins in the 
mammalian expression system for structural studies. This methodology streamlines small-scale screening 
of several different constructs utilizing fl uorescence size-exclusion chromatography (FSEC) towards opti-
mization of buffer, additives, and detergents for achieving stability and homogeneity. This is followed by 
the generation of stable clonal cell lines expressing desired constructs, and lastly large-scale expression for 
crystallization. These techniques are designed to rapidly advance the structural studies of eukaryotic inte-
gral membrane proteins including that of human membrane proteins.  

  Key words     Membrane protein expression  ,   Mammalian cell culture  ,   FSEC  ,   Large-scale expression  

1      Introduction 

 Membrane proteins constitute an integral component of the 
 cellular proteome and participate in several physiological processes. 
Their clinical importance is emphasized by the fact that the major-
ity (~60 %) of prescription drugs act on membrane proteins. 
Despite their physiological importance, the success rate of  structure 
determination of human membrane protein structures is low [ 1 ,  2 ] .  
Membrane protein crystallization requires extensive optimization 
of many parameters that are not critical for soluble proteins. A 
major bottleneck is the over-expression of proteins in order to 
obtain suffi cient quantity of pure, homogeneous, and stable (PHS) 
proteins for structural studies [ 3 ] .  

Isabelle Mus-Veteau (ed.), Heterologous Expression of Membrane Proteins: Methods and Protocols, Methods in Molecular Biology, 
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 Although prokaryotic expression systems are the most 
 commonly utilized vehicles, they have not been very successful for 
 over- expression of mammalian membrane proteins as they fail to 
provide the necessary folding machinery or posttranslational modi-
fi cations. On the other hand mammalian cells, particularly human 
cells, offer inherent advantages for expressing human membrane 
proteins due to the endogenous translocation machinery, post-
translational modifi cations, and lipid environment that is most 
native to mammalian membrane proteins. In the past, mammalian 
expression systems were not extensively manipulated for structural 
studies primarily due to technical diffi culties associated with large-
scale cultures and limited utility of traditional constitutive promot-
ers for toxic proteins. With recent advances in inducible promoters, 
new methods have been developed and employed for expressing 
such proteins [ 3 – 5 ]. 

 It is a widely known fact in the structural biology fi eld that one 
cannot predict from the beginning if a particular protein can be 
successfully crystallized, purifi ed, or even expressed. Considering 
all the hurdles at every single step, we developed a simplifi ed yet 
robust methodology that can be employed towards screening a 
multiple numbers of constructs without a need for milligram quan-
tities of protein. Our strategy involves generation of several desired 
constructs for a particular gene. Such constructs may include 
N-terminal or C-terminal truncations alongside the full-length 
construct. Different N- or C-terminal tags are added to the con-
struct to allow for purifi cation. For small-scale screening of these 
constructs, we  utilize   FSEC [ 6 ], where the gene of interest is 
cloned into an EGFP vector (pACMV-tetO-EGFP). Based on 
FSEC results, one can roughly compare the expression level 
between different constructs and then might consider re-cloning 
the gene into an expression vector  of   choice without EGFP 
(pACMV-tetO) [ 7 ] or can continue with the same vector simply 
by cleaving the EGFP later on.    FSEC can also be utilized for sev-
eral other optimizations including of buffer, additives, and deter-
gents for achieving stability and homogeneity (Fig.  1a ). Once 
constructs are chosen, one can move towards generating a stable 
clonal cell to be utilized for further screening (Fig.  1b ). Post- 
detergent screening, thermostability assays that provide a proxy for 
protein stability can be useful in the pursuit of ideal conditions by 
optimizing buffers, pH, salt concentrations, and ligands to  facilitate 
crystallization of a membrane protein that is also more stabilized 
conformationally by the environment, ligands, lipids, detergents, 
and many other variables [ 8 ] . 
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2       Materials 

 Prepare all solutions using distilled, deionized water and analytical 
grade reagents (unless specifi ed otherwise). All reagents for cell 
culture work (media, antibiotics, chemicals, etc.) should be used of 
 tissue culture grade. All prepared reagents should be stored at 4 °C 
(unless indicated otherwise). For cells and other waste disposal 
consult the material safety data sheets for all chemicals used and 
follow the safe procedures for handling and proper disposal of 
chemicals. 

       1.     pACMV-tetO mammalian   expression plasmid ( see   Note    1  ).   
   2.    Cloning primers: Forward primers F1 and F2, and reverse 

primers R1 and R2, diluted to 25 μM in nuclease-free water. 
Store at −20 °C ( see   Notes    2   and   3  ).   

   3.    Deoxyribonucleotide (dNTP) mix: 10 μM Stock diluted to 
2 μM in nuclease-free water. Store at −20 °C.   

   4.    PCR Purifi cation Kit (Qiagen): Follow the manufacturer’s 
instructions. Store at room temperature ( see   Note    4  ).   

   5.    Gel Extraction Kit (Qiagen): Follow the manufacturer’s 
instructions. Store at room temperature ( see   Note    5  ).   

   6.    Phusion DNA polymerase (New England Biolabs) ( see   Note    6  ).   
   7.    Restriction Endonuclease: XbaI and XhoI supplied with appro-

priate buffers (New England Biolabs).      

       1.    HEK293S GnTI −  cells (or another highly transfection effi cient 
mammalian cell line).   

   2.    Adherent DMEM (Dulbecco’s modifi ed Eagle’s medium) 
medium: To 1 L DMEM high-glucose media add 1 % penicillin- 
streptomycin, and 10 % iron-supplemented bovine calf serum 
(BCS). We usually used the BCS provided by Hyclone (due to 
its premium quality).   

   3.    Selection medium: 1 L DMEM high glucose, 1 % penicillin- 
streptomycin, 10 % FBS, 4 %  Geneticin   ® , and 0.1 %  blasticidin   S 
HCl.   

   4.    5 mg/mL  Blasticidin   solution: Weigh 50 mg of blasticidin S 
HCl, dissolve in 10 mL of water. Filter-sterilize, aliquot, and 
store at −20 °C for 6–8 weeks.   

   5.    20 mg/mL  Doxycycline   hyclate: Weigh 100 mg of doxycy-
cline solution, dissolve in 5 mL of autoclaved water. Filter-
sterilize, aliquot, and store at −20 °C for 6–8 weeks.   

   6.    20 % (wt/vol) Glucose: Weigh 100 g of glucose in 500 mL of 
autoclaved water. Filter-sterilize and store at 4 °C for 2–3 
months.      

2.1  Cloning 
of the Target Gene

2.2  Transfection 
and Adherent Cell 
Culture
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       1.    1×  Solubilization   buffer or lysis buffer: Mix 20 mM Tris–HCl 
(pH 7.4), 100 mM NaCl, and 10 % (vol/vol) glycerol. Imme-
diately before use, add 1 mM  PMSF   and one complete EDTA-
free protease inhibitor cocktail tablet. Chill to 4 °C and discard 
any unused buffer.   

   2.     Octyl-β- d -glucopyranoside (OG)  ,  N -dodecyl- β- d - maltopyr-
anoside (DDM)    or other detergents to test protein 
  solu bilization  : Prepare appropriate concentration of respective 
detergents in ddH 2 O. We order detergents from Anatrace.   

   3.    1 mM Phenylmethanesulfonyl fl uoride (PMSF)    in isopropa-
nol. Prepare just before use.   

   4.    Complete EDTA-free protease inhibitor cocktail tablets: Pre-
pare the inhibitor cocktail as prescribed in the manufacturer’s 
protocol.   

   5.    2×  Solubilization   buffer: Mix 40 mM Tris–HCl pH 7.4, 
200 mM NaCl, and 20 % v/v glycerol. Immediately before use, 
add 1 mM PMSF)    and one complete EDTA-free protease 
inhibitor cocktail tablet. Chill the buffer to 4 °C and discard 
any unused buffer.      

       1.    Gel fi ltration column:  Use   either TSK-GEL G3000SW or 
Superdex200 10/300 GL, from GE Healthcare. Equilibrate 
the column with 1×  solubilization   buffer.       

       1.     Suspension   medium (for spinner fl ask): 1 L DMEM-high 
 glucose without calcium salts, 1 % penicillin-streptomycin, 10 % 
iron- supplemented BCS, 1 % of Pluronic, 0.3 g Primatone 
RL/UF, 3.7 g sodium bicarbonate.   

   2.    Suspension medium (for WAVE bioreactor): Prepare 10 L 
DMEM- high glucose without calcium salts, to which add 
appropriate volume for getting a fi nal concentration of 1 % 
penicillin-streptomycin, 10 % iron-supplemented BCS, 1 % 
Pluronic, 3 g of Primatone RL/UF, and 37 g of sodium 
bicarbonate.   

   3.    500 mM Sodium butyrate: Weigh 27.5 g of sodium butyrate 
and dissolve in autoclaved water to a fi nal volume of 500 mL. 
Filter- sterilize and store at room temperature (20–25 °C) for 
6–8 weeks.   

   4.    10 % (wt/vol) Primatone RL/UF: Weigh 3 g of Primatone 
RL/UF and dissolve in 30 mL of autoclaved water. Filter-
sterilize and use immediately.   

   5.    10 % (wt/vol) Pluronic: Weigh 50 mg Pluronic and dissolve in 
500 mL of autoclaved water. Filter-sterilize and store at 4 °C 
for 6–8 weeks.   

2.3  Expression 
of the Target Protein

2.4   Fluorescence 
Detection Size-
Exclusion 
Chromatography 
(FSEC)

2.5   Suspension 
Culture
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   6.    Spinner fl ask: Vigorously clean the spinner fl ask, by detaching 
the various components. For cleaning purpose, use 10 % v/v 
glacial acetic acid (with water) and allow stirring overnight at 
room temperature. Following day, discard the glacial acetic 
acid and rinse fl ask thoroughly in order to remove all traces of 
acid. Perform two rounds of liquid autoclaves, for 30 min each 
fi lled with distilled water. Finally, perform a dry autoclave for 
another 30 min. Allow the fl ask to cool down before use.   

   7.    WAVE bioreactor: Assemble the 20 L WAVE cellbag in a tissue 
culture room, following the manufacturer’s protocols .      

       1.    SEC buffer:    20 mM Tris–HCl (pH 7.4), 100 mM NaCl, 10 % 
(vol/vol) glycerol, and 40 mM OG (or 0.5 mM DDM). Store 
at 4 °C for up to 1 week.   

   2.    FLAG resin: Equilibrate the resin with SEC buffer, following 
the manufacturer’s protocol.   

   3.    Tris(2-carboxyethyl)phosphine (TCEP).   
   4.    Glass Econo-column: Use the column for loading the resin 

onto the column, followed by washing of the resin with SEC 
buffer and elution of the protein with SEC buffer, supple-
mented with FLAG peptide.   

   5.    Superdex 200 10/300 GL: Equilibrate the column with three 
column volumes of SEC buffer .       

3    Methods 

 Carry out all procedures at room temperature unless otherwise 
specifi ed. 

   Design the multiple constructs in a manner to introduce N- and 
C-terminal tags along with the protease cleavage site (Fig.  2 ). In an 
experiment, we normally utilize a FLAG tag with 3C cleavage site 
at the N-terminal and octa or deca-His tag with thrombin cleavage 
site at the C-terminal via a two-step PCR (Fig.  3 ). Introduce a fi ve-
amino- acid Gly/Ala repeat spacer sequence in between the N/C-
terminus of the transgene and the thrombin and 3C site, to 
facilitate tag removal. Different tag sequences are given in Table  1 .

       1.    PCR1: Perform fi rst PCR step using F1 and R1 primers to 
insert 3C and thrombin at the N- and C-terminal of the trans-
gene, respectively. Resolve PCR1 on agarose gel and carry out 
the agarose gel extraction to purify the fi rst PCR product, to 
be used as a template for the second PCR.   

   2.    PCR2: Use F2 and R2 primers for the second-step PCR to 
add the start codon-FLAG tag at the N-terminal and octa/
deca-His-stop codon at the C-terminal along with the desired 
proteases.    

2.6   Affi nity and Size- 
Exclusion 
Chromatography

3.1  Expression 
Construct Design
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     In  order   to rapidly assess the suitability of human  membrane 
 protein expression   constructs, yielding the pure and homogeneous 
proteins, transiently transfect the glycosylation-defi cient GnT 
I-defi cient HEK293S cells. For quick screening purpose, introduce 
 enhanced green fl uorescence protein (EGFP)   tag at the C-terminal 
of pACMV- tetO vector. PCR amplify the EGFP sequence along 
with fi ve-amino- acid (Gly/Ala) spacer.

    1.    Design oligo with the N-terminal consisting of spacer-thrombin- 
EGFP (N), and a C-terminal consisting of EGFP (C)-His 8–10 .   

   2.    Following standard protocols amplify PCR; digest the EGFP 
insert and pACMV-tetO vector.   

   3.    Post-ligation, follow the manufacturer’s protocol to transform 
the ligation products. Confi rm the vector sequence.   

   4.    Sub-clone the transgene of interest into pACMV-tetO-EGFP 
vector for rapid screening.    

3.2  EGFP-Tagged 
Expression Vector

Strep

HA

FLAG

Stop codonFLAG 3C Gene Thrombin 10HisStart codon

Start codon FLAG Gene Stop codon3C

Start codon FLAG Gene Stop codonTEV

GeneStart codon FLAG Thrombin Stop codon

Start codon 10His 3C/Thrombin/TEV Gene Stop codon

Start codon Strep 3C/Thrombin/TEV Gene Stop codon

Start codon HA 3C/Thrombin/TEV Gene Stop codon

Start codon 3C/Thrombin/TEV Stop codonGene

Start codon 10His3C/Thrombin/TEV Stop codonGene

Start codon 3C/Thrombin/TEV Stop codonGene

Start codon 3C/Thrombin/TEV Stop codonGene

Start codon FLAG/10His/Str
ep/HA

3C/Thrombin/TEV EGFPGene Stop codon

1

2

3

4

5

6

7

8

9

10

11

12

  Fig. 2    Schematic representation of various possible constructs introducing the N-terminal and C-terminal tags 
along with the protease cleavage site. The affi nity tags and protease cleavage sites can be introduced either 
at the N-terminal or C-terminal of the gene. Construct with EGFP tag can also be designed in for rapid screen-
ing through  FSEC   and EGFP can be cleaved along with tag post-affi nity purifi cation       
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Gene of Interest

Forward Primer I

Reverse Primer I

PCR Product I

PCR Product I 
as template

Forward Primer II

Reverse Primer II

Final PCR Product

  Fig. 3    Diagrammatic representation of a two-step PCR method utilized to introduce N-terminal and C-terminal 
affi nity tags and protease cleavage site       

   Table 1  
  List of protein affi nity tags and protease cleavage sites with their amino 
acid sequences, used for designing of several constructs   

 TAG (N)  Amino acid sequence 

 FLAG  Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys 

 10His  His-His-His-His-His-His-His-His-His- His 

 Strep  Trp-Ser-His-Pro-Gly-Phe-Glu--Lys 

 HA  Tyr-Pro-Tyr-Asp-Val-Pro-Asp-Tyr-Ala 

 Protease  Amino acid sequence 

 Thrombin  Leu-Val-Pro-Arg-Gly-Ser 

 3C  Leu-Glu-Val-Leu-Phe-Gln-Gly-Pro 

 TEV  Glu-Asn-Leu-Tyr-Phe-Gln-Gly 
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      Transiently   transfect HEK293S GnTI −  cells with  pACMV-tetO   
plasmid containing the gene of interest (Fig.  4 ). Over-expression 
of human membrane proteins is favorable while using an inducible 
cell line as high cell density can be achieved before induction, 
thereby attenuating the toxicity.

     1.    Seed three 10 cm plates (~40 % confl uence) with  HEK293S 
  cells (DMEM + 10 % FBS) ( see   Notes    7   and   8  ).   

   2.    Next day, visualize cells under the microscope to confi rm cell 
confl uence (~70–80 %).   

   3.    Gently mix 10 μg of plasmid DNA (Eppendorf tube A) in 
1.5 mL of Opti-MEM I ( see   Note    9  ).   

   4.    Simultaneously, following the manufacturer’s instructions, 
dilute 60 μL of Lipofectamine 2000 in 1.5 mL of Opti-MEM 
I medium (Eppendorf tube B).   

   5.    Incubate both reactions (Eppendorf tube A and tube B) at 
room temperature for 10 min.   

   6.    Mix diluted DNA samples (from tube A) to the diluted 
Lipofectamine 2000 (tube B).   

   7.    Incubate at room temperature for 30 min.   

3.3   Transient 
Transfection 
and Induction 
of HEK293S 
GnTI − -Defi cient Cells

1.5 µ g - plasmid DNA (10 µ L)

Opti-MEM I media (240µL)

Lipofectamine 2000 (30 µ  L)

Opti-MEM I media (720 µ L)

a b

Incubate for 5 min. at room temperature 

Gently mix tube A and B (volume 500µL)

Incubate for 30 min. at room temperature 

During incubation replace cell 
medium with Opti-MEM I mediaDrop-wise add DNA-Liposome complex per 

well of plate

Incubate for 4-6 h at 37 C in CO2

Replace medium with DMEM and incubate 
overnight at 37 C in CO2 incubator

  Fig. 4     Transient transfection         
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   8.    In the meantime, aspirate off media and add 7 mL of 
 Opti-MEM I.   

   9.    Gently add DNA-liposome complex to the plate containing 
Opti-MEM I media and mix by gently swirling the plate.   

   10.    Incubate at 37 °C in a CO 2  incubator.   
   11.    Post-4–6 h aspirate off media and add fresh adherent medium 

(DMEM + 10 % FBS).   
   12.    Incubate at 37 °C overnight.   
   13.    Post-24 h, use 2 μg/mL  doxycycline   to induce the cells.   
   14.    32–36 h post-induction, wash cell monolayer on plate with 

PBS (twice) and trypsinize cells.   
   15.    Harvest the cells and perform the whole-cell membrane 

 solubilization  .     

         1.    Resuspend cells in 1 mL of 2×  solubilization   buffer by pipet-
ting up and down gently.   

   2.    For  solubilization,   based on total number of detergents to be 
screened, split resuspended cells into equal-volume aliquots 
and transfer to 1.5 mL ultracentrifuge tube.   

   3.    Add 2× detergent solution (fi nal 1× concentration).     
     4.    Routinely, we screen expression levels in four different 

 detergents per sample: β-octylglucoside (β-OG) (400 mM), 
β-dodecylmaltoside (β-DDM; 40 mM),    lauryldimethylamine-
 oxide   (LDAO; 200 mM), and fos-choline 14 (FC-14; 40 mM) 
( see   Notes    10   and   11  ).   

   5.     Solubilization   time might vary with different detergents. For 
screening purpose solubilize by 2-h stirring at 4 °C.   

   6.    To compare the extent of  solubilization,   save 12 μL as pre spin 
aliquot per detergent solubilization.   

   7.    Remove insolubilized material by centrifugation in TLA45 
ultracentrifuge rotor at high speed (100,000 ×  g ) for 1 h.   

   8.    After transferring supernatant to 1.5 mL microfuge tube, take 
out 12 μL as post-spin sample.   

   9.    Perform western blot with pre-spin and post-spin samples to 
analyze  detergent   solubilization. We follow standard western 
blotting protocols to compare pre-spin and post-spin samples.      

       1.    Wash a  gel   fi ltration column (TSK-GEL G3000SW or 
Superdex200 10/300 GL) connected to Shimadzu chroma-
tography system with 2× column volume with water to remove 
the 20 % ethanol used to store column.   

   2.    Equilibrate the column with 1×  solubilization   buffer.   

3.4  Expression 
Assessment

3.5   Fluorescence 
Detection Size-
Exclusion (FSEC) 
Chromatography
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   3.    Use RF-10AXL Shimadzu fl uorescence detector ( λ  ex  = 488 nm 
and  λ  em  = 509 nm) with initially set to a sensitivity of “medium” 
and a gain of “16×.” Use SPD-10A UV-Vis Shimadzu detector 
to detect absorbance at 280 nm (A280).   

   4.    Following the manufacturer’s instructions, inject ~100 μL of 
0.45 μm fi ltered solubilized sample. Perform each experiment 
in triplicates.   

   5.    Compare the expression levels and profi le among the different 
constructs over FSEC chromatogram ( see   Note    12  ).       

       1.    One day prior to performing antibiotic selection, seed cells in 
6-well plates containing 0.5 mL complete growth medium per 
well. At the time of antibiotic selection, cell density should be 
nearly ~60–80 % (0.8–3.0 × 10 5  cells/mL).   

   2.    Add increasing amounts of the  G418   to duplicate wells of cells. 
Maintain one well as a control and do not add any antibiotic. 
We add 0, 100, 200, 400, 800, and 1000 μg/mL selection 
antibiotic in duplicate wells. Plasmids with different antibiotic 
markers can also be utilized. An optimal concentration range 
for different selection markers is given in Table  2 .

       3.    Examine cultures for 1 week for toxicity signs while replacing 
media (containing selection antibiotic) on alternate days 
( see   Note    13  ).   

   4.    The antibiotic concentration at which the cells are dead 
post-1 week of antibiotic selection is considered as an optimal 
dose. Once the optimal antibiotic dose is decided, seed cells for 
stable transfection.      

   Based  on    FSEC   analysis, one can select the construct(s) providing 
the best expression and profi le on chromatogram among all others. 
Alternatively, one can also go back and reclone the best expressing 
construct into any other vector of choice without EGFP. After 
selecting the best construct, proceed towards stable clonal cell 
 generation (Fig.  5 ) ( see   Note    14  ).

3.6  Antibiotic 
Kill Curve

3.7   Stable Clone 
Generation

   Table 2  
  Various antibiotics used for the purpose of screening for optimal antibiotic dose. Selection 
concentrations of these antibiotics have also been listed above   

 Selection marker  Formula  FW (g/mol)  Selection conc. (μg/mL) 

 Geneticin  C 20 H 40 N 4 O 10 .2H 2 SO 4   496.6•196.1  600–800 

 Zeocin  C 55 H 83 N 19 O 21 S 2 Cu  1137.41  200–400 

 Blasticidin S  C 17 H 26 N 8 O 5  HCl  458.9  5–10 

 Hygromycin B  C 20 H 37 N 3 O 13   527.5  100–200 
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     1.    One day prior to transfection, plate cells in a 6-well tissue 
 culture plate so that the cell density is nearly ~70–80 % at the 
time of transfection.   

   2.    Post-18–24 h of seeding, perform transfection following the 
protocol as explained under Fig.  4 .   

   3.    On day three, aspirate off overnight DMEM, gently wash with 
PBS, and add 500 μL trypsin. Detach cells from the plate sur-
face by tapping it against the hood surface. Neutralize trypsin 
by adding 1.5 mL DMEM ( see   Note    8  ).   

   4.    Prepare fi ve 10 cm plates for different dilutions (1:400, 1:200, 
1:80, 1:40, and 1:20).   

   5.    Transfer 50 μL (1:400 dilution), 100 μL (1:200), 250 μL 
(1:80), 500 μL (1:40), and 1 mL (1:20) to the plates and add 
adherent DMEM media to bring the fi nal volume to 10 mL 
accordingly. Incubate overnight at 37 °C in a CO 2  incubator.   

2 ml

Expand to 
individual 10 
cm2plates from 
each well

Pick 24 single, well isolated colonies and
trypsinze them. Transfer the trypsinized cells,
from each colony to a 24 well plate

At confluency, transfer the resuspended 
trypsinized cells to one well of a 6-well plate

At confluency, split cells into 
two 15cm plates, one used to 
prepare frozen stock cells and 
other used for small scale 
assessment

Induction with doxycycline 
(2 µg/ml) and sodium butyrate 
(5 mM). Harvest cells and freeze

Clonal cell lines

.

Cell Seeding

10 cm plate

Transient transfection

DNA liposome 
Complex

Constructs

Positive Control

Negative Control

Clonal Expansion

1:20             1:40           1:80         1:200          1:400

Selection Pressure
(Add Geneticin containing media)

1:200                           1:400

Single colonies appear (~10 cm diameter)

6-well plate

  Fig. 5    Pictorial representation of stable clone cell line generation       
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   6.    Next day (on day 4), replace media with 10 mL of selection 
media containing the selection marker quantity calculated 
from antibiotic kill curve per 10 cm plate ( see   Note    14  ). 
Incubate overnight at 37 °C in CO 2  incubator.   

   7.    On day 5, replace overnight media with 10 mL of selection 
media containing the selection marker quantity selected based 
upon antibiotic kill curve per 10 cm plate ( see   Note    14  ). 
Incubate overnight at 37 °C in CO 2  incubator.   

   8.    Once the single and isolated colonies appear, mark them. Out 
of all the colonies from fi ve plates, we choose only 24 individ-
ual colonies.   

   9.    Aspirate off media from the plate and gently wash the cells 
with D-PBS.   

   10.    Based on colony diameter, using a sterile forceps, pick a sterile 
cloning cylinder, and gently press it over the autoclaved grease 
for applying grease layer at the bottom of cylinder.   

   11.    Move the greased cylinder over a colony of cells, fi rmly press it, 
add trypsin to the cloning cylinder depending upon cylinder’s 
size, and gently pipette up and down to detach cells.   

   12.    Transfer the detached cells to one well of a 24-well culture 
plate and make up volume to 1 mL with adherent DMEM 
medium. If required, rinse the area covered by cloning cylinder 
with media to collect the cells left after fi rst transfer. Incubate 
cells overnight at 37 °C in CO 2  incubator.   

   13.    Start selection post-24 h by replacing the DMEM media with 
selection media. Till cells reach ~80–90 % confl uence stage, 
aspirate off old media and provide cells with fresh selection 
media on every alternate day.   

   14.    First expand the colonies to 6-well plate after trypsinization with 
100 μL of trypsin and post-attainment of cell confl uence, expand 
each to 10 cm plate containing 10 mL media ( see   Note    8  ).   

   15.    At 80–90 % confl uence, expand cells from one 10 cm to two 
15 cm plates (plate A and plate B) containing 15 mL media 
( see   Note    8  ).   

   16.    At this step, plate A is used to freeze cells for future use while 
plate B is used to compare expression level among all 24 clonal 
cells ( see   Note     15  ).    

      Membrane    protein   purifi cation from yeast and insect cells requires 
 membrane preparation   while in our experience with HEK 293S cells 
whole-cell solubilization provides comparatively higher yield of pure 
protein and eliminates the prerequisite of membrane preparation. 
Based on detergent used for solubilization, cell pellets are solubi-
lized for 1–2 h at 4 °C in solubilization buffer. Once the best express-
ing clone is identifi ed (via either western blotting or FSEC)   , expand 
the particular clone from 10 cm plate to 1 L suspension culture.  

3.8  Solubilization 
of Membrane Proteins
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    Following   standard protocols, thaw frozen cell vials of best 
 expression clone and for expansion move from adherent towards 
suspension cultures (Fig.  6 ). For 1 L suspension culture, use twelve 
15 cm plates at 70–50 % confl uence.

     1.    Pre-warm 1 L suspension medium at 37 °C water bath.   
   2.    Inside the hood, aseptically add about 800 mL pre-warmed 

suspension medium to the spinner fl ask through side arm.   

3.9   Suspension 
Culture

Transfer cells from 15cm2 plates to
500 ml suspension media in 1 L
spinner flask. Make up volume with
rest ~ 400 ml suspension media.

Splitting into two 15 
cm plates. Splitting 
continued to prepare 
ten 15cm plates

Frozen Stock      10 cm plate

1 L Spinner Flask, 65 rpm,  37ºC

Split cells into two 1 L Spinner Flasks

At appropriate cell density, proceed to 10 L wave 
bioreactor, or to feed and induce cell cultures 

Feed cells with 20% w/v glucose & 10% w/v
Primatone, Incubate for 24 hrs, at 37º C,
followed by induction with doxycycline
(2 µg/ml) & Sodium Butyrate (5 mM)

Whole cell membrane solubilization

FLAG affinity chromatography and tag 
removal

Multiple screening via FSEC

Expansion of cells from frozen stocks

  Fig. 6    Expansion of frozen stocks to medium- and large-scale suspension culture       
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   3.    Out of 12 plates aspirate off DMEM from four 15 cm plates at 
a time, gently wash with DPBS, and trypsinize cells. Add 8 mL 
DMEM suspension to resuspend cells very well.   

   4.    Carefully, transfer the cells to the spinner fl ask via side arm and 
follow the same procedure for transferring cells from all twelve 
15 cm plates to the same spinner fl ask.   

   5.    Transfer the leftover suspension media to the fl ask and close 
the side arm lid. Post-moving the fl ask to 37 °C incubator, 
loosen both side arm lids for gas exchange.   

   6.    Take cell count on a daily basis and once the suspension cell 
density reaches at ~70–80 % confl uence, split cells by transfer-
ring half of the cells to the new spinner fl ask containing 500 mL 
of freshly prepared pre-warmed suspension medium. Incubate 
the spinner fl ask at 37 °C incubator.   

   7.    Determine the total number of cells and percent viability using 
a hemocytometer and trypan blue exclusion on a daily basis.    

  For suspension culture using large-scale WAVE Bioreactor 
Cellbags, we commonly use 20 L wave bag for 10 L culture 
 volume. For bringing the fi nal volume to 10 L, pre-warm 7 L 
of suspension medium at 37 °C water bath, and thaw 700 mL of 
bovine calf serum and antibiotics accordingly.

    1.    Take the WAVE cellbag inside the hood and using a sterile 
razor remove the plastic wrapping and tighten all the inlets and 
outlets.   

   2.    Aseptically, transfer suspension media to cellbag and following 
the manufacturer’s instructions secure the cellbag on the 
holder tray of a rocking unit, close off the outlet air fi lters, and 
with 10 % CO 2 /air infl ate the cellbag bioreactor. Rock at 
15 rpm for 20–30 min till the bag is completely infl ated. Once 
bag is completely infl ated, open the outlet air fi lters and rock 
for another 1–2 h for the complete equilibration of pH and 
temperature.   

   3.    Following the manufacturer’s protocol, clamp the inlet and 
outlet air fi lters, carry cellbag to the biosafety cabinet, and 
inoculate with cells by aseptically pouring all the cells.   

   4.    Bring bag back to bioreactor, secure it on holder tray, and 
infl ate it following  step 2 . Once bag is completely infl ated 
unclamp the outlet air fi lters and rock at 22 rpm.   

   5.    On a daily basis, monitor the cell density and at ~1.0 × 10 6  cell 
count feed the cells with 20 % w/v glucose and 10 % w/v 
Primatone RL/UF.   

   6.    Post-24 h of feeding, induce cells with 2 μg/mL  doxycycline   
and 5 mM sodium butyrate.   

   7.    Harvest cells post-36 h (or optimized time) for centrifugation 
for 10 min at 5000 ×  g  at 4 °C ( see   Note    16  ).       
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   Post-whole-cell lysis and protein  solubilization  , based on the tag 
choice affi nity chromatography is performed (Fig.  7 ) (FLAG affi n-
ity purifi cation discussed below) ( see   Note    17  ). All procedures 
should be performed on ice or at 4 °C.

     1.    Pre-equilibrate FLAG resin  with   solubilization buffer follow-
ing the manufacturer’s protocols and incubate for binding at 
4 °C for 2–3 h.   

   2.    Post-binding transfer the resin with supernatant to Econo- 
column and collect the fl ow-through fractions.   

   3.    Wash the column with  SEC   buffer (10 column volume).   
   4.    Elute target protein with 1 mL of 100 μg/mL FLAG peptide 

(in SEC buffer). Collect 10 elutes of 1 mL each and add 3 mM 
fi nal concentration of TCEP, a reducing agent (or as per the 
manufacturer’s instructions) right away.   

   5.    For separation on  SDS-PAGE  , load maximal amount of sample 
onto an SDS-PAGE gel and run for desired amount of time for 
adequate separation.   

   6.    We routinely separate the recovered material  by   SDS-PAGE 
and pool overexpressing elution fractions.   

   7.    At this step we cleave off the tag(s) (including EGFP tag in 
case of EGFP constructs) with appropriate proteases, using the 
manufacturer’s recommended concentrations or proceed for 
overnight dialysis in SEC buffer.    

3.10  Affi nity 
Chromatography

Protein of 
interest Nonspecific proteins Affinity Resin

Stringent WashesBinding with resin Elution of the target protein

Affinity Chromatography

  Fig. 7    Principle behind affi nity chromatography has been shown in the above fi gure. The fi rst step defi nes the 
binding of protein with the resin, followed by the removal of nonspecifi c proteins with the help of stringent 
washes. Finally, the target resin-bound protein is eluted out       
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         1.    One  can   choose a column for size-exclusion chromatography 
based on protein size or resolution requirement. We routinely 
use Superdex 200 10/300 GL size-exclusion chromatography 
column.   

   2.    Pre-equilibrate the column with two column volumes of 
degassed SEC buffer, inject the fi ltered sample, and collect the 
pool fractions of desired peak.   

   3.    Based on protein molecular weight, use a centrifugal fi ltration 
device to concentrate a sample to the desired protein concen-
tration, and proceed to crystallization trials.       

4                          Notes 

     1.    Gene of interest can be cloned in between Kpn1 and XhoI 
restriction sites of pACMV-tetO vector.   

   2.    Remember to include a stop codon immediate downstream of 
the fusion tag on the reverse primer to prevent read-through.   

   3.    Primers can be synthesized or ordered from any vendor.   
   4.    Any PCR purifi cation kit can be utilized though we have used 

the one from Qiagen.   
   5.    Any gel extraction kit can be used though we have used the 

one from Qiagen. One should take proper care during single-
band excision from gel.   

   6.    For PCR step, any polymerase can be utilized though we had 
good results using Phusion ®  high-fi delity DNA polymerase.   

   7.    For each individual transfection include positive and negative 
controls. For a positive control typically a pACMV-tetO con-
struct containing a well-expressed transgene is suitable, whereas 
a transfection without a plasmid serves as a negative control.   

   8.    For a 6-well tissue culture plate add 2 mL DMEM medium per 
well and 500 μL of trypsin, for a 10 cm plate we add 10 mL 
DMEM medium and 1 mL of trypsin, and for a 15 cm plate we 
add 25 mL DMEM medium and 2 mL of trypsin.   

   9.    For transfection purpose we use the plasmid eluted with pre- 
warmed ddH 2 O instead of elution buffer.   

   10.    One can analyze the expression of different constructs solubi-
lized in a couple of detergents to remove the possibility of 
expression being hindered due to the insolubility in a particu-
lar detergent itself.   

   11.    From our experience, for crystallography purpose most of the 
membrane proteins are solubilized  in   DDM and  OG  . FC14, 
being a harsh detergent, solubilizes the membrane proteins 
but might leave the protein inactive.   

3.11  SEC 
Chromatography
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   12.     FSEC   normally is used as a quality measure but can also be 
used as a quantity measure with or without combination of 
western blotting.   

   13.    For obtaining the stable transfection, cells go under selection 
media resistance/pressure for 4–6 weeks. At the beginning of 
fi rst week we notice a lot of cell death while changing the 
media on every alternate day; during rest of the selection pres-
sure media is changed twice to thrice per week until resistant 
foci can be identifi ed. Cell death decreases post-2–3 weeks and 
single colonies start appearing. Pick several foci and expand 
cells in 24-well plate.   

   14.    Since our technique relies upon random integration of the 
gene of interest into the genome, the expression levels obtained 
are strongly dependent on where the transgene integrates. 
Selection of clonal cells is then required to identify clones with 
high expression that are stable under prolonged culture.   

   15.    On a routine basis, we perform western blotting by following 
standard protocols to fi nd the best expression clones among all 
the 24 stable clones. We perform all the screening at the small 
scale by solubilizing whole cells, without preparing membranes 
as explained under Expression Assessment section. For deter-
gent screening, we again take the advantage of EGFP fusion 
tag and employ FPLC to check membrane protein homogene-
ity in  a   particular detergent as explained under fl uorescence 
detection size-exclusion chromatography section.   

   16.    Post-induction harvest time should be optimized for each pro-
tein. In our experience, 36-h incubation post-induction gave 
the best results.   

   17.    We normally prefer N-terminal FLAG and/or C-terminal HIS 
tag. Here, we explored the FLAG purifi cation.         
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    Chapter 14   

 Purifi cation of Human and Mammalian Membrane Proteins 
Expressed in  Xenopus laevis  Frog Oocytes for Structural 
Studies                     

     Rajendra     Boggavarapu    ,     Stephan     Hirschi    ,     Daniel     Harder    ,     Marcel     Meury    , 
    Zöhre     Ucurum    ,     Marc     J.     Bergeron    , and     Dimitrios     Fotiadis      

  Abstract 

   This protocol describes the isolation of recombinant human and mammalian membrane proteins expressed 
in  Xenopus laevis  frog oocytes for structural studies. The cDNA-derived cRNA of the desired genes is 
injected into several hundreds of oocytes, which are incubated for several days to allow protein expression. 
Recombinant proteins are then purifi ed via affi nity chromatography. The novelty of this method comes 
from the design of a plasmid that produces multi-tagged proteins and, most importantly, the development 
of a protocol for effi ciently discarding lipids, phospholipids, and lipoproteins from the oocyte egg yolk, 
which represent the major contaminants in protein purifi cations. Thus, the high protein purity and good 
yield obtained from this method allows protein structure determination by transmission electron micros-
copy of single detergent- solubilized protein particles and of 2D crystals of membrane protein embedded 
in lipid bilayers. Additionally, a radiotracer assay for functional analysis of the expressed target proteins in 
oocytes is described. Overall, this method is a valuable option for structural studies of mammalian and 
particularly human proteins, for which other expression systems often fail.  

  Key words     2D crystallization  ,   Human  ,   Mammalian  ,   Membrane protein  ,   Protein structure  ,   Single 
particle analysis  

1      Introduction 

 Membrane proteins represent 20–30 % of all genes encoded in 
most genomes [ 1 ]. They are of critical importance in human health 
and disease, and represent about 60 % of the approved drug targets 
[ 2 ]. However, the structural information available on membrane 
proteins is limited in comparison with soluble proteins [ 3 ]. In par-
ticular, there is very little structural information on human and 
mammalian membrane proteins ( see  Membrane Protein Structure 
Database;   http://blanco.biomol.uci.edu/mpstruc/    ). The major-
ity of membrane protein structures were determined by X-ray crys-
tallography. A prerequisite for this well-established and powerful 
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method is the availability of highly ordered three-dimensional 
(3D) crystals, which diffract to high resolution. In general, obtain-
ing 3D crystals of a membrane protein is a real challenge [ 3 ,  4 ] 
because milligram amounts of protein are required for their 
growth. Furthermore, high- quality recombinant protein, e.g., 
functional, stable and homogenous protein, is an additional pre-
requisite for successful crystallization [ 5 ]. Nowadays,  Escherichia 
coli  is mainly used as an expression system for the homologous and 
heterologous overexpression of prokaryotic membrane proteins 
[ 6 ,  7 ]. However, this system has limited success with eukaryotic 
proteins. Yeast, e.g.,  Saccharomyces cerevisiae  [ 8 ] and  Pichia pasto-
ris  [ 9 ,  10 ], baculovirus-insect cell system [ 11 ], and  mammalian 
cells, e.g.,   HEK293 and BHK-21 cells [ 12 ] are often used for the 
expression of eukaryotic membrane proteins. In spite of different 
expression systems being available for heterologous expression of 
membrane proteins, there is no general or simple expression sys-
tem for mammalian membrane proteins. Every expression system 
has its advantages and disadvantages, and the adequate system for 
the corresponding target protein has to be found [ 13 ,  14 ]. There-
fore, there is an urgent need for expression systems that are able to 
reliably and consistently provide milligram amounts of functional 
human and mammalian membrane proteins for structural studies. 

 Structural biology is undergoing a revolution since the 
 introduction of direct electron detection devices (DDD) in cryo-
transmission electron microscopy (cryo-TEM) at the end of 2013 
[ 15 ,  16 ]. The DDD technology resulted in dramatic improve-
ments in the quality of electron micrographs. Therefore, cryo-
TEM of single particles is currently gaining great momentum 
because microgram amounts of solubilized, homogenous, and 
stable membrane protein preparations suffi ce to determine 3D 
structures by cryo-TEM and single particle analysis (SPA). One of 
the current highlights represents the structure of the mammalian 
transient receptor potential (TRP) channel TRPV1, which was 
solved at 3.4 Å resolution, thus breaking the side chain resolution 
barrier for membrane proteins without crystallization [ 17 ]. In 
comparison to cryo-TEM, negative stain TEM of purifi ed protein 
is a fast, easy, and straightforward method [ 18 – 20 ]. Important 
information about the low-resolution structure, oligomeric state, 
shape, dimensions, and supramolecular organization of protein 
and protein complexes can be obtained [ 19 ,  21 ]. The majority of 
structure determination methods are not optimal for studying the 
membrane protein structure in its native environment, the lipid 
bilayer. To do this, 2D crystallization is the method of choice [ 22 ]. 
From 2D crystals the membrane protein structure is determined 
by TEM and electron crystallography [ 22 ,  23 ]. In addition to 
TEM, atomic force microscopy of 2D crystals provides subnano-
meter resolution information on the topography of membrane 
proteins in lipid bilayers [ 24 ,  25 ]. 
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 Oocytes from the wild South-African clawed  frog    Xenopus 
 laevis  are being used successfully as expression system since 1971 
[ 26 ]. In the last couple of decades  Xenopus laevis  oocytes have 
been successfully used for the functional expression of membrane 
proteins [ 27 ,  28 ]. In this method, in vitro synthesized cRNA is 
injected into oocytes, whereas in a few cases cDNA has been 
injected. In the year 2011, we established a method to purify 
human and mammalian membrane proteins heterologously 
expressed  in    Xenopus laevis  oocytes [ 29 ]. Our notion for the estab-
lishment of such a method at that time was to use an expression 
system, which had been used very successfully for the functional 
expression of membrane proteins. By using frog oocytes, we 
expressed and purifi ed fi ve mammalian membrane transport 
 proteins, i.e., human aquaporin-1 (hAQP1), human glutamate 
transporter (hEAAC1), human peptide transporter-1 (hPEPT1), 
human sodium-coupled glucose transporter (hSGLT1), and mouse 
potassium chloride symporter-4 (msKCC4). As proof of concept 
for the use of such recombinant protein in structural biology, we 
used hAQP1 for negative stain TEM and SPA. Our work showed 
similar oligomeric state, shape, and dimensions of hAQP1 particles 
to previous reports of hAQP1 isolated from human erythrocytes 
[ 30 ]. Furthermore, 2D crystals of hAQP1 were produced success-
fully [ 29 ]. We also took advantage of this established method to 
express and purify human vitamin C transporter-1 (SVCT1). In 
this study, we explored the low-resolution structure and oligo-
meric states of hSVCT1. This was the fi rst report on the purifi ca-
tion of a human member from the vitamin C transporter family 
[ 31 ]. Apart from our research group, other researchers have started 
using this method recently [ 32 ,  33 ]. The above mentioned exam-
ples  establish    Xenopus laevis  oocytes as a valid and successful 
expression system for mammalian and particularly human mem-
brane proteins. The main objective of this protocol is to provide 
detailed information on the expression and purifi cation of mam-
malian membrane proteins. Possible problems and pitfalls are 
explained as well. High-quality membrane proteins produced 
by the here presented method together with new generation state-
of-the-art TEMs and DDD cameras have great potential to pro-
duce high resolution human and mammalian membrane protein 
structures in the near future. 

 The presented method includes the following steps: (1) cRNA 
synthesis of the desired gene, (2) preparation and defolliculation of 
 Xenopus laevis  oocytes, (3) cRNA injection into oocytes, (4) func-
tional analysis of the target protein by  radiotracer uptake assay   using 
oocytes (optional), (5) isolation of yolk free oocyte membranes, 
(6) protein purifi cation from isolated oocyte membranes, (7) bio-
chemical analysis of purifi ed proteins, (8) 2D crystallization of puri-
fi ed proteins, (9) negative staining and TEM of detergent-solubilized 
proteins and 2D protein crystals. Examples of expected results are 
shown in Figs.  1 ,  2 ,  3 , and  4 .
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2          Materials 

       1.     cDNA   of interest in pMJB08 or an  alternative    Xenopus laevis  
expression vector (including  T7 RNA polymerase   promoter 
site and affi nity tags (His-tag for this protocol) or epitopes for 
purifi cation and detection).   

   2.    Restriction enzyme for linearization of the plasmid.   
   3.    mMessage mMachine T7 transcription kit (Ambion).   
   4.    Recombinant ribonuclease inhibitor (RNase OUT, 40 U/μL).      

       1.     Xenopus    laevis    female.   
   2.    Anesthetic: 10 g/L  Ethyl 3-aminobenzoate solution   (meth-

anesulfonate salt).   
   3.    Surgical instruments and autoclaved tooth picks.   
   4.    Petri dishes (plastic).   
   5.    Penicillin-Streptomycin (Pen-Strep) solution stabilized with 

10,000 U penicillin and 10 mg/mL streptomycin, sterile-fi l-
tered, suitable for cell culture.   

2.1  cRNA Synthesis

2.2   Preparation 
and Defolliculation 
of  Xenopus laevis  
Oocytes for Protein 
Expression

  Fig. 1     SDS-PAGE   and Western blot analyses of purifi ed, recombinant hAQP1 and 
hPEPT1 expressed in  Xenopus laevis  oocytes. Silver- stained   SDS/polyacrylamide 
gels ( a  and  c ) and Western blots using anti-HA antibody ( b  and  d ) from represen-
tative purifi cations. ( a  and  b ) The recombinant, nonglycosylated human AQP1 
monomer runs at ~25 kDa similar to native AQP1 isolated from human erythro-
cytes [ 40 ]. Additional higher molecular mass bands are discerned corresponding 
to glycosylated and dimeric AQP1 forms. ( c  and  d ) Monomeric (~70 kDa) and 
dimeric (~140 kDa) recombinant human PEPT1. All bands on silver- stained SDS/
polyacrylamide gels can be assigned to bands observed on corresponding 
Western blots. Figure was adapted from Fig. 3 in Bergeron et al. [ 29 ]       
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   6.    Modifi ed Barth’s Medium (MBM): 10 mM HEPES-NaOH 
pH 7.4, 88 mM NaCl, 1 mM KCl, 0.75 mM CaCl 2 , 2.4 mM 
NaHCO 3 , 0.66 mM NaNO 3 , 0.82 mM MgSO 4  supplemented 
with 10 μL/mL of Pen-Strep.   

   7.    Calcium-free MBM (MBM without CaCl 2 ,  see   step 6 ) supple-
mented with 10 μL/mL of Pen-Strep.   

   8.    Tissue culture dishes (Falcon tissue culture dishes, polystyrene, 
sterile, 100 × 20 mm).   

   9.    100× collagenase from  Clostridium histolyticum  stock solution: 
300 mg/mL in calcium-free MBM.   

   10.    Orbital shaker.   
   11.    50 mL Falcon tubes.   
   12.    Stereomicroscope (e.g., stereoscopic zoom microscope 

SMZ745T, Nikon).   
   13.    18 °C incubator.       

       1.     Defolliculated    Xenopus laevis  oocytes ( see  Subheading  3.2 ).   
   2.    cRNA of your gene of interest (including affi nity tags and epi-

topes for purifi cation and detection) ( see  Subheading  3.1 ).   

2.3  cRNA Injection 
for Uptake Assays or 
Protein Purifi cation

  Fig. 2    Function of human PEPT1 expressed  in    Xenopus laevis  oocytes. Oocytes 
injected with hPEPT1 cRNA mediate uptake of [ 3 H]Ala-Ala. Controls are water-
injected oocytes and competitive inhibition of [ 3 H]Ala-Ala uptake in hPEPT1 cRNA 
injected oocytes with 2.5 mM Ala-Ala. Data represents mean ± SEM from 
12 oocytes (one representative experiment from three independent experiments 
is shown)       
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   3.    Glass 3.5″ microcapillaries (Drummond Scientifi c Company).   
   4.    Electrode puller (e.g., Zeitz DMZ-universal puller, AutoMate 

Scientifi c).   
   5.    Platinum loop for moving of the oocytes and support grid for 

oocytes while injecting.   
   6.    Injector (e.g., Nanoject II, Drummond Scientifi c Company).   
   7.    Stereomicroscope (e.g., stereoscopic zoom microscope 

SMZ745T, Nikon).   
   8.    Light source.      

       1.     Xenopus laevis   oocytes   expressing the protein of interest and 
water-injected oocytes as control ( see  Subheading  3.3 ).   

   2.    Eppendorf tubes (1.5 and 2 mL).   
   3.    Radiolabeled substrates (preferentially  3 H or  14 C labeled for 

easy handling).   
   4.    Shaker.   
   5.    96-well white opaque microplate (e.g., Optiplate 96, PerkinElmer).   
   6.    5 % (w/v) sodium dodecyl  sulfate   (SDS) solution.   
   7.    Scintillation cocktail (e.g., MicroScint 40, PerkinElmer).   

2.4  Functional 
Analysis 
by Radiotracer Uptake 
Assay Using Oocytes

  Fig. 3    Negative stain TEM of purifi ed recombinant human AQP1. The homogene-
ity of the purifi ed hAQP1 protein is refl ected in the overview electron micrograph 
( a ). Numerous particles exhibit a square shape ( arrowheads ), which is typical for 
AQP1 top views [ 30 ]. The gallery in ( b ) displays well-preserved top views of 
hAQP1. In the raw images four densities are clearly visible. The scale bar repre-
sents 50 nm ( a ) and the frame sizes of the magnifi ed particles are 13.8 nm ( b ). 
Figure was adapted from Fig. 4 in Bergeron et al. [ 29 ]       
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   8.    Clear adhesive seal for 96-well microplate (e.g., TopSeal 
96-well microplate seal, PerkinElmer).   

   9.    Microplate scintillation counter.      

       1.     Xenopus    laevis    oocytes expressing the protein of interest 
( see  Subheading  3.3 ).   

   2.    Protease inhibitor cocktail (e.g., SIGMA FAST  protease inhibi-
tor cocktail tablets, EDTA-free).   

   3.    Oocyte homogenization buffer: 20 mM Tris–HCl pH 8.0 sup-
plemented with one tablet of protease inhibitor cocktail per 
50 mL.   

   4.    90 mL homogenizer.   
   5.    50 mL Falcon tubes.   
   6.    Centrifuge with swinging bucket rotor.   
   7.    Ultracentrifuge tubes (94 mL).   
   8.    Ultracentrifuge.   
   9.    Short and long neck glass Pasteur pipette.   
   10.    Vacuum pump.   

2.5   Isolation 
of Yolk-Free Oocyte 
Membranes

  Fig. 4    Negatively stained tubular crystals of recombinant human AQP1. The area marked by the  white box  was 
magnifi ed and is displayed as  inset : tubular hAQP1 crystals with a typical width of ~110 nm are seen. The 
scale bar represent 500 nm and the frame size of the inset is 503 × 362 nm. Figure was adapted from Fig. 5 in 
Bergeron et al. [ 29 ]       
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   11.    Membrane wash buffer: 20 mM Tris–HCl pH 8.0, 1 M NaCl 
supplemented with one tablet of protease inhibitor cocktail per 
50 mL.   

   12.    Resuspension buffer: 20 mM Tris–HCl pH 8.0, 150 mM 
NaCl.   

   13.    Liquid nitrogen for fl ash freezing.       

       1.    Yolk free oocyte membranes ( see  Subheading  3.5 ).   
   2.     Solubilization   buffer: 20 mM Tris–HCl pH 8.0, 150 mM 

NaCl, 2 % (v/v)    Triton X-100 ( see   Note    1  ).   
   3.    Rotatory shaker.   
   4.    Ultracentrifuge tubes (13.5 mL).   
   5.    Ultracentrifuge.   
   6.    Cobalt resin for metal affi nity chromatography (e.g., HisPur 

cobalt resin, Thermo Fisher Scientifi c).   
   7.    Equilibration buffer: 20 mM Tris–HCl pH 8.0, 150 mM NaCl, 

5 mM imidazole, 0.05 % (v/v)    Triton X-100 ( see   Note    1  ).   
   8.    Eppendorf tubes.   
   9.    Microcentrifuge.   
   10.    Binding buffer: 20 mM Tris–HCl pH 8.0, 150 mM NaCl, 

10 mM imidazole, 0.05 % (v/v) Triton X-100 ( see   Note    1  ).   
   11.    50 mL Falcon tube.   
   12.    Gravity fl ow column (e.g., Wizard Midicolumn, Promega).   
   13.    Wash buffer 1: 20 mM Tris–HCl pH 8.0, 150 mM NaCl, 

10 mM imidazole, 0.05 % (v/v)    Triton X-100 ( see   Note    1  ).   
   14.    Wash buffer 2: 20 mM Tris–HCl pH 8.0, 150 mM NaCl, 

20 mM imidazole, 0.05 % (v/v) Triton X-100 ( see   Note    1  ).   
   15.    Cleavage buffer: 20 mM Tris–HCl pH 8.0, 150 mM NaCl, 

0.025 % (v/v) Triton X-100 ( see   Note    1  ).   
   16.    Laboratory fi lm.   
   17.    His-tagged human rhinovirus 3C (HRV3C) protease (e.g., 

Turbo3C HRV3C protease, recombinant, BioVision).   
   18.    Concentrator with appropriate molecular weight cut-off 

( see   Note    2  , e.g., Amicon Ultra-0.5 mL centrifugal fi lter tubes 
100 K, Millipore).      

       1.    Purifi ed protein ( see  Subheading  3.6 ).   
   2.    Bicinchoninic acid assay kit (e.g., Pierce BCA protein assay kit, 

Thermo Fisher Scientifi c).   
   3.    Reagents for silver staining of polyacrylamide gels.   
   4.    Protein electrophoresis system.   

2.6  Protein 
Purifi cation 
from Isolated Oocyte 
Membranes

2.7  Biochemical 
Analysis of Purifi ed 
Proteins
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   5.    Gel blotting system and general Western blot equipment.   
   6.    Primary antibody: Mouse anti-HA monoclonal IgG antibody 

(Sigma).   
   7.    Primary antibody: Mouse anti-penta His IgG antibody 

(Qiagen).   
   8.    Secondary antibody: Goat anti-mouse IgG (H + L)-HRP con-

jugate (Bio-Rad).      

       1.    Purifi ed protein ( see  Subheading  3.6 ).   
   2.    Detergent-free dialysis buffer.   
   3.    Lipids solubilized in detergent (Avanti Polar Lipids, Inc.).   
   4.    Eppendorf tubes.   
   5.    Dialysis buttons (Hampton Research).   
   6.    Dialysis membrane (e.g., Spectra/Por Biotech cellulose acetate 

membrane 100 kDa MWCO, Spectrum Labs).      

       1.    Purifi ed protein ( see  Subheading  3.6 ) or 2D protein crystals 
( see  Subheading  3.8 ).   

   2.    Parlodion carbon-coated copper TEM grids.   
   3.    Small pointed forceps.   
   4.    Glow discharge system.   
   5.    0.75 % (w/v) uranyl formate or a different negative stain.   
   6.    Transmission electron microscope (e.g., Philips CM12) with 

an image acquisition system (e.g., CCD or DDD camera).       

3    Methods 

         1.     Linearize   plasmid DNA containing the cDNA of the desired 
gene without cutting the gene. Choose an appropriate enzyme 
according to your gene.   

   2.    Follow the manufacturer’s protocol of the mMessage mMa-
chine T7 transcription kit for cRNA synthesis from your 
desired cDNA. Supplement additionally 2 μL of RNase inhibi-
tor per reaction.      

     Note that  all   animal experiments have to be in accordance with the 
animal welfare law of your home country and approved by the 
local veterinary authority.

    1.    Anesthetize the frog in a bath of  ethyl 3-aminobenzoate solu-
tion   until no movement is observed.   

   2.    Place the frog on its back on top of crushed ice with some 
paper towels in between—this is to prevent the skin from dry-
ing and to keep the temperature of the body low. Note that 

2.8  2D 
Crystallization 
of Purifi ed Proteins

2.9  Negative 
Staining and TEM 
of Detergent- 
Solubilized Proteins 
and 2D Protein 
Crystals

3.1  cRNA Synthesis

3.2   Preparation 
and Defolliculation 
of  Xenopus laevis  
Oocytes for Protein 
Expression
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this procedure may differ from one country to another. Refer 
to veterinary protocol of your home country.   

   3.    Surgically remove the ovary from one side of the frog ( see  ref. 
 34  for a detailed description of the surgery). Separate and open 
the ovarian follicles into small pieces using autoclaved tooth-
picks or fi ne scissors. Place these small parts of ovary in a Petri 
dish containing 25 mL of calcium-free MBM ( see   Note    3  ).   

   4.    Prepare two Falcon tissue culture dishes ( see   Note    4  ) with 
25 mL of 3 mg/mL collagenase solution each (500 μL of 
100× collagenase stock in 49.5 mL of calcium-free MBM).   

   5.    Split the oocytes from one ovary into two parts and put them 
into the two culture dishes containing collagenase solution.   

   6.    Shake the two dishes gently on an orbital shaker at 50–60 rpm 
for 1.5 h at room temperature.   

   7.    Place the oocytes from both dishes into a 50 mL Falcon tube 
with some collagenase solution from the dishes (~20 mL total 
volume).   

   8.    Invert the tube gently several times to detach the oocytes from 
follicles.   

   9.    Let the oocytes settle and remove the collagenase solution. 
Add calcium-free MBM up to 20 mL. Repeat this washing step 
2–3 times ( see   Note    5  ).   

   10.    Transfer the oocytes from the Falcon tube to a Petri dish and 
check them visually under the stereomicroscope: (a) usually 
99 % of the oocytes are free (i.e., not accumulated) and (b) 
around 80 % of the oocytes have lost their collagen membrane 
(defolliculation).   

   11.    After checking the defolliculation state, put the oocytes back 
into two new Petri dishes and add 25 mL of 3 mg/mL colla-
genase solution to each.   

   12.    Depending on the effi ciency of the defolliculation, shake the 
dishes gently on an orbital shaker for another period of time, 
e.g., from 30 min to 1.5 h ( see   Note    6  ).   

   13.    Transfer the oocytes into a 50 mL Falcon tube and invert the 
tube gently several times by hand.   

   14.    Discard as much of collagenase solution as possible.   
   15.    Wash the oocytes with calcium-free MBM tempered at 18 °C 

( see   Note    7  ) three times in a 50 mL Falcon tube, i.e., remove 
supernatant and fi ll up to 40–50 mL with calcium-free MBM.   

   16.    Wash the oocytes again with MBM (containing calcium) in a 
50 mL Falcon tube ( see   step 15 ). Wash them until the liquid in 
the Falcon tube looks transparent and the oocytes appear as 
clean as possible (usually after 2–3 washing steps).   
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   17.    Fill up to 25 mL total volume with MBM and separate the 
oocytes into three or four Petri dishes.   

   18.    Store the oocytes at 18 °C in an incubator.   
   19.    On the next day (best) or at least 4 h after treatment, select 

morphologically intact (undamaged), spherical stage V–VI 
oocytes (healthy)  for   cRNA injection ( see  Subheading  3.3 ) 
( see   Note    8  ). A typical yield of oocytes from one ovary is about 
7000 injectable oocytes. Proceed directly with injection or 
store until next day (suggested).     

            1.    Sort  the   oocytes selected in Subheading  3.2  prior to injection and 
remove damaged oocytes. Dilute the cRNA (Subheading  3.1 ) 
to 400 μg/mL and inject 25 nL of cRNA per oocyte (10 ng of 
cRNA,  see   Note    9  ).   

   2.    Inject oocytes using glass microneedles with a diameter of less 
than 20 μm (prepared with an electrode puller).   

   3.    For uptake experiments inject a minimum of 50 oocytes 
per  condition (e.g., for control experiments and to test differ-
ent compounds), and for protein purifi cation 800–5600 
( see   Note    10  ).   

   4.    Oocytes injected with the same volume of water should be 
used as control in uptake experiments.   

   5.    Incubate the oocytes for 2–3 days ( see   Note    11  ).   
   6.    Sort the oocytes every day after injection, remove the dead 

oocytes, and renew the MBM.   
   7.    Proceed with  radiotracer uptake assays   ( see  Subheading  3.4 ) or 

membrane isolation ( see  Subheading  3.5 ).       

        1.    On the day  of   the uptake experiment sort the oocytes express-
ing the transporter and water-injected oocytes, and select only 
healthy looking oocytes for the uptake experiment.   

   2.    Put 15 oocytes in a 2 mL Eppendorf tube, remove liquid care-
fully with a pipette ( see   Note    12  ).   

   3.    Add 200 μL of MBM containing 0.5–1 μCi of the radioactive 
substrate. The molarity can be adjusted with cold substrate to 
keep the desired concentration of the substrate, thus prevent-
ing substrate depletion ( see   Note    13  ).   

   4.    The typical uptake solution contains the radiotracer, cold sub-
strate, and MBM with or without competitor.   

   5.    Incubate the reaction at room temperature for 1–60 min and 
shake gently from time to time. The duration must be opti-
mized for each individual protein ( see   Note    14  ).   

   6.    After the incubation time is completed, aspirate the liquid 
(save it for scintillation counting in  step 9 ) and wash with 

3.3   cRNA Injection 
for Uptake Assays or 
Protein Purifi cation

3.4  Functional 
Analysis 
by Radiotracer Uptake 
Assay Using Oocytes
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1 mL of cold MBM. Aspirate the liquid again and repeat the 
washing step 4 times ( see   Note    15  ).   

   7.    Transfer single oocyte (at least 12) into individual wells of a 
96-well plate ( see   Note    16  ).   

   8.    Add 50 μL of 5 %  SDS   solution to each oocyte. Seal the wells 
with TopSeal and put the plate on a shaker at 900 rpm until the 
oocytes are completely lysed and homogenized ( see   Note    17  ).   

   9.    Add 5 μl of the supernatant of the uptake reactions ( step 6 ) as 
control to empty wells.   

   10.    Add 150 μL of scintillation cocktail to each well, reseal, and 
place the plate on a shaker at 500 rpm to mix.   

   11.    Immediately measure the plate with a scintillation counter, 
measuring each well for 2 min (Packard TopCount;  see   Note  
  18  ). Figure  1  shows results from an uptake experiment using 
hPEPT1 and [ 3 H]Ala-Ala.      

         1.    Select  healthy   oocytes 2–3 days after cRNA injection ( see   Note  
  11  ). This protocol gives the volumes for a preparation from 
~5600 oocytes and can be scaled down accordingly.   

   2.    Pool ~5600 oocytes and homogenize them in 60 mL of oocyte 
homogenization buffer ( see   Note    19  ) using the homogenizer.   

   3.    Equally distribute the homogenized oocytes into four 50 mL 
Falcon tubes. Wash the homogenizer with 25 mL of the same 
buffer and also transfer equally into the Falcon tubes (fi nally 
~20 mL per Falcon tube,  see   Note    19  ).   

   4.    Centrifuge the homogenized oocytes at 1000 ×  g  for 15 min.   
   5.    Transfer the supernatants carefully into one 94 mL ultracentri-

fuge tube using a short neck glass Pasteur pipette ( see   Note    20  ).   
   6.    Centrifuge at 100,000 ×  g  and 4 °C for 1 h.   
   7.    Remove the supernatant using a vacuum pump with a long 

neck glass Pasteur pipette or by simply decanting ( see   Note    21  ). 
Before proceeding to the next step, make sure that there is no 
yellow colored material or any sticky substance on the wall of 
the centrifuge tube.   

   8.    Add 60 mL of membrane wash buffer to the membrane pellet, 
detach it by scratching with a 1 mL pipette tip, and transfer all 
to a 90 mL homogenizer.   

   9.    Wash the centrifuge tube with additional 25 mL of buffer and 
transfer it to the homogenizer.   

   10.    Homogenize the membranes and transfer them to a 94 mL 
ultracentrifuge tube, wash the homogenizer with 5 mL of buf-
fer, and add it to the ultracentrifuge tube.   

   11.    Pellet down the membranes by ultracentrifugation at 100,000 ×  g  
and 4 °C for 1 h.   

3.5   Isolation of Yolk 
Free Oocyte 
Membranes
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   12.    Aspirate the supernatant with a vacuum pump or by decanting, 
and repeat  steps 8 – 11 .   

   13.    Discard the supernatant and resuspend the membranes in 
5 mL resuspension buffer per ~5600 oocytes used.   

   14.    After resuspending the membranes either fl ash freeze them in 
batches corresponding to 800 oocytes in liquid nitrogen and 
store at −80 °C, or proceed to purifi cation without freezing.       

      Keep a small aliquot of all steps for  SDS-PAGE   analysis. Make sev-
eral parallel purifi cations for increased protein amounts.

    1.    Gently resuspend (to avoid foam formation) the membranes 
from 800 oocytes in a total of 8 mL  solubilization   buffer.   

   2.    Transfer the resuspended membranes into a 15 mL Falcon 
tube. Solubilize membranes at 4 °C for 1 h under gentle 
rotation.   

   3.    Centrifuge the solubilized membranes at 100,000 ×  g  and 4 °C 
for 1 h.   

   4.    In the meantime equilibrate 500 μL cobalt resin (bed volume) 
for membranes from 800 oocytes with equilibration buffer by 
centrifugation (1000 ×  g , 1 min) in an Eppendorf tube and 
washing at least twice.   

   5.    Dilute the supernatant 1:1 with binding buffer and add the 
supernatant to the pre-equilibrated cobalt resin in a 50 mL 
Falcon tube. Incubate on a rotatory shaker for 2 h at 4 °C.   

   6.    Load the gravity fl ow column with your sample.   
   7.    Wash the column with at least fi ve column volumes of wash 

buffer 1.   
   8.    Wash column with at least fi ve column volumes of wash 

buffer 2.   
   9.    Wash the column with at least fi ve column volumes of cleavage 

buffer.   
   10.    Remove all the liquid from the column (i.e., centrifuge at 

1000 ×  g  and 4 °C for 1 min) and cut-off the Wizard Midicolumn 
tip containing the resin.   

   11.    Seal the tip with laboratory fi lm at the bottom and add 250 μL 
of cleavage buffer and 50 μl of HRV3C protease (250 U). Seal 
the top as well and keep it on a rotatory shaker overnight at 
4 °C.   

   12.    Elute the protein by centrifugation into an Eppendorf tube at 
3000 ×  g  and 4 °C for 2 min.   

   13.    If the concentration of the eluted protein is too low for subse-
quent biochemical analysis, concentrate the protein solution in 
a concentrator with an appropriate molecular weight cut-off 
( see   Note    2  ) to the desired concentration.    

3.6  Protein 
Purifi cation 
from Isolated Oocyte 
Membranes
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         1.    Determine the protein concentration using the BCA assay 
 following the manufacturer’s instructions.   

   2.    Assess the purity of the protein by  SDS-PAGE   and silver stain-
ing ( see  Fig.  2  for successfully purifi ed membrane proteins: also 
consider bands corresponding to oligomers and glycosylated 
proteins).   

   3.    Perform a Western blot by using anti-HA antibody (or a suit-
able antibody of your choice) to assess the presence of your 
recombinant target protein ( see  Fig.  2  and consider comment 
in  step 2 ).   

   4.    Once the purity of the isolated protein has been confi rmed, it 
can be used for structural studies, e.g., SPA of purifi ed protein 
and 2D crystallization (Subheading  3.8 ). Both, purifi ed pro-
tein and 2D crystals are visualized by negative stain and/or 
cryo-TEM (Subheading  3.9 ).      

       2D   crystallization of membrane proteins is a method by itself and 
beyond the scope of this chapter. However, a brief description is 
provided here. For introduction and detailed information on 
2D crystallization, the following publications are recommended 
[ 22 ,  35 – 37 ].

    1.    Prepare the required detergent-free buffer(s) for dialysis in 
advance ( see   Note    22  ).   

   2.    Prepare the crystallization mixture at different lipid-to-protein 
ratios (LPRs)—a good range to test for 2D crystallization is 
between 0.1 and 1.5 (w/w). Mix in an Eppendorf tube the 
appropriate amount of protein, preferably at about 1 mg/mL 
fi nal concentration, and the detergent-solubilized lipid. The 
choice of the lipid needs to be optimized by screening experi-
ments ( see   Note    23  ).   

   3.    Transfer the protein/lipid/detergent mixture into a dialysis 
button. Place a dialysis membrane of appropriate size ( see   Note  
  2  ) on top and close the button properly ( see   Note    24  ).   

   4.    Place the dialysis buttons in the buffer prepared in  step 1 .   
   5.    Incubate the dialysis buffers in an incubator maintained at 

24 °C (or the temperature of choice) or on the laboratory 
bench at room temperature ( see   Note    25  ) until the detergent 
has been completely removed from the buttons ( see   Note    26  ).   

   6.    After appropriate incubation time harvest the samples transfer-
ring them into Eppendorf tubes ( see   Note    27  ).   

   7.    Analyze the reconstitution samples using negative stain TEM 
(Subheading   3.9 ).    

3.7  Biochemical 
Analysis of Purifi ed 
Proteins
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       Handle the copper grids with small pointed forceps.

    1.    Place three drops (~200 μL) of ultrapure water and two drops 
of 5–20 μL of uranyl formate (or another stain of choice) on a 
piece of laboratory fi lm.   

   2.    Render the Parlodion carbon-coated copper grids hydrophilic 
by glow discharge at low pressure in air.   

   3.    Place 4–5 μL of purifi ed protein or 2D crystals to adsorb on a 
grid and wait for around 15–30 s for detergent-solubilized 
protein and 1 min for 2D crystals.   

   4.    Remove the protein solution by blotting on a fi lter paper.   
   5.    Wash the grid by gently moving it on the surface of the water 

drops, while blotting on fi lter paper between each drop.   
   6.    Prestain the grid in the fi rst drop of uranyl formate and blot 

immediately. Then stain again in the second drop of uranyl 
formate for 10 s and blot. Let the grids dry for a few minutes 
and store them in a dry place.   

   7.    Analyze samples in TEM and pay special attention to com-
monly occurring artifacts when working with purifi ed protein 
at low concentration ( see   Note    28  ). For examples of outcomes 
 see  Fig.  3  (single particle analysis of purifi ed hAQP1 protein), 
Fig.  4  (2D crystals of hAQP1), and Fig.  5  (typical artifact in 
negative stain TEM).

3.9  Negative 
Staining and TEM 
of Detergent- 
Solubilized Proteins 
and 2D Protein 
Crystals

  Fig. 5    Electron micrograph of negatively stained parlodion carbon-coated copper grids incubated with protein-
free, detergent containing buffer solution reveals the presence of staining artifacts, i.e., particles with diame-
ters ranging from 10 to 17 nm. A selection of the two most prominent populations, i.e., smaller and larger 
particles of about 10 nm and 14–17 nm, is shown in the galleries ( b  and  c ). Scale bar in ( a ) is 50 nm and frame 
size in ( b  and  c ) is 35 nm       
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4                                                 Notes 

     1.    The choice of the detergent for  solubilization   and purifi cation 
can vary from protein to protein and is of major importance for 
the stability and function of the purifi ed membrane protein 
[ 38 ,  39 ]. Generally, non-ionic detergents with low  critical 
micelle concentration (CMC)   are mild and convenient. For 
solubilization, detergent concentrations in great excess of the 
CMC are used [ 5 ]. The detergent concentration is reduced in 
the washing and elution steps of the purifi cation to a several-
fold of the CMC, e.g., for  n -dodecyl-β- D - maltopyranoside 
  (DDM, CMC = 0.0087 %) 1.5–2 % are commonly used for sol-
ubilization and 0.04 % for washing and elution [ 5 ].   

   2.    There are concentrators and dialysis membranes with different 
molecular weight cut-offs (e.g., 100 or 50 kDa). With mem-
brane proteins a signifi cant amount of mass is added to their 
molecular weight by the presence of endogenous lipids and the 
detergent micelle [ 5 ]. Therefore, a higher molecular weight 
cut-off can usually be used (e.g., a 30 kDa protein will most 
likely not go through a 50 kDa cut-off membrane).   

   3.    Cut the ovarian follicles as small as possible to maximize the 
accessibility of the collagenase solution. When you take out 
both ovaries, try to keep approximately one fourth of the total 
oocytes per plate. This will facilitate handling and separation of 
follicles.   

   4.    Use only Falcon tissue culture dishes for the collagenase treat-
ment because the follicle membrane sticks nicely to this type of 
plate. Take several plates depending on the number of oocytes 
to be treated.   

   5.    Make sure that the liquid in the Falcon tube looks as transpar-
ent as possible and the oocytes are clearly visible.   

   6.    Check after the fi rst 1.5 h collagenase treatment and decide 
how long to continue the second treatment. Sometimes it may 
need longer treatment than 1.5 h, and sometimes only ~30 min 
after the fi rst treatment is suffi cient.   

   7.    Never add cold buffer to the oocytes after collagenase treat-
ment. Make sure that your calcium-free or calcium-containing 
MBM is at 18 °C and supplemented with Pen-Strep.   

   8.    This step is crucial for the rest of the experiment; therefore 
make sure that all the selected oocytes for injection are of good 
quality, i.e., morphologically intact (undamaged), spherical 
stage V–VI oocytes and similar size.   

   9.    The amount of cRNA to be injected must be optimized in 
advance to maximize the protein expression level, but 10 ng per 
oocyte is a good starting point for injection. The volume of 
cRNA to inject may vary depending on the stock concentration, 
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e.g., 20–50 nL. Preferably use a 400 μg/mL cRNA solution. 
Before starting the injection process check the injector 
settings.   

   10.    Keep in mind that survival and quality of the injected oocytes 
might vary with different target proteins, oocyte batches, and 
experiments. Therefore, it is advisable to always inject addi-
tional oocytes, e.g., 30 % more. A minimum of 800 oocytes are 
required for the here presented purifi cation protocol.   

   11.    The optimal incubation time may vary from protein to protein 
and should be evaluated in advance, e.g., by Western blot anal-
ysis using an appropriate antibody.   

   12.    Place the pipette tip opening at the bottom/wall of the tube to 
prevent sucking in and destroying oocytes.   

   13.    For peptide transporters, 50 μM fi nal concentration of the 
dipeptide Ala-Ala was used. Since the radiotracer was used at 
2 μM, 48 μM of cold substrate Ala-Ala was added to maintain 
the fi nal substrate concentration.   

   14.    When the uptake experiment is performed for the fi rst time it 
is advisable to test different time points, e.g., 1, 5, 10, 15, 30, 
and 60 min to identify the desired linear initial rate region. 
Uptake velocity can be increased and decreased by perform-
ing the experiment at higher and lower temperatures, 
respectively.   

   15.    You may release the medium with some pressure to swirl the 
oocytes around for better washing effi ciency.   

   16.    Keep a small amount of the last washing solution to make the 
oocytes fl oat and easy to transfer with a cut pipette tip or plas-
tic pipette with large neck opening. Transfer oocytes with as 
little liquid as possible.   

   17.    Make sure that the oocytes are completely lysed. Depending 
on the batch of oocytes, this may take between 30 min to 2 h.   

   18.    Postponing the scintillation measurement may result in 
quenching effects due to color development from the pig-
ments of the oocytes.   

   19.    The volume used for homogenizing oocytes will vary depend-
ing on the number of oocytes processed. Adapt volume cor-
respondingly, e.g., 60 mL per 5600 oocytes.   

   20.    Avoid aspirating the small egg yolk layer (yellow colored fi lm) 
at the top of the supernatant.   

   21.    In the 94 mL ultracentrifuge tube most of the yolk material 
will fl oat and stick to the lid of the tube and upper tube sur-
face. Therefore, carefully decant without mixing. Hold the 
tube vertically to ensure that the yolk material sticking to the 
wall will not settle down and contaminate the membranes. 
Remove the sticky egg yolk material with soft paper towels.   
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   22.    A large amount of detergent-free buffer should be prepared: at 
least 1 L per four dialysis buttons. For AQP1, the following 
dialysis buffer was used successfully: 20 mM MES-NaOH 
pH 6, 200 mM NaCl, 10 mM MgCl 2 , 2 mM DTT, 10 % glyc-
erol, and 0.01 % NaN 3  [ 29 ,  40 ]. For other membrane proteins, 
optimal dialysis buffer conditions for successful crystallization 
have to be screened and identifi ed [ 22 ,  35 – 37 ].   

   23.    Examples of successful 2D crystallization include the use of 
dimyristoyl  phosphatidylcholine   (DMPC), dioleoyl  phosphati-
dylcholine   (DOPC),  E. coli  polar lipids extract, and soy bean 
and egg phosphatidylcholine [ 22 ]. For AQP1  E. coli  polar 
 lipids were successfully used [ 29 ,  40 ].   

   24.    Avoid the formation of air bubbles in the dialysis button as 
the reduced contact surface may alter the dialysis kinetics 
signifi cantly.   

   25.    The temperature must be optimized for the corresponding 
lipid, e.g., consider transition temperature of the used lipid.   

   26.    Time of incubation will vary in function of the detergent used 
for protein purifi cation and  solubilization   of lipids. The higher 
the  CMC   of the detergent, the faster it will be removed via 
dialysis. E.g., if both, protein and lipid are in  n -decyl-β- D -
maltopyranoside ( DM  ) the dialysis will take around 2 weeks, 
with DDM around 4 weeks. To determine the minimal dialysis 
time, redundant samples can be set up and analyzed by TEM 
at different time points.   

   27.    Use a pipette to harvest the sample by poking through the 
dialysis membrane without opening the dialysis button. Slight 
resuspension might be necessary by pipetting up and down few 
times.   

   28.    When preparing electron microscopy grids of purifi ed protein 
at low concentration, always also prepare grids of protein-free 
sample, i.e., same buffer without protein, for comparison. 
On grids incubated with protein-free sample and negatively 
stained, particles in the range of 10–17 nm might be observed 
(Fig.  5 ) and misinterpreted as protein molecules. For a recent 
example,  see  ref.  32 , where such particles were misinterpreted 
as monomeric and oligomeric TRPM4 channel proteins.         

  Acknowledgements 

 Financial support from the University of Bern, the Swiss National 
Science Foundation (grant 31003A_162581), the Bern University 
Research Foundation, and the National Centre of Competence in 
Research (NCCR) TransCure and NCCR Molecular Systems 
Engineering to DF is gratefully acknowledged.  

Rajendra Boggavarapu et al.



241

   References 

    1.    Krogh A, Larsson B, von Heijne G, 
Sonnhammer EL (2001) Predicting transmem-
brane protein topology with a hidden Markov 
model: application to complete genomes. 
J Mol Biol 305:567–580  

    2.    Yildirim MA, Goh KI, Cusick ME, Barabasi 
AL, Vidal M (2007) Drug-target network. Nat 
Biotechnol 25:1119–1126  

     3.    Carpenter EP, Beis K, Cameron AD, Iwata S 
(2008) Overcoming the challenges of mem-
brane protein crystallography. Curr Opin 
Struct Biol 18:581–586  

    4.    Bill RM, Henderson PJ, Iwata S, Kunji ER, 
Michel H, Neutze R et al (2011) Overcoming 
barriers to membrane protein structure deter-
mination. Nat Biotechnol 29:335–340  

       5.    Ilgü H, Jeckelmann JM, Gachet MS, Bogga-
varapu R, Ucurum Z, Gertsch J et al (2014) 
Variation of the detergent-binding capacity and 
phospholipid content of membrane proteins 
when purifi ed in different detergents. Biophys 
J 106:1660–1670  

    6.    Hockney RC (1994) Recent developments in 
heterologous protein production in  Escherichia 
coli . Trends Biotechnol 12:456–463  

    7.    Zoonens M, Miroux B (2010) Expression of 
membrane proteins at the  Escherichia coli  
membrane for structural studies. Methods Mol 
Biol 601:49–66  

    8.    Emmerstorfer A, Wriessnegger T, Hirz M, 
Pichler H (2014) Overexpression of membrane 
proteins from higher eukaryotes in yeasts. Appl 
Microbiol Biotechnol 98:7671–7698  

    9.    Byrne B (2015)  Pichia pastoris  as an expression 
host for membrane protein structural biology. 
Curr Opin Struct Biol 32C:9–17  

    10.    Looser V, Bruhlmann B, Bumbak F, Stenger C, 
Costa M, Camattari A et al (2015) Cultivation 
strategies to enhance productivity of  Pichia 
pastoris : A review. Biotechnol Adv 33(6 Pt 2):
1177–1193  

    11.    Massotte D (2003) G protein-coupled recep-
tor overexpression with the baculovirus-insect 
cell system: a tool for structural and functional 
studies. Biochim Biophys Acta 1610:77–89  

    12.    Andrell J, Tate CG (2013) Overexpression of 
membrane proteins in mammalian cells for 
structural studies. Mol Membr Biol 30:52–63  

    13.    Eifl er N, Duckely M, Sumanovski LT, Egan 
TM, Oksche A, Konopka JB et al (2007) 
Functional expression of mammalian receptors 
and membrane channels in different cells. 
J Struct Biol 159:179–193  

    14.    Bernaudat F, Frelet-Barrand A, Pochon N, 
Dementin S, Hivin P, Boutigny S et al (2011) 
Heterologous expression of membrane pro-
teins: choosing the appropriate host. PLoS 
One 6:e29191  

    15.    Grigorieff N (2013) Direct detection pays off 
for electron cryo-microscopy. eLife 2:e00573  

    16.    Bai XC, McMullan G, Scheres SH (2015) How 
cryo-EM is revolutionizing structural biology. 
Trends Biochem Sci 40:49–57  

    17.    Liao M, Cao E, Julius D, Cheng Y (2013) 
Structure of the TRPV1 ion channel deter-
mined by electron cryo-microscopy. Nature 
504:107–112  

    18.    Bremer A, Häner M, Aebi U (1998) In: Celis 
JE (ed) Cell biology: a laboratory handbook, 
vol 3, 2nd edn. Academic, San Diego, 
pp 277–284  

    19.    Meury M, Harder D, Ucurum Z, Boggavarapu 
R, Jeckelmann J-M, Fotiadis D (2011) 
Structure determination of channel and trans-
port proteins by high-resolution microscopy 
techniques. Biol Chem 392:143–150  

    20.    Ohi M, Li Y, Cheng Y, Walz T (2004) Negative 
staining and image classifi cation - powerful 
tools in modern electron microscopy. Biol 
Proced Online 6:23–34  

    21.    Rosell A, Meury M, Alvarez-Marimon E, Costa 
M, Perez-Cano L, Zorzano A et al (2014) 
Structural bases for the interaction and stabili-
zation of the human amino acid transporter 
LAT2 with its ancillary protein 4F2hc. Proc 
Natl Acad Sci U S A 111:2966–2971  

        22.   Fotiadis D, Engel A (2015) Two-dimensional 
crystallization of membrane proteins and struc-
tural assessment. eLS:1–10.  

    23.    Hite RK, Raunser S, Walz T (2007) Revival of 
electron crystallography. Curr Opin Struct Biol 
17:389–395  

    24.    Fotiadis D (2012) Atomic force microscopy for 
the study of membrane proteins. Curr Opin 
Biotechnol 23:510–515  

    25.    Müller DJ, Engel A (2007) Atomic force 
microscopy and spectroscopy of native mem-
brane proteins. Nat Protoc 2:2191–2197  

    26.    Gurdon JB, Lane CD, Woodland HR, Marbaix 
G (1971) Use of frog eggs and oocytes for the 
study of messenger RNA and its translation in 
living cells. Nature 233:177–182  

    27.    Sigel E, Minier F (2005) The Xenopus oocyte: 
system for the study of functional expression 
and modulation of proteins. Mol Nutr Food 
Res 49:228–234  

Purifi cation of Membrane Proteins Expressed in Frog Oocytes



242

    28.    Wagner CA, Friedrich B, Setiawan I, Lang F, 
Broer S (2000) The use of  Xenopus laevis  
oocytes for the functional characterization of 
heterologously expressed membrane proteins. 
Cell Physiol Biochem 10:1–12  

          29.    Bergeron MJ, Boggavarapu R, Meury M, 
Ucurum Z, Caron L, Isenring P et al (2011) 
Frog oocytes to unveil the structure and supra-
molecular  organization of human transport 
proteins. PLoS One 6:e21901  

     30.    Walz T, Smith BL, Agre P, Engel A (1994) 
The three-dimensional structure of human 
erythrocyte aquaporin CHIP. EMBO J 13:
2985–2993  

    31.    Boggavarapu R, Jeckelmann JM, Harder D, 
Schneider P, Ucurum Z, Hediger M et al 
(2013) Expression, purifi cation and low- 
resolution structure of human vitamin C trans-
porter SVCT1 (SLC23A1). PLoS One 8:
e76427  

     32.    Clemencon B, Fine M, Lüscher B, Baumann 
MU, Surbek DV, Abriel H et al (2014) 
Expression, purifi cation, and projection struc-
ture by single particle electron microscopy of 
functional human TRPM4 heterologously 
expressed in  Xenopus laevis  oocytes. Protein 
Expr Purif 95:169–176  

    33.    Clemencon B, Lüscher BP, Fine M, Baumann 
MU, Surbek DV, Bonny O et al (2014) 
Expression, purifi cation, and structural insights 

for the human uric acid transporter, GLUT9, 
using the  Xenopus laevis  oocytes system. PLoS 
One 9:e108852  

    34.   Markovich D (2008) Expression cloning and 
radiotracer uptakes in  Xenopus laevis  oocytes. 
Nat Protoc 3:1975–1980  

     35.    Hasler L, Heymann JB, Engel A, Kistler J, 
Walz T (1998) 2D crystallization of membrane 
proteins: rationales and examples. J Struct Biol 
121:162–171  

   36.    Jap BK, Zulauf M, Scheybani T, Hefti A, 
Baumeister W, Aebi U et al (1992) 2D crystal-
lization: from art to science. Ultramicroscopy 
46:45–84  

     37.    Kühlbrandt W (1992) Two-dimensional crys-
tallization of membrane proteins. Q Rev Bio-
phys 25:1–49  

    38.    Privé GG (2007) Detergents for the stabiliza-
tion and crystallization of membrane proteins. 
Methods 41:388–397  

    39.    Sonoda Y, Newstead S, Hu NJ, Alguel Y, Nji 
E, Beis K et al (2011) Benchmarking mem-
brane protein detergent stability for improving 
throughput of high-resolution X-ray struc-
tures. Structure 19:17–25  

      40.    Fotiadis D, Suda K, Tittmann P, Jeno P, 
Philippsen A, Müller DJ et al (2002) 
Identifi cation and structure of a putative Ca 2+ -
binding domain at the C terminus of AQP1. 
J Mol Biol 318:1381–1394    

Rajendra Boggavarapu et al.



243

Chapter 15

Membrane Protein Solubilization and Composition 
of Protein Detergent Complexes

Katia Duquesne, Valérie Prima, and James N. Sturgis

Abstract

Membrane proteins are typically expressed in heterologous systems with a view to in vitro characterization. 
A critical step in the preparation of membrane proteins after expression in any system is the solubilization 
of the protein in aqueous solution, typically using detergents and lipids, to obtain the protein in a form 
suitable for purification, structural or functional analysis. This process is particularly difficult as the objec-
tive is to prepare the protein in an unnatural environment, a protein detergent complex, separating it from 
its natural lipid partners while causing the minimum destabilization or modification of the structure. 
Although the process is difficult, and relatively hard to master, an increasing number of membrane proteins 
have been successfully isolated after expression in a wide variety of systems. In this chapter we give a gen-
eral protocol for preparing protein detergent complexes that is aimed at guiding the reader through the 
different critical steps. In the second part of the chapter we illustrate how to analyze the composition of 
protein detergent complexes; this analysis is important as it has been found that compositional variation 
often causes irreproducible results.

Key words FTIR, Density gradient, Lipid analysis

1 Introduction

The objective behind heterologous production of membrane pro-
teins is frequently the purification of the membrane protein for 
in vitro structural or functional analysis. This step is often limiting for 
studies on membrane proteins with solubilization and purification 
giving poor yields and irreproducible samples. Here we describe an 
approach to optimizing the preparation of protein detergent com-
plexes (PDC) for subsequent analysis. Three different steps are dis-
cussed: preparing and purifying membrane fragments; solubilizing 
membranes with detergents; and analyzing the composition of PDC.

Membranes are a complex mixture of many different proteins 
and lipids. It is usually well worthwhile preparing specific membrane 
fractions, thus reducing the heterogeneity and diversity of the 
sample. Unfortunately membranes are very variable and purification 
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methods are often context dependent; however most depend on 
physical disruption and centrifugation. The method we develop 
below concerns purifying the different membranes from the bacte-
rium Roseobacter (Rsb.) denitrificans, and illustrates the preparation 
of three different membrane fractions. This method, like the major-
ity of membrane purification protocols, relies on differential and 
density gradient centrifugation. However the details of the centrifu-
gation protocol are quite variable.

Extracting membrane proteins from their natural environment 
and putting them in aqueous solution is typically a critical step in 
studies of membrane proteins. All too often all activity is lost, or 
extraction is far from quantitative. Another regular problem is dif-
ficulty during the scale-up of extraction from initial small-scale tri-
als to a more preparative scale. Here we have concentrated on a 
simple protocol to optimize solubilization, and also to understand 
how to scale-up the solubilization.

The reproducibility of measurements on membrane proteins is 
frequently critically dependant on the reproducibility of the PDC 
formed during solubilization. In particular the amount of bound 
lipid seems often to play an important role [1]. Furthermore, the 
reproducibility of the extraction step depends strongly on the quality 
of the membranes. So in a third part of the protocol we introduce 
analytical methods that allow a reasonable characterization of the 
chemical composition of PDC.

2 Materials

 1. Bacterial Cells.
 2. Centrifuge and Rotors.
 3. Ultracentrifuge and Rotors.
 4. Cell disruptor; various types can be used but this protocol is 

optimized for a French press (see Note 1).
 5. Isolation buffer, e.g., 10 mM Tris–HCl, pH 8.0; 250 mM 

sucrose. Many other buffers can also be used in place of Tris 
with little or no modification.

 6. Enzymes and inhibitors:
 (a) Deoxyribonuclease I (DNase I).
 (b) Ribonuclease (RNase).
 (c) Anti-protease cocktail.
 (d) Lysozyme.

 7. Sucrose solutions for density gradient in 10 mM Tris–HCl, pH 
8.0; 5 mM EDTA:
(a) 70 % sucrose.
(b) 35 % sucrose.
(c) 15 % sucrose.

2.1 Preparation 
of Bacterial 
Cytoplasmic 
Membranes
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 1. Purified membranes.
 2. Ultracentrifuge suitable for small volumes.
 3. Spectrophotometer for absorption and turbidity measurements.
 4. Buffer: for example, 10 mM Tris–HCl, pH 8.0.
 5. Concentrated detergent solution: for example 1 M n-octyl-β-

d-glucopyranoside in buffer.

Most of the material required is discussed in the methods and 
notes sections. However two points merit discussion here: the 
choice of buffers for solubilizing membranes; and turbidity mea-
surements. Buffers for solubilization should be chosen bearing in 
mind the pH range where the protein of interest is stable and active, 
and the various assays that are envisioned. For example, phosphate 
buffers must be avoided if phospholipids will be measured as phos-
phate. However most buffers good for soluble proteins are also 
good for membrane proteins. Turbidity and light scattering mea-
surements are easily made with an absorption spectrophotometer. 
When making such measurements you should bear in mind the 
wavelength dependence of light scattering; the 1/λ4 dependence 
means higher readings are obtained at lower wavelengths. It is also 
important to realize that as absorption spectrophotometers are not 
optimized for turbidity measurements the readings cannot gener-
ally be simply transferred from one machine to another.

The analysis method that we propose here is able to give an estima-
tion of the composition of a PDC solution estimating the concen-
trations of protein, detergent, lipid, and buffer in the sample. The 
method is based on FTIR spectroscopy, which though not univer-
sally available is more and more widespread. As an added bonus the 
method can provide information on the secondary structure of the 
protein [2]. This method requires:

 1. FTIR spectrophotometer with ATR attachment.
 2. Standard solutions or spectra (buffer, detergent, lipids).

As an alternative to using infrared spectroscopy we propose 
using chemical tests to estimate protein, detergent, and lipid con-
centrations. These tests have been adapted for a micro-plate reader 
and glycosidic detergents require:

 1. Micro-plate reader.
 2. Bradford protein assay reagent diluted as per manufacturers 

instructions.
 3. 10 % Phenol (for glycosidic detergents).
 4. Concentrated sulfuric acid (for glycosidic detergents).
 5. Ferrous sulfate ammonium molybdate reagent (for phospho-

lipids as PO4 (see Note 2)).

2.2 Solubilization 
of Membranes

2.3 Analysis 
of Protein Detergent 
Complexes
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3 Methods

The protocol is loosely based on that published online by the 
Hancock laboratory for the purification of bacterial outer mem-
branes [3], and that used for the preparation of bacterial intracyto-
plasmic membranes [4]. The procedure is based on a differential 
centrifugation to separate membrane fragments largely on size, fol-
lowed by density gradient centrifugation, to separate fragments on 
density. The bacterial outer membrane is stronger than the inner 
membrane; thus fragments tend to be larger after mechanical dis-
ruption. Furthermore, the outer membrane and intracytoplasmic 
membranes are more protein rich and is thus denser than the cyto-
plasmic membrane.

 1. The washed bacteria are resuspended by gentle pipetting in 
isolation buffer to a final concentration of 250 UOD. (Typically 
bacterial cell density is measured by the solution turbidity at 
600 nm or some wavelength free from absorption.) The isola-
tion buffer is supplemented with: 100 μg/mL DNaseI; 20 μg/
mL RNase; complete protease inhibitors (as per manufacturers 
instructions).

 2. Add lysozyme to a final concentration of 1 mg/mL (to digest 
peptidoglycan cell wall).

 3. Break the cells by two passages through a French pressure cell 
at 8300 kPa (1200 psi).

 4. Remove unbroken cells and large debris by centrifugation at 
13,000 × g for 5 min; this gives the “crude extract” (see Fig. 1).

 5. Collect the large fragments of outer membrane by differential 
centrifugation, for example 72,000 × g for 5 min (40,000 rpm 
in a TLA55 rotor).

 6. Prepare sucrose density gradients for purification of membrane 
fragments:
(a)  Layer the supernatant onto sucrose gradients made, for a 

SW40 swinging bucket rotor, with 2 mL of 70 % sucrose, 
9 mL of a continuous 70–15 % sucrose gradient.

(b)  Resuspend pelleted crude outer membranes (OM) in a few 
mL of buffer.

(c)  Layer the resuspended pellet onto sucrose gradients made, 
for a SW40  swinging bucket rotor, with 2 mL of 70 % 
sucrose, 9 mL of a continuous 70–35 % sucrose gradient.

 7. Centrifuge overnight (16 h at 39,000 rpm on a SW40 rotor).
 8. Fractionate the gradients and identify membrane fractions.
 9. To collect purified membranes pool selected fractions.
 10. Dilute membrane fractions threefold with sucrose-free buffer 

and collect by ultracentrifugation, for example 40,000 rpm for 
60 min in a 70Ti rotor (120,000 × g).

3.1 Preparation 
of Bacterial 
Cytoplasmic 
Membranes
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 11. Resuspend purified membranes (outer, inner, and intracyto-
plasmic) in about 1 mL of buffer.

The object of the membrane purification protocol is to prepare 
a sample that is homogeneous and reproducible. If you are lucky 
your protein of interest might even survive being frozen in the 
membranes. It is a good idea to control the quality of the mem-
branes, for example by measuring the protein concentration (wt/
wt) and then verifying the gel profile. In Fig. 1 the gel on the right 
illustrates the quality of the purification, with little cross contami-
nation between the different fractions and relatively high yield. 
The vast majority of membrane purification protocols, like this 
one, rely on differential centrifugation and sucrose density gradi-
ents though the precise conditions vary with the biological sample, 
for example between OM from different bacteria [5].

Washed Cellsa b

Break by 2 passages in
French Press and centrifuge
5 min at 13,000 rpm

Centrifuge Ti90 5 min
at 45,000 rpm

Soluble
fraction

W
hole Cells
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 + IM OM
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M
olecular

m
ass m

arkers

M
olecular

m
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Outer
Membrane
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Collect membrance
fractions

Dilute 3X
Collect by
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at 39,000 rpm

Layer on 15% to 70%
sucrose density

gradient

Resuspend and layer on
35% to 70% sucrose

density gradient

Crude Extract
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Fig. 1 Illustration of the protocol for the purification of Rsb. denitrificans membranes. Left panel: flow diagram 
showing the different steps in the protocol for preparing: outer membrane (OM), intracytoplasmic membrane 
(ICM), and inner (cytoplasmic) membrane (IM) fragments. Right panel: 12.5 % SDS-PAGE analysis of the frac-
tions. Samples were heated to 95 °C for 2 min in loading buffer (4 % SDS, see Note 3). Markers are at relative 
molecular masses of 250,000, 98,000, 64,000, 50,000 36,000, 30,000 16,000, and 6000
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The development of a membrane solubilization protocol is a diffi-
cult and repetitive process. Often, it is necessary to restart the work 
because some aspect of the final preparation is inadequate for the 
desired use or some critical aspect of the starting material changes. 
Nevertheless, the route we trace is relatively straightforward and 
allows the rapid establishment of reliable, reproducible routine 
conditions for solubilization. The process is inherently multivari-
ant, with many parameters playing an important role. It is usual to 
select a protein and membrane first, usually determined by the 
project, and then chose a detergent that is promising for solubiliza-
tion and finally to try to optimize solubilization conditions by 
modifying the concentrations, temperature, and solubilization 
time. We treat these different aspects here and try to provide some 
insight into the optimization.

The basic protocol that needs to be optimized is remarkably simple 
to write in four steps.

 1. Incubate a known amount of membrane sample (mg) in a 
known volume (mL) of solution with a known final concentra-
tion of your selected detergent (mM or mg/mL) at a given 
temperature (°C) for a given time (minutes). As can be imme-
diately appreciated, there are a large number of variables that 
need to be optimized, and these are treated below in slightly 
more detail. It cannot be overemphasized enough that the 
amount of membrane, the volume, and the final concentration 
of detergent are three independent variables (see Note 4). 
Typical initial values could be 2 mg of membrane in 1 mL of 
solution with 50 mM octyl-glucoside detergent at 20 °C for 
30 min (see Note 5).

 2. Separate the solubilized protein from the unsolubilized 
detergent- resistant membranes. This step most usually involves 
an ultracentrifugation necessary to sediment the remaining 
membrane fragments. For this purpose, a small benchtop ultra-
centrifuge (type airfuge or TL100) is particularly useful (see 
Note 6). Conditions we frequently use are centrifugation 
at 40,000 rpm for 30 min in a TLA45 rotor (120,000 × g at 
20 °C) (see Notes 7 and 8).

 3. Separate the supernatant of solubilized material from the pellet, 
and if necessary for analysis resuspend the pellet. It is usually 
easier to resuspend the pellet in about the same volume of buf-
fer as it was separated from (see Note 9).

 4. Analyze the solubilized and unsolubilized fractions to deter-
mine the yield, purity, activity, and stability of the protein of 
interest. When considering the purity of membrane protein 
fractions, it is important to look beyond other proteins and 
consider the presence of other nonprotein contaminants (e.g., 
lipids). Several variations on this general scheme can be found 

3.2 Solubilization 
of Membranes

3.2.1 Basic Solubilization 
Procedure
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in the literature; perhaps the most interesting involves repeated 
extractions. Often, it is possible to extract certain types of 
impurities selectively and by using two successive solubiliza-
tions obtain considerable purification [6].

As can be appreciated readily the first step contains a multitude 
of different parameters all potentially important. In the sections 
below we try to demystify the decisions that go into choosing these 
parameters.

The number of different detergents available is considerable and 
these have very different properties and prices. It is not always pos-
sible to test more than a dozen or two for the extraction and forma-
tion of PDC. The choice of detergent is primarily dictated by the 
sensitivity of the protein of interest to the detergent. It is thus neces-
sary initially to determine in which detergents the protein maintains 
its activity (see Note 10). Unfortunately, selection of a detergent for 
a protein of interest, while the most important aspect of detergent 
selection is the hardest to predict; indeed there is no guarantee that 
there exists an appropriate detergent for your favorite protein.

The choice of detergent also depends to some extent on how 
you will use the PDC. Some detergents lend themselves to certain 
analytical methods, for example analytical ultracentrifugation and 
C8E5 [7, 8], while other like Triton X-100 are contraindicated. In 
Table 1 we have collected some of the critical information on sev-
eral detergents. We have selected those that are the most commonly 
used, and a few others to illustrate particular points. Different labo-
ratories often have different cultures in testing detergents and dif-
ferent prejudices. Some laboratories swear by Triton X-100 while 
others refuse to use it. The wide variety of detergents available, with 
extremely varied hydrophobic and hydrophilic parts, coupled with 
the rarity of systematic studies [12], make this choice of detergent a 
particularly daunting task for the novice.

As a general rule, when developing isolation protocols it is nec-
essary to try 5–30 different detergents, in the search for one in 
which your protein of interest is stable for a few hours. I would 
suggest the following plan of attack.

 1. Use a variety of different chemistries. Include in the initial 
screen for example:

 (a)  Several different head group chemistries: glycosidic, poly- oxy- 
ethylene and ionic;

(b) Aliphatic and polycyclic detergents;
(c) Detergents with varied CMC.

 2. Avoid detergents that are incompatible with anticipated exper-
iments. It is very disheartening, after having established a pro-
tocol to need to start again because a change in detergent is 
necessary for a particular test.

 3. After initial tests variants on promising chemistries can be tried.

3.2.2 Choice 
of Detergent
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Initial tests can often be relatively quick, determining if the pro-
tein is relatively stable in the detergent and is at least partially solu-
bilized. It must be stressed that detergent selection should still be 
considered an art rather than a science and that there are no hard 

Table 1 
Table of properties for a selection of detergents

Detergent name CMC (mM)a,c N aggb,c Notes

Glycosidic group

n-dodecyl-β-d-maltoside 0.17 78–149 Reputed mild, used in crystallography

n-decyl-β-d-maltoside 1.8 69 Reputed mild, used in crystallography

n-octyl-β-d-glucoside 18.0 78 Reputed mild, used in crystallography

Poly-oxy-ethylene group

C8E5 7.1 41 Reputed mild, used in crystallography

C10E5 0.81 73

C12E8 0.09 90–180

Trixon X-100 0.23 75–165 Polydisperse, strong UV absorption

Tween 20 0.059

Brij-58 0.08 70 Polydisperse

Polycyclic group

Cholate 9.5 2–3

Deoxycholate 6.0 22

CHAPS 8.0 10 Reputed mild

BigChap 2.9 10 Reputed mild

Digitonin <0.5 60 Reputed mild

Ionic group

SDSd 2.6 62–101 Anionic, strong and denaturing

Fos-choline-12 1.5 50–60 Used for NMR

Lauryl-DAOe 1.0 76 Zwitterionic, used in crystallography

ANZERGENT 3 12 2.8 55–87

DHPCf 10.0 19 Reputed mild, phospholipid, makes bicelles
aThe critical micellar concentration (CMC)
bThe aggregation number Nagg
cValues are mostly from the Anatrace and Sigma literature [9, 10], in which values for many other detergents can also 
be found
dSDS sodium dodecyl sulfate
eDAO dimethylamine-N-oxide
fThe values for di-hexanoyl phosphatidyl choline (DHPC) are from ref. 11
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and fast rules. This reflects our incomplete understanding of pro-
tein–detergent and protein–lipid interactions (see Notes 11 and 12).

There are however a number of indications to aid in selection. 
A lower CMC makes it cheaper to use a detergent for purifications 
but harder to get rid off the detergent or exchange it. During puri-
fications, to maintain PDC in solution, it is necessary to include 
detergent in all buffers at a concentration at or slightly above the 
CMC. For some detergents such as octyl-glucoside this can become 
very expensive. However, low CMC reflects stronger hydrophobic 
interactions between the detergent molecules but also between the 
detergent molecules and the hydrophobic parts of the protein. 
These strong interactions are harder to undo if you wish to exchange 
detergent. Furthermore a low CMC makes detergent removal by 
dialysis impractical.

A lower Nagg tends to be better for purification. Lower Nagg 
means that the detergent has less tendency to aggregate on the pro-
tein when forming a PDC. This leads to easier purification as there 
is relatively more protein in each PDC. The number of detergent 
molecules bound to proteins in PDC can be very high (see below).

Why are detergents mild or strong? This classification is largely 
empirical and reflects experience on their use in protein purifica-
tion and lipid dissolution. Mild detergents dissolve lipids less well, 
which is probably useful for protein isolation. There is some evi-
dence that protein inactivation during solubilization and isolation 
can be caused by the removal of essential lipid molecules [1].

Polar groups can play an important role in stabilizing pro-
teins or destabilizing them. This often depends on specific inter-
actions. However poly-oxy-ethylene and glycosidic detergents 
may have a general stabilizing effect, much like the role of poly-
ols in cryo-protection.

Detergents are often available at different levels of purity. 
Frequently lower purity can adversely affect reproducibility, through 
lot to lot variation. This is often discussed for the α anomer con-
tamination of β-d-maltosides, which drastically change micelle 
 properties [13]. For this reason it is best to use the purest detergent 
you can afford.

Time and temperature both have a profound effect on protein sol-
ubilization. Low temperature and short times can offer kinetic 
selection of rapidly solubilized components. Low temperature can 
also modify the lipid phase diagram [14], and change how lipids 
and detergents mix [15, 16]. In extreme cases this can result with 
certain combinations of time temperature and detergent in 
detergent- resistant membranes. For example cholesterol is very 
poorly solubilized by octyl-glucoside at low temperature.

In general, the range of reasonable temperatures is relatively 
limited, as we do not wish to expose the sample to elevated tem-
peratures with the inherent risk of denaturation or proteolysis. As 
a general rule solubilization is most reproducible away from any 

3.2.3 Optimization
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lipid phase transition temperatures and typical temperatures to test 
are: 0, 4–10, 20, and 37 °C. Time should also be varied during 
optimization. The equilibration time for solubilization can be var-
ied and times between a few minutes to overnight are regularly 
used. It is also possible to vary the speed of detergent addition.

In order to scale-up solubilization from initial tests to a preparative 
scale it is necessary to understand better how the detergent inter-
acts with the different components of your sample.

The best way to obtain this information is from a detergent titra-
tion as described here and illustrated in Fig. 2. Analysis of such titra-
tions is treated in more detail in various places for example [17].

 1. Prepare a set of samples containing different concentrations of 
membrane, between about 1 and 10 mg/mL.

 2. Thermostat the samples, and the spectrophotometer, at the 
desired temperature.

 3. Measure sample turbidity in the spectrophotometer at an 
appropriate wavelength.

 4. Add detergent, allow to equilibrate, and repeat measurement 
(step 3).

 5. Continue until samples are clear (fully solubilized).
 6. Prepare graphs like Fig. 2a showing how turbidity varies with 

detergent concentration in each sample.
 7. Determine detergent concentrations for critical points (changes 

in slope, 50 % reduction etc.) on the curves.
 8. Prepare a graph like Fig. 2b showing how the positions of criti-

cal points depend on membrane concentration.
 9. Determine slopes and intercepts of the different lines.

This experiment provides a wealth of information on the solu-
bilization process, and importantly allows the determination of 
conditions necessary for reproducibility with different membrane 
concentrations or amounts. In Fig. 2 from panel a it is immediately 
clear that the shape of the curve depends on the membrane con-
centration, with the scattering declining much more rapidly for the 
more dilute sample. Less clearly visible is that the scattering declines 
to a minimum before rising to a later maximum and then eventu-
ally declining. In panel b three specific points on the curves have 
been replotted as a function of the membrane concentration, 
including some extra points. This shows how the positions of these 
points are linearly related to the membrane concentration. Thus on 
each line the objects in solution have the same composition, the 
slope giving the lipid:detergent ratio and the intercept the “free” 
detergent concentration. Also shown in panel b is the CMC of the 

3.2.4 Detergent Titration, 
Reproducibility, 
and Scale-Up
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detergent used to emphasize that this concentration (a property of 
the detergent in solution without membranes) is not particularly 
helpful as a reference.

This figure is primordial for understanding how to scale-up 
solubilization as the objective while scaling up is to remain on the 
same line of constant composition. Thus the detergent concentra-
tion necessary depends on the membrane concentration in a non-
trivial way.

Infrared spectroscopy is becoming increasingly easy to use with 
modern FTIR spectrophotometers and the convenience of ATR 
accessories. It is a method ideally suited to chemical analyses as 
almost all molecules have clear infrared absorption signatures. 
However as all molecules give signatures one must be careful about 
all the different components in the solution. The method here is 
derived from that of da Costa et al. [18].

 1. Obtain ATR-FTIR spectra of reference samples (as shown in 
Fig. 3):
(a) buffer, in our example phosphate buffer;

3.3 Analysis 
of Protein Detergent 
Complexes

3.3.1 FTIR 
Analysis of PDC
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Fig. 2 Detergent titration of membrane solubilization. (a) Bacterial intracytoplasmic membranes were solubilized 
with n-octyl-β-d-glucopyranoside by slowly titrating the detergent from 0 to 50 mM and following solubilization 
by changes in turbidity, measured at 950 nm (a wavelength at which the sample has minimal absorbance). The 
curves have been normalized to run from an initial value of 1 to a minimum of 0. Curves are shown for sample 
concentrations of 0.5 and 2.5 mg/mL. (b) Selected points on the curves in panel (a), here 50 and 100 % clarifica-
tion and the later maximum, are replotted as a function of membrane concentration, and fit to linear regression 
lines (2.06 + 1.54 × [Mb])mM; (15.22 + 5.37 × [Mb])mM; and (15.22 + 5.37 × [Mb])mM respectively
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(b) detergent, in our example n-octyl-β-d-glucopyranoside;
(c) lipids, in our example E. coli polar lipids;
(d) protein, for this illustration we have used lysozyme

and subtract the solvent (buffer) contribution from the 
different spectra.

 2. Identify absorption bands that vary strongly between the 
different samples (as shown in Fig. 3).

 3. Calculate the integrated intensities of all the spectra in all the 
samples normalized to their concentrations (see Table 2 and 
Note 13).

 4. Use the values from the standards to calculate the deconvolu-
tion matrix coefficients (see Note 14).

 5. Calculate the composition of the PDC using these coefficients 
and the integrated intensities from the PDC spectrum.

The CH stretching region shown in Fig. 3a has strong contri-
butions from both detergent and lipid, as is to be expected, while 
the protein shows much smaller contributions in this region in 
line v its chemical composition. The Amide A (NH stretching) v 
can  also be clearly seen in the protein (and PDC) spectra. In 
Fig. 3b several group modes can be seen. Most prominently 
the broad and intense Amide I and Amide II bands of the pro-
tein around 1650 and 1560 cm−1 respectively. There is little 
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Fig. 3 ATR-FTIR spectra of different standards and PDC. (a) High frequency region showing XH stretching 
modes. (b) Mid frequency region showing specific group modes. Bars indicate different spectral bands and 
integration regions. In each panel the four spectra shown are: PDC (solid gray line ), standards (black lines ), 
protein (lysozyme) (solid ), Escherichia (E.) coli lipids (dashed ), and n-octyl-β-d-glucopyranoside (dotted ). 
Spectra were obtained in Phosphate buffer (10 mM pH 7.5) containing 20 mM NaCl. Spectra of standard 
samples were obtained at concentrations between 0.5 and 20 mg/ml. Spectra have had solvent contributions 
subtracted separately in the two regions shown
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contribution in this region from lipids or detergent, though a small 
OH bending contribution in the detergent spectrum can be seen. 
Also near 1730 cm−1 is the prominent ester carbonyl stretching 
mode of the fatty acyl chains in the lipid sample. This absorption is 
also visible in the PDC spectrum as a shoulder.

Unfortunately for the type of analysis proposed here the exact 
positions and widths of the different peaks depend on the molecu-
lar environment. Therefore to reliably use the infrared absorption 
to determine the composition it is preferable to use integrated 
intensities rather than specific wavenumbers. The values we obtain 
for the different bands are shown in Table 2.

The normalized integrals in Table 2 can be used to deconvo-
lute the spectrum of the PDC (see Note 14). In the example shown 
this deconvolution gives the concentrations of protein, lipid, and 
detergent in the sample as respectively 1.58 mg/mL (25 %), 
0.92 mg/mL (14 %), and 3.91 mg/mL (61 %). This composition 
illustrates that PDC often contain considerably less protein than 
other molecules (here just 25 %), and that there is often consider-
able lipid bound to the PDC. The errors in the composition are 
probably dominated by systematic errors (the average molecular 
mass of a phospholipid per ester group, or protein per amide); 
some of these errors can be reduced by using more IR absorption 
bands for the deconvolution.

The spectroscopic method above is fast and easy, once you have 
developed the skills necessary to obtain the spectra and subtract 
baselines. However FTIR spectrophotometers are not standard lab 
equipment. The same analysis or a similar one can be performed 
using simple chemical tests. Glycosidic detergents can be conve-
niently assayed using a small-scale phenol-sulfuric acid assay [19, 

3.3.2 Chemical Analyses

Table 2 
Integrated intensities of spectral bands used for deconvolution

Sample (mL/mg)

Integrated intensitya, b

νCH νEster Amide I/II

2800–3000 cm−1 1770–1715 cm−1 1715–1480 cm−1

Protein 0.0457 −0.0056 0.9241

Lipids 0.2148 0.0433 −0.0133

Detergent 0.1093 −0.0050 0.0703

PDC 0.6973 0.0113 1.7247
aA linear baseline correction was used between the integration limits
bIntegrations are normalized for concentration (1 mg/mL)
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20]; phospholipids can be readily determined by small-scale ver-
sions of the iron-molybdate phosphate assay [21]; and protein 
concentrations can be estimated using the Bradford method [22]. 
These chemical measurements are however considerably more 
time- consuming and take some time to perfect; in particular the 
phosphate and sugar assays are particularly prone to problems due 
to contaminants giving high background readings.

 1. Bradford protein assay [22] adapted for micro-plate reader: in 
a 96-well plate place samples and standard, 40 μL per well, 
containing up to 2 μg of protein; add 160 μL of diluted 
Bradford reagent and mix well; measure absorbance at 595 nm 
after 10 min incubation.

 2. Iron-molybdate phosphate assay [21] adapted for micro-plate 
reader: prepare fresh reagent (see Note 2); in the 96-well plate 
place samples and standard, 60 μL per well, containing up to 
2 nmol of phosphate; add 40 μL of fresh Iron-Molybdate 
reagent and mix well; measure absorbance at 600 nm after 
30 min incubation.

 3. Phenol-Sulfuric acid sugar assay [19], adapted for micro-plate 
reader (the pipetting should be done under a fume hood): in a 
96-well plate place samples and standard, 20 μL per well, con-
taining up to 3 μg of sugar; add 10 μL of 10 % phenol to each 
tube, and mix; carefully add 100 μL of sulfuric acid to each 
tube, and mix (the sample will get hot); measure absorbance at 
490 nm after 30 min incubation.

Use the standard curves to calculate the amount of sugar, 
phosphate, and protein in each sample. The sugar is a measure for 
glycosidic detergents, the phosphate from phosphoglycerol lipids 
and the protein of your PDC. Using these methods the composi-
tion of PDC can be measured with similar precision to that 
obtained from FTIR spectroscopy, at the cost of considerably 
more sample (especially if numerous replicates are necessary). For 
the same PDC as examined by FTIR using these chemical assay 
we obtained a composition of protein:lipid:detergent of 21 ± 3 %, 
22 ± 3 %, and 57 ± 3 % respectively. The errors here are probably 
dominated by experimental difficulties in the selection of stan-
dards, the complete reaction of sugars or phospholipids, and 
baseline subtraction.

4 Notes

 1. Various cell disruption process are available, these include: 
sheering as in a French press, bead-beater or cell disruptor; 
ultrasonification; or explosion as with a Yeda press. For mem-
brane protein preparation most people prefer shearing disruption 
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or explosion rather than ultrasonification. This is both because 
of the quality of the membrane fragments obtained (important 
for membrane purification) and the amount of energy put into 
the sample and thus potentially modifying it.

 2. The iron-molybdate reagent should be prepared fresh immedi-
ately before use. This solution is made from:
(a) 50 mg FeSO4·H2O in 700 μL H2O;
(b) 100 μL 10 % (NH4)6 Mo7O24·4H2O in 10 N H2SO4 (this 

solution can be prepared in advance);
(c) Adjust volume to 1.0 mL

This preparation should be done in a fume hood taken 
the necessary precautions for manipulating concentrated 
acid.

 3. To cook or not to cook? Membrane proteins often behave 
(very) badly on SDS gels, and one of the known difficulties is 
solubility in SDS! The situation is simply summarized:
(a) if membrane proteins are heated even in SDS they can 

form insoluble aggregates that do not enter the gel.
(b) if membrane proteins are not heated they often retain 

some (all) of their native structure and remain associated 
in higher level oligomers and complexes.

The consequence is that some proteins apparently dis-
appear on heating while others appear.

 4. The concentration of the detergent needed depends on the 
lipid and protein concentrations (see Fig. 2). For this reason it 
is important to consider separately the membrane concentra-
tion, the detergent concentration, and the volume.

 5. It is usually best to add detergent slowly, if possible while mix-
ing; this avoids as much as possible large local changes in 
concentration.

 6. Benchtop ultracentrifuges are very useful for membrane pro-
tein studies; however they are able to generate very high cen-
trifugal forces, sufficient to precipitate proteins and PDC. So 
care must be taken not to sediment proteins and to bear in 
mind the potential inhomogeneity of the supernatant.

 7. Do not dilute samples containing detergent to make up the 
volume necessary for ultracentrifugation. Use an appropriate 
tube and volume from the start. Unnecessary changes in vol-
umes and concentrations modify the parameters you are trying 
to optimize.

 8. Do not unnecessarily change the sample temperature. These 
can radically change the nature of the solution leading to phase 
separations and changes in solubility. Try to work at one fixed 
temperature.
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 9. The detergent-resistant, unsolubilized membranes usually 
contain a large amount of detergent and thus behave quite dif-
ferently from untreated membranes. Furthermore on addition 
of detergent-free buffer, detergent and possibly some proteins 
will leave the membranes for the aqueous phase. Try as far as 
possible to avoid foaming during resuspension.

 10. Initial detergent testing should probably concentrate on rela-
tively dilute solutions some way above the CMC. A starting 
point for stability tests could be the CMC of the detergent plus 
an equal weight of detergent to total membrane.

 11. It is sometimes beneficial for the stability of proteins to add 
extra lipids during solubilization.

 12. Several surfactants and assemblies have been recently described, 
while most do not allow solubilization they offer promise in 
stabilizing membrane proteins: these include amphipols [23], 
fluorinated surfactants [24], and protein nanodiscs [25]. 
In addition protein solubilization in polymer nanodiscs has 
also been reported [26, 27].

 13. Many modern FTIR spectrophotometers have spectral decon-
volution programs integrated in their software. All offer the 
possibility of solvent subtraction.

 14. Calculation of coefficients for deconvolution and spectral 
deconvolution. Using the integrated absorptions for the stan-
dard samples it is relatively simple to calculate the coefficients 
necessary to determine the contribution of each of these types 
of molecule to a test spectrum. First the various integrals are 
inserted in a matrix as shown below:
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 is the integrated absorption of the protein sam-
ple between 3000 and 2800 cm−1. This matrix is then inverted 
(this can be done with a spreadsheet program for example giv-
ing the matrix M−1), and the resulting coefficients are then 
used to deconvolute a sample spectrum. The deconvolution is 
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    Chapter 16   

 Detergent-Free Membrane Protein Purifi cation                     

     Alice     J.     Rothnie      

  Abstract 

   Membrane proteins are localized within a lipid bilayer; in order to purify them for functional and structural 
studies the fi rst step must involve solubilizing or extracting the protein from these lipids. To date this has 
been achieved using detergents which disrupt the bilayer and bind to the protein in the transmembrane 
region. However fi nding conditions for optimal extraction, without destabilizing protein structure, is time 
consuming and expensive. Here we present a recently-developed method using a styrene-maleic acid 
(SMA) co-polymer instead of detergents. The SMA co-polymer extracts membrane proteins in a small disc 
of lipid bilayer which can be used for affi nity chromatography purifi cation, thus enabling the purifi cation 
of membrane proteins while maintaining their native lipid bilayer environment.  

  Key words     Membrane proteins  ,   Solubilization  ,   Purifi cation  ,   SMALP  ,   Polymer  ,   Nanodisc  ,   Detergent  

1      Introduction 

   Transmembrane   proteins carry out a wide range of vital roles, 
including controlling what enters and leaves a cell and mediating 
intracellular communication. Consequently they are the target of a 
large number of prescribed drugs. However understanding exactly 
what they look like and how they work is more diffi cult than for 
soluble proteins due to their location within a membrane bilayer. 
To purify membrane proteins they must be extracted or solubilized 
from the lipid bilayer. To date this has been achieved using deter-
gents/surfactants, which destabilize the membrane and interact 
with the membrane protein, creating a micellar structure around 
the regions that would normally be in the membrane. This 
approach has proven successful for many proteins, including all 
those for which an X-ray crystal structure has been obtained so far. 
However the use of detergents is not without diffi culties, such as 
(1) striking the right balance between effi cient extraction from the 
membrane without also denaturing the protein; (2) stripping away 
annular lipids from the protein which are crucial for function; and 
(3) loss of lateral pressure provided by the membrane which affects 
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both structure and function. Exactly which detergent will work 
best for a given protein cannot be easily predicted and therefore 
tends to involve a lengthy and expensive trial-and-error process, 
further complicated by the fact that the best detergents for extrac-
tion are not always the best for downstream applications. Recently 
we, and others, have demonstrated a new approach to membrane 
protein extraction/solubilization without the use of detergents, 
instead using a styrene-maleic acid (SMA) co-polymer [ 1 – 9 ]. The 
SMA co-polymer inserts into a biological membrane and forms 
small discs of bilayer encircled by the polymer (Fig.  1b ) [ 10 ], 
which we term SMA lipid particles (SMALPs), but are also called 
lipodisqs [ 8 ,  9 ] or native  nanodiscs   [ 5 ]. SMALPs are small, soluble 
and stable, and proteins within SMALPs can easily be purifi ed 
using affi nity chromatography. SMALP-encapsulated proteins have 
been shown to be more thermostable than detergent- solubilized 
proteins [ 1 ,  3 ,  5 ]. The small-sized SMALPs do not signifi cantly 
scatter light like proteoliposomes, and the polymer does not pro-
vide a large interfering signal, making them useful for various spec-
troscopic and biophysical techniques [ 1 – 4 ,  9 ,  11 ]. As both sides of 
the membrane are freely available they are ideal for membrane 
protein-binding assays [ 1 ,  3 ]. They have also been successfully uti-
lized for structural studies using either negative stain or 

  Fig. 1    SMA co-polymer and SMALP structures. ( a ) The SMA2000 polymer (Cray Valley) is a styrene-maleic 
anhydride co-polymer that must be hydrolyzed to form a styrene-maleic acid co-polymer. ( b ) The SMA co- 
polymer encircles a disc of lipid bilayer, effectively solubilizing the transmembrane protein while maintaining 
its lipid environment       
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cryo-electron microscopy [ 1 ,  7 ]. It is therefore possible to extract, 
purify and study the structure and function of a membrane protein 
while retaining its natural bilayer environment.

2       Materials 

       1.     SMA2000   (styrene-maleic anhydride) powder: This polymer 
has a 2:1 ratio of styrene:maleic anhydride and a molecular 
weight of 7.5 kDa (Cray Valley).   

   2.    1 M NaOH solution.   
   3.    Concentrated HCl (SG 1.18).   
   4.    0.6 M NaOH solution.   
   5.    Distilled water.      

       1.     Membrane preparations   from cells expressing the target pro-
tein ( see   Note    1  ).   

   2.    Buffer 1: 20 mM Tris–HCl pH 8, 150 mM NaCl, 10 % (v/v) 
glycerol ( see   Note    2  ).   

   3.    Ni 2+ -NTA (Ni 2+ -nitrilotriacetate) agarose resin, and an empty 
gravity fl ow column.   

   4.    2 M Imidazole.   
   5.    Standard  SDS-PAGE   and Western blotting equipment and 

reagents.       

3    Methods 

      SMA2000   is a styrene-maleic anhydride co-polymer. To be active 
for membrane solubilization it must be hydrolyzed to form sty-
rene-maleic acid (Fig.  1a ).

    1.    Dissolve 25 g SMA2000 powder in 250 ml 1 M NaOH over-
night at room temperature using a magnetic stirrer and a 
round-bottomed fl ask ( see   Note    3  ).   

   2.    In a fume hood put the round-bottomed fl ask containing the 
dissolved SMA2000 on a heating mantle and attach a con-
denser. Bring the solution to a boil and then refl ux the poly-
mer solution for 2–3 h. Allow to cool.   

   3.    Divide the polymer solution between four 250 ml centrifuge 
tubes. In a fume hood gradually add concentrated HCl to 
each one, mixing well, to precipitate the polymer. 
Approximately 1 ml HCl per 6 ml polymer solution is required. 
Then add 100 ml distilled water to each tube and mix well.   

   4.    Centrifuge at 10,000 ×  g  for 10 min at room temperature and 
carefully pour off supernatant.   

2.1  SMA Polymer 
Preparation

2.2  Membrane 
Protein Extraction 
and Purifi cation

3.1  SMA Co-polymer 
Preparation
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   5.    Add 150 ml distilled water to each tube and resuspend the 
polymer by shaking.   

   6.    Centrifuge at 10,000 ×  g  for 10 min at room temperature and 
carefully pour off supernatant.   

   7.    Repeat  steps 5  and  6  four times.   
   8.    Dissolve the polymer by adding 60 ml 0.6 M NaOH to each 

tube and either shaking or stirring for several hours.   
   9.    Check the pH and adjust to pH 8.   
   10.    Freeze-dry the SMA co-polymer.   

   11.    Store at room temperature.     

         1.    Resuspend the  membrane preparation   in buffer 1 at a concentra-
tion of 30 mg/ml wet weight of membrane pellet ( see   Note    4  ).   

   2.    Add SMA co-polymer powder (from Subheading  3.1 , step 11) 
to the resuspended membranes to give a fi nal concentration of 
2.5 % (w/v) ( see   Notes    5   and   6  ).   

   3.    Incubate at room temperature for 1 h, shaking ( see   Notes    7   
and   8  ).   

   4.    Centrifuge at 100,000 ×  g  for 20 min at 4 °C and harvest the 
supernatant containing the solubilized protein.   

   5.    Measure solubilization effi ciency by running a Western blot of 
solubilized sample against insoluble (resuspend the pellet in 
buffer 1 supplemented with 2 % (w/v) SDS) (Fig.  2a ).

       6.    Mix the solubilized protein with Ni 2+ -NTA resin (pre-washed 
in buffer 1), at a ratio of 100 μl resin/ml solubilized protein, 
and mix gently overnight at 4 °C ( see   Notes    9   and   10  ).   

   7.    Pour into an empty gravity-fl ow column and wash the resin 
fi ve times with 10 bed volumes (bv) of buffer 1 supplemented 
with 20 mM imidazole ( see   Note    11  ).   

   8.    Wash resin twice with 10 bv of buffer 1 supplemented with 40 
mM imidazole.   

   9.    Wash once with 1 bv of buffer 1 supplemented with 60 mM 
imidazole.   

   10.    Elute six times with ½ bv of buffer 1 supplemented with 200 
mM imidazole.   

   11.    Run samples from each step on  SDS-PAGE   and stain (either 
silver stain or Coomassie, depending on the abundance of the 
protein) (Fig.  2b ).   

   12.    Pool elution fractions containing the protein of interest, and 
remove any remaining free SMA by gel fi ltration and/or concen-
trate the sample using centrifugal concentrators ( see   Note    12  ).   

   13.    Store sample for short term at 4 °C, or long term at −70 °C.       

3.2  Membrane 
Protein Extraction 
and Purifi cation
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4                Notes 

     1.     Membrane preparations   are ideal, but whole cells can also be 
used (Fig.  2c ) [ 5 ,  6 ], which will require addition of DNase. 
Membranes from all common expression systems (bacteria, 
insect cells, yeast, and mammalian cells [ 1 ] (Fig.  2 )) work 
effectively. This protocol details the method for 
 polyhistidine- tagged proteins, but other affi nity chromatogra-
phy methods can be used [ 1 ,  6 ].   

   2.    The composition of this buffer is generally quite fl exible, but 
the pH is important; a pH of 8 is ideal, certainly no lower than 
7.5. Also divalent cations should be avoided. A low pH or 
divalent cations will prevent effi cient extraction with the SMA 
co-polymer, or if added once the SMALP is formed, may cause 
it to precipitate.   

   3.    Weigh out the SMA2000 in a fume hood. If some of the 
SMA2000 does not dissolve this does not matter. Always wear 
gloves when handling SMA since it can penetrate skin.   

  Fig. 2    Extraction and purifi cation using SMA co-polymer. ( a )  Membrane preparations   from  C41   (DE3)  E. coli  
overexpressing the ABC transporter  BmrA   were solubilized with 2.5 %(w/v) SMA for 1 h at room temperature, 
and then centrifuged at 100,000 g for 20 min. Samples of soluble and insoluble material were assayed by 
Western blotting using an anti-his primary antibody. ( b ) SMA-solubilized  BmrA   was purifi ed using Ni 2+ -NTA 
affi nity chromatography. Samples of unbound protein, washes, and eluted protein were run on  SDS-PAGE   and 
stained with InstantBlue (Expedeon). ( c ) Human ABC transporter MRP1/ABCC1 overexpressed in H69AR cancer 
cells was extracted either from  membrane preparations   or whole cells. Soluble and insoluble fractions were 
analyzed by Western blot, using QCRL-1 as a primary antibody. ( d )  BmrA   ( open circles, grey ) and MRP1 ( closed 
circles, black ) were solubilized with varying concentrations of SMA, and the % extracted (solubilized) analyzed 
by Western blot as in A & C, data are mean ± sem,  n  ≥ 3       
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   4.    Many methods using detergents use a specifi c concentration of 
total membrane protein; however we use wet pellet weight of 
the membrane not protein concentration as it is the lipids the 
SMA co-polymer interacts with. To measure wet pellet weight, 
weigh an empty ultracentrifuge tube, then add your membrane, 
spin at 100,000 ×  g  to pellet your membranes, carefully remove 
all of the supernatant, and weigh the tube again. The difference 
in weight from the empty tube gives you the wet pellet weight.   

   5.    We simply add powder to the membrane suspension, because 
it is more convenient for long-term storage of the polymer, 
but alternatively a concentrated stock solution in buffer 1 can 
be prepared and mixed with the membrane suspension.   

   6.    Although we use 2.5 % (w/v) SMA co-polymer as a standard, 
successful solubilization can be achieved with lower concen-
trations (Fig.  2d ).   

   7.    Although the solution will noticeably appear clearer almost 
instantly, we have found that it often takes longer to achieve a 
good extraction of your membrane protein of interest. While 
1 h at room temperature appears suffi cient for most proteins 
we have tested [ 1 ], some proteins may require longer [ 3 ,  7 ].   

   8.    The temperature is important because of the phase transition of 
the lipids. Since the SMA co-polymer interacts with the lipids 
rather than the protein it is important the temperature is above 
the phase-transition temperature so that the lipids are in the 
liquid phase [ 12 ]. While this may worry many membrane pro-
tein researchers who are used to maintaining everything at 4 °C 
during detergent solubilization, we have not found this to be a 
problem, presumably because the SMALP maintains stability of 
membrane proteins much better than detergents [ 1 ,  3 ]. In fact, 
for proteins that prove diffi cult to solubilize increasing the tem-
perature to 37 °C for solubilization has been used [ 1 ,  3 ].   

   9.    Binding of polyhistidine-tagged SMALP-encapsulated proteins 
to the Ni 2+ -NTA resin is sometimes problematic. Possible rea-
sons include interactions between the polyhistidine-tag and the 
co-polymer, steric hindrance from the co-polymer, or column 
spoiling by excess free SMA co-polymer. We have found that a 
dodeca-histidine tag is much better than a hexa- histidine tag for 
effi cient binding. Sometimes increasing the concentration of 
NaCl in the buffer can improve binding, or decreasing the con-
centration of SMA co-polymer in the sample may help. We have 
also found that resins from different suppliers can affect binding 
effi ciency in a protein-dependent manner; for example Ni 2+ -
NTA agarose (Qiagen) is better for some proteins tested, 
whereas HisPur Ni 2+ -NTA (ThermoFisher) is better for others.   

   10.    Rather than using Ni 2+ -NTA resin and a gravity fl ow column, 
it is possible to use a HisTrap FF column (GE Healthcare) and 
the Akta system. In this case, load the column very slowly, 
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wash with buffer 1 until the A 280  returns to baseline, and then 
elute using an imidazole gradient from 20 to 200 mM.   

   11.    One of the biggest advantages of this method is that once 
formed the SMALPs are stable, and, unlike with detergent, it 
is not necessary to supplement the purifi cation buffers or assay 
buffers with further SMA co-polymer.   

   12.    Another big advantage of this method is that the protein can 
be concentrated easily using centrifugal concentrators. This is 
unlike detergent-solubilized proteins where problems are 
caused by simultaneously concentrating the detergent, protein 
is lost by sticking to the membranes of the concentrator, and 
the protein is prone to aggregation.          
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    Chapter 17   

 Conformational Dynamics and Interactions of Membrane 
Proteins by Hydrogen/Deuterium Mass Spectrometry                     

     Eric     Forest      and     Petr     Man     

  Abstract 

   Hydrogen/deuterium exchange associated with mass spectrometry has been recently used to characterize 
the dynamics and the interactions of membrane proteins. Here we describe experimental workfl ow enabling 
localization of the regions involved in conformational changes or interactions.  

  Key words     Hydrogen/deuterium exchange  ,   Mass spectrometry  ,   Conformational change  ,   Dynamics  , 
  Interaction  ,   Membrane protein  

1      Introduction 

   Hydrogen/deuterium exchange associated  with   mass spectrome-
try (HDX-MS)  plays   a major role in the fi ne characterization of 
proteins and helps to investigate  the   interplay of structure, func-
tion, and dynamics [ 1 ]. HDX-MS can locate conformational 
changes linked to mutations, interaction with a ligand (e.g., pro-
tein or membrane), or occurring in functioning mechanisms (acti-
vation, transport, etc.). The studies take advantage of the mass 
spectrometry features: sensitivity (tens to hundreds of μg are nec-
essary), possibility to study large proteins or complexes (hundreds 
of kDa) in close to physiological conditions (buffers or detergents), 
with a few (or even single) amino acid [ 2 ] resolution, in a short 
time scale (days to weeks). 

 In HDX-MS experiments, the protein is diluted  in   the buffer of 
choice where H 2 O is replaced by D 2 O to let the amide hydrogens 
exchange against deuteriums. After variable incubation times, the 
exchange is quenched by decreasing the pH and the temperature, 
where the back-exchange is minimum [ 3 ]. The protein is then quickly 
digested with acidic proteases working in these conditions. The 
masses of the deuterated peptides are measured online after their 
separation by HPLC or UPLC. One mass unit increase of a peptide 
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indicates the exchange of one amide hydrogen by deuterium. The 
exchange depends on the accessibility of the amide to the solvent and 
its implication in hydrogen bonds (secondary and tertiary structure). 
For instance, when a peptide in a specifi c state of the protein shows a 
different exchange than in another state, it indicates that this peptide 
belongs to a region whose dynamics is infl uenced by the state change. 

 Membrane proteins have been studied only rather recently 
using HDX-MS. This is due to their hydrophobic character which 
makes them diffi cult to characterize by biophysical techniques in 
general and MS in particular. With the peripheral and  the   amphi-
tropic proteins, phospholipid vesicles have been generally used to 
mimic the cell membrane and enable the partial insertion of the 
protein. HDX-MS has already been used since some years to char-
acterize their conformation and their interaction with the mem-
brane [ 4 – 6 ], in spite of the high amount of lipids giving intense 
MS signals.    In contrast, the integral membrane proteins are usually 
supplemented with detergents to replace their natural membrane 
environments. The fi rst reports describing the use of HDX-MS for 
this type of membrane proteins are more recent [ 7 – 10 ]. However 
the use of lipid  membrane   mimetics for the integral membrane 
proteins has also been described [ 11 ,  12 ]. 

 Lipids or detergents  are   covering the hydrophobic parts of the 
protein, which render them inaccessible for the protease. Therefore, 
digestion may not be trivial and larger and highly hydrophobic 
fragments are often produced. It is advisable to monitor the diges-
tion trials using SDS-PAGE and/or by MALDI-TOF MS to ensure 
that the digestion  is   quantitative. Full sequence coverage, optimal 
length of the peptides (less than ten amino acids), and overlapping 
peptides represent the major goals of the fi rst experimental step 
detailed below, after the instrumental setup. 

 In the following sections, description of the HDX-MS proto-
col including automated labeling, MS analysis, and data processing 
is provided.  

2    Materials 

     1.    A PAL HTC-xt autosampler (CTC Analytics) equipped with 
an Injection Unit ( see   Note    1  ), a Stack Cooler (Peltier cooled), 
a Fast Wash Station, and a Needle Port ( see   Note    2  ).   

   2.    A 54-vial (2 mL) tray (tray 1) and a PCR cooler with a 96-well 
PCR plate (tray 2) (Eppendorf) into the stack cooler tuned at 
4 °C (Fig.  1 ).

       3.    An electronically actuated 6-port valve (injection valve,  Inj V ) 
(Idex Health & Science) placed in a polystyrene box cooled at 
4 °C with a Peltier cooling device (UWE electronic).   

   4.    A protection 0.2 μm fi lter (Agilent), an ACQUITY UPLC 
Protein BEH C 18  VanGuard pre-column, 300 Å, 1.7 μm, 
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2.1 mm × 5 mm (trap) (Waters), an ACQUITY UPLC Peptide 
BEH C 18  column, 300 Å, 1.7 μm, 1 mm × 100 mm (Waters), 
and an electronically actuated 10-port valve (Switching Valve, 
 Sw V ) (Idex Health & Science).   

   5.    A 1200 HPLC pump (Agilent), a 1290 Infi nity UPLC pump 
(Agilent), and an electrospray mass spectrometer ( see   Note    3  ).   

   6.    1/16″ External and 0.005″ or 0.002″ internal tubing, in stain-
less steel or PEEK.   

   7.    1 mL Conical bottom vials.   
   8.    1 M Glycine-HCl buffer: 3.75 g of glycine in 50 mL ultrapure 

water, set pH to 2.3 by the addition of concentrated hydro-
chloric acid.   

   9.    Hydrochloric acid (HCl).   
   10.    Acetonitrile.   
   11.    Formic acid.   
   12.    Protein buffer ( see   Note    4  ).   
   13.    Deuterium oxide (D 2 O).   
   14.    Porcine pepsin A (Sigma).   
   15.    Rizhopuspepsin (Sigma or prepared recombinantly) [ 13 ,  14 ].   
   16.    Protease from  Aspergillus saitoi  (Sigma) [ 13 ].   
   17.    Nepenthesins (concentrated pitcher fl uid or recombinant 

preparation) [ 15 – 18 ].   
   18.    Membrane protein to  be   studied.   
   19.    HDExaminer software (Sierra Analytics).      

  Fig. 1    Photograph of the PAL autosampler       

 

Dynamics and Interactions by HDX-MS



272

3    Methods 
  

     1.    Connect the Needle Port of the autosampler to  Inj V  placed in 
the box cooled at 4 °C. Connect a 200 μL loop to  Inj V  as 
shown in Figs.  2  and  3 .

        2.    In the cooled box, connect the protection 0.2 μm fi lter, the trap 
(pre-column), the UPLC column, and  Sw V ;  see  Figs.  2  and  3 .   

   3.    Connect the HPLC pump, the UPLC pump, and the electro-
spray source of the mass spectrometer to the valves as indicated 
in Figs.  2  and  3 .   

   4.    Use 1/16″ external and 0.005″ internal tubing, except for 
the connections downstream UPLC column- Sw V  and  Sw 
V -electrospray source (0.002″). Use stainless steel to connect 
pumps and valves with 1 m coiled in the cooled box to cool the 
solvents. Also use stainless steel for the connections trap- Sw V  
and  Sw V -upstream UPLC column to stand the high pressure. 
Use PEEK for all other connections.   

   5.    Use the HPLC pump at 200 μL/min, with 0.4 % formic acid 
in water, to inject the peptides loaded in the loop and to trap 
and desalt them with the trap column.   

   6.    Use the UPLC pump at 50 μL/min to elute the trapped pep-
tides and separate them with the UPLC column with gradient 
15–70 % B in 10 min (A: 0.4 % formic acid in water; B: 95 % 
acetonitrile, 5 % water, 0.4 % formic acid).   

   7.    Electronically connect the autosampler with both valves, the 
mass spectrometer, and both pumps.   

   8.    Program the mass spectrometry acquisition(s) with external 
start (given by the autosampler) and monitoring of both pumps.      

3.1  Instrumental 
Setup ( See   Note    5  )

  Fig. 2    Scheme of the fl uidic connections between the different instruments used in the HDX-MS experiments, 
with injection valve in  position   load; switching valve in position wash ( a ) and elution ( b )       
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        1.    Dilute the protein of interest in the buffer suitable for the pro-
tein ( see   Note    4  ) to make 10–20 μM solution.   

   2.    Prepare 50 mL of 1 M glycine-HCl buffer (quench solution) 
by dissolving 3.75 g of glycine in ultrapure water and set pH to 
2.3 by the addition of concentrated hydrochloric acid.   

   3.    Prepare 100 mM, 250 mM, and 500 mM glycine-HCl buffer 
by diluting the 1 M stock solution. Using these solutions test 
quenching conditions by mixing equal volumes of the glycine 
buffer and the buffer in which the protein is supplied. The goal 
is to stop (quench) the HDX reaction by setting pH between 
2.3 and 2.5, where the HDX is minimal. Check the fi nal pH 
using pH meter. Eventually try other dilutions. For further 
experiments use the lowest concentration of glycine-HCl 
required to shift the pH to 2.3–2.5 ( see   Note    6  ).   

   4.    Prepare pepsin solution by dissolving 10 mg of porcine pepsin 
A in 1 mL of glycine-HCl buffer. Keep the solution on ice. 
Calculate the amount of pepsin for in-solution digestion. 
Starting protein:protease ratio 1:1 (w:w). Mix required amount 
of pepsin with glycine-HCl buffer to reach fi nal volume of 
1 mL ( see   Note    7  ).   

   5.    Fill a 1 mL conical bottom vial with 10 μL protein sample per 
planned experiment and put it in position 1 of tray 1. Fill a 
1 mL vial with 1 mL protein buffer and put it in position 10 of 
tray 1. Fill a 1 mL vial with 1 mL quench solution with prote-
ase and put it in position 12 of tray 1.   

   6.    Program a method with the following steps, using the PAL 
Cycle Composer software (CTC Analytics).   

3.2  Optimizing 
Digestion Conditions

  Fig. 3    Photograph of the connections inside the Peltier-cooled box       
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   7.    Set  Sw V  in the wash position (Fig.  2a ).   
   8.    In the sample list, indicate the mixing well in tray 2: n (between 

1 and 96).   
   9.    Wash the 100 μL syringe with 0.4 % formic acid in the wash 

station.   
   10.    Aspirate 10 μL of protein sample in vial 1 of tray 1 and dis-

pense 10 μL in well n of tray 2 (PCR plate) ( see   Note    8  ).   
   11.    Wash the 100 μL syringe with 0.4 % formic acid in the wash 

station.   
   12.    Aspirate 40 μL of protein buffer in vial 10 of tray 1 and dis-

pense 40 μL in well n of tray 2. Aspirate and dispense twice in 
well n of tray 2 to mix.   

   13.    Wash the 100 μL syringe with 0.4 % formic acid in the wash 
station.   

   14.    Aspirate 50 μL of quench buffer in position 12 of tray 1 and 
dispense 50 μL in position n of tray 2.   

   15.    Aspirate and dispense twice in position n of tray 2 to mix.   
   16.    Wait 1 min (digestion) ( see   Note    9  ).   
   17.    Set  Inj V  in the load position (Fig.  2a  and  2b ).   
   18.    Aspirate 100 μL of the digested protein in position n of tray 2 

and inject to the port.   
   19.    Aspirate 100 μL of 0.4 % formic acid in the wash station and 

inject to the port (washing of the transfer tubing).   
   20.    Set  Inj V  in the inject position (ports 2–3, 4–5, and 6-1 con-

nected in Fig.  2a  and  2b ).   
   21.    Wash the 100 μL syringe with 0.4 % formic acid in the wash 

station.   
   22.    Wait for 3 min (desalting).   
   23.    Set  Sw V  in the elution position (Fig.  2b ).   
   24.    Send signal Start to the mass spectrometer (beginning of the 

mass spectra acquisition and of the UPLC gradient).   
   25.    Wait for 10 min ( see   Note    10  ).   
   26.    Set  Sw V  in the wash position to send the detergent to waste 

(disconnection of the UPLC column from the mass 
spectrometer).   

   27.    Run LC-MS/MS analysis using the standard setting ( see   Note  
  11  ). In optimal case, use identical gradient as will be further 
used for the analysis of partially deuterated samples. For slower 
scanning mass spectrometers and/or highly complex peptide 
mixtures, longer gradient may be used for the purpose of pep-
tide  identifi cation. However, in such case, retention times of 
the individual peptides must be corrected to fi t the elution in 
the LC-MS runs.   
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   28.    Search the LC-MS/MS data using suitable program (e.g., 
MASCOT) against two protein database containing sequence 
of the protein of interest and sequence of porcine pepsin A. Set 
enzymatic cleavage to “none” and apply no taxonomic restric-
tion. Transfer the MASCOT result to an Excel spreadsheet and 
create a list of identifi ed peptides. Plot the results using 
DrawMap script, part of MSTools (  http://ms.biomed.cas.cz/
MSTools/DrawMap/DrawMap.php     [ 19 ], to check sequence 
coverage, peptide length, and redundancy.   

   29.    Redo the experiments with other proteases working in acidic 
conditions, such as rhizopuspepsin [ 13 ,  14 ], protease from 
 Aspergillus saitoi  (also known as protease type XIII or aspergil-
lopepsin) [ 13 ], or nepenthesins [ 15 – 18 ].   

   30.    Select the protease and the digestion conditions giving the best 
sequence coverage with suitably sized (e.g., less than ten amino 
acids in average) and overlapping peptides, which will result in 
the best spatial resolution.      

       1.     Fill a 1 mL vial with 1 mL  deuterated   buffer and put it in posi-
tion 11 of tray 1.   

   2.    Program a slightly different method, using the PAL Cycle 
Composer software (CTC Analytics), adding or changing the 
following steps.   

   3.    Replace previous  step 12  by aspirating 40 μL of deuteration 
buffer in vial 11 of tray 1 and dispensing 40 μL in well n of tray 
2. Aspirate and dispense twice in well n of tray 2 to mix.   

   4.    Add this step before previous  step 14 : wait m min (from  m  = 0 
for 1-min deuteration to  m  = 19 for 20-min deuteration) ( see  
 Note    12  ).   

   5.    With different  n  values in the sample list, redo the experiment 
at different deuteration times (to plot kinetics) and in different 
states of the protein (at different conformations or with a part-
ner) ( see   Note    13  ).   

   6.    Set the mass spectrometer to acquire data in the full-scan mode 
only (LC-MS mode) .      

       1.     Do at least one nondeuterated experiment and a series of deu-
terated experiment.   

   2.    Use Excel “import fi le” with three columns:    amino acid 
sequence of the peptide, charge state (one line per charge 
state), retention time created in Subheading  3.2 ,  step 26 .   

   3.    In HDExaminer software, open the FASTA fi le of  the   protein, 
and add peptide source (import fi le) and mass spectrometry 
fi les for nondeuterated and deuterated experiments which may 
be classifi ed in different states of the protein.   

3.3  HDX-MS 
Experiments

3.4  HDX-MS Data 
Processing Using 
HDExaminer Software 
(Sierra Analytics)

Dynamics and Interactions by HDX-MS
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   4.    Export the number of deuterium and the percentage of deu-
teration ( see  Fig.  4 ) for each peptide in each experiment into an 
Excel fi le. Export the kinetics of deuteration of each peptide 
for the different states of the protein. Export the heat map 
(rainbow color code) indicating the percentage of deuteration 
of each peptide on the primary structure or on the 3D struc-
ture, using Pymol software (if PDB fi le is available).

       5.    Locate the regions of interest, either showing a conformational 
change or a protection effect induced by the binding of a 
partner .       

4                  Notes 

     1.    Either 100 μL or 250 μL syringes may be installed in the 
Injection Unit.   

   2.    This model of autosampler is the simplest to fully automate the 
whole procedure. More sophisticated ones, equipped with two 
syringes, may also be used.   

   3.    Alternatively, other HPLC or UPLC pumps may also be used.   
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  Fig. 4    Extract of HDExaminer deuteration results on peptide 198–205 from a protein in two different states 
(state 1 ( a ) and state 2 ( b )). The  upper panels  show the superimposition of the experimental spectra with 
spectra calculated by the software. The  lower panels  indicate the fi rst and last amino acids (Start and End), the 
charge states shown in the  upper panels  (2), the given (in the import fi le) retention time and the found one 
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ference of percentage of deuterium is measured for this peptide: 31.1 % in state 1 and 22.9 % in state 2 (aver-
age of the three charge states)       
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   4.    H/D exchange is usually carried out in the buffer which is 
used for the other experiments. The method has very high tol-
erance to the buffer composition and concentration of the 
individual components. However if possible the buffer compo-
sition should be kept as simple as possible and the concentra-
tion of the individual components should also be kept at the 
lowest concentrations. Alkyl glycoside detergents (beta-octylg-
lycoside, dodecyl maltoside, etc.) are well tolerated. Other 
nonionic detergents (Triton X100, polyoxyethylene-based, 
PEG, PPG) may also be used, with a more complex procedure 
using a chlorinated solvent [ 20 ].   

   5.    Alternatively, the procedure described below in an automated 
way may be done manually, using pipettes and Eppendorf 
tubes (tubes stored in an ice bath); the Peltier-cooled box may 
be replaced by an ice-water bath and the electronic actuated 
valves by manual ones.   

   6.    Lowering the pH can also be performed by, e.g., phosphoric 
or hydrochloric acid. Their concentration as well as ratio must 
be optimized with the protein buffer used in the study. 
Commonly used concentration range is between 50 mM and 
250 mM and the buffer:quench solution ratio usually varies 
between 10:1 and 1:10.   

   7.    Pepsin is quite tolerant to denaturing and reducing agents, so 
these can be used to enhance the effi ciency of the digestion. 
However, high ionic strength (caused by the high concentra-
tion of guanidium hydrochloride) may cause precipitation of 
the hydrophobic membrane proteins. Therefore the optimal 
concentration of TCEP and guanidinium chloride must be 
found. In some cases, urea, thiourea, or their mixtures may 
also prove helpful. Also, keep in mind that phosphines (e.g., 
TCEP) are the only reducing agents working at low pH.   

   8.    In case of diluted protein sample (below 5 μM), a 250 μL 
syringe may be used instead of a 100 μL one. The different 
aspirated volumes should be then multiplied by 2.5, except in 
 step 18 , and the injection loop should be changed to a 350 μL 
one instead of 200 μL.   

   9.    It is possible to tune the digestion by changing the digestion 
time or to do online digestion: insert an immobilized protease 
column (e.g., commercial Poroszyme ® , Applied Biosystems) 
between the both valves.   

   10.    After this 10-min waiting time, the UPLC column is discon-
nected from the mass spectrometer. It thus avoids saturating 
the electrospray source with the detergent DDM that elutes at 
10.5 min using the gradient indicated above. This time must 
be adjusted if the gradient is modifi ed or if different alkyl gly-
coside detergent is used.   
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   11.    In this particular case an ESI-q-FT-ICR MS with 15 T super-
conducting magnet (SolariX XR, Bruker Daltonics) was used. 
The mass spectrometer was operated in a positive ion mode 
and data collected in data-dependent mode. Spectra were 
acquired over the mass range of 150–2000  m / z . Each full scan 
was followed by MS/MS of the six most intense ions. Dynamic 
exclusion with duration of 0.5 min was enabled. Data were 
processed in DataAnalysis 4.2 (Bruker Daltonics) using “Find 
Auto MSn compounds” feature and SNAP peak picking. 
Processed data were exported to a Mascot Generic File which 
was further used for MASCOT searches.   

   12.    Shorter deuteration times than 1 min (down to 15 s) may be 
obtained with a slightly different method: dispense 50 μL of 
quench buffer in well n; aspirate 10 μL of protein, 10 μL of air, 
and 40 μL of deuteration buffer; dispense and mix in well 
 n  + 12; aspirate in well  n  + 12, dispense, and mix in well n. 
Longer incubation times, up to hours, can also be followed. 
However the length of the experiment is given by the stability 
of the studied protein.   

   13.    It is possible to program a full series of experiments (nondeu-
terated experiment, replicates, and different deuteration times) 
by defi ning the methods and the different  n  values in a sample 
list in the Cycle Composer software and by programming them 
in a sample list in the mass spectrometry acquisition software. 
Longer incubation times, up to hours, can also be followed. 
However the length of the experiment is given by the stability 
of the studied protein  .         
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    Chapter 18   

 Lessons from an α-Helical Membrane Enzyme: Expression, 
Purifi cation, and Detergent Optimization for Biophysical 
and Structural Characterization                     

     Jennifer     L.     Johnson    ,     Sibel     Kalyoncu    , and     Raquel     L.     Lieberman      

  Abstract 

   This chapter outlines the protocol developed in our lab to produce a multipass α-helical membrane 
protein. We present our work fl ow, from ortholog selection to protein purifi cation, including molecular 
biology for plasmid construction, protein expression in  E. coli , membrane isolation and detergent solubi-
lization, protein purifi cation and tag removal, biophysical assessment of protein stability in different deter-
gents, and detergent concentration determination using thin-layer chromatography. We focus on results 
from our ongoing work with intramembrane aspartyl proteases from archaeal organisms.  

  Key words     Membrane protein  ,   Cloning  ,   Expression  ,   Purifi cation  ,   Detergent screening  ,   Signal pep-
tide peptidase  ,   Intramembrane aspartyl protease  ,   Circular dichroism  ,   Thin-layer chromatography  

1       Introduction 

   Poor   expression level is a major contributor to the reason that 
membrane protein structures lag far behind their soluble counter-
parts [ 1 ]. Mammalian membrane proteins often need to be 
expressed in eukaryotic expression systems because the proteins of 
interest require chaperones, specifi c lipids, and/or posttransla-
tional modifi cation for proper folding [ 1 ,  2 ]. Eukaryotic expres-
sion systems are often costly, time consuming, and relatively low 
yielding. In contrast, prokaryotic membrane proteins, which do 
not have posttranslational modifi cations, can be expressed in high 
abundance using bacterial expression systems that require simple 
media and grow rapidly [ 3 ]. Thus, bacterial and archaeal orthologs 
of mammalian proteins are attractive to pursue for structural stud-
ies, a strategy that has been met with considerable success ( see  refs. 
 4 – 7 , for example). 

 The protocol presented in this chapter was developed in our 
lab for the production of orthologs of  signal peptide peptidase 
(SPP)   and can be easily adapted for other α-helical membrane 

Isabelle Mus-Veteau (ed.), Heterologous Expression of Membrane Proteins: Methods and Protocols, Methods in Molecular Biology, 
vol. 1432, DOI 10.1007/978-1-4939-3637-3_18, © Springer Science+Business Media New York 2016
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 proteins  . SPP is an intramembrane aspartyl protease (IAP) with 
orthologs found in a range of organisms from humans to extremo-
philic archaea [ 8 ]. IAP family members are multipass membrane 
proteins that share a conserved, membrane-embedded signature 
motif, YD…GXGD, where X is any amino acid [ 9 ]. In humans, 
SPP uses two aspartate residues to cleave type-2 signal peptides 
from the endoplasmic reticulum (ER) membrane, and the remnant 
short peptides act as signaling molecules for cell–cell communica-
tion, among other activities [ 10 ]. Orthologs of human SPP have 
similar inhibition profi les [ 11 – 14 ] and cleavage patterns [ 11 ], all 
of which strongly suggest that these enzymes share a similar struc-
ture and utilize a similar chemical mechanism. Unlike human SPP, 
archaeal SPPs are not glycosylated and are active after overexpres-
sion and purifi cation from heterologous bacterial hosts [ 15 – 17 ]. 

 Our approach to the molecular characterization of SPP has 
been to study  orthologs recombinantly expressed in  E. coli  
(Subheading  3.1 ). We use a commercial vector containing a  pelB  
leader sequence for insertion into the periplasmic membrane and a 
C-terminal hexahistidine tag (Subheading  3.2 ), express the protein 
in  E. coli  (Subheading  3.3 ), isolate membrane from cells contain-
ing the protein of interest (Subheading  3.4 ), solubilize the mem-
brane in detergent, purify protein of interest using Ni 2+ -affi nity 
chromatography (Subheading  3.5 ), and further polish the sample 
using size-exclusion  chromatography   (SEC, Subheading  3.7 ). Our 
characterization protocol includes monitoring SEC chromato-
graph profi les in different detergents and corresponding thermal 
stability using  circular dichroism (CD  ) melts (Subheading  3.8 ) 
because protein stability correlates with crystallizability and activity 
[ 18 ], and protein in a stabilizing detergent solution will maintain 
monodispersity longer [ 19 ], allowing for more time to perform 
activity assays and crystallization trials. We are also concerned with 
the amount of detergent in our fi nal purifi ed sample (Subheading 
 3.9 ), as excess detergent can lead to ligand and subunit dissocia-
tion and phase separation in the crystallization drop [ 20 ]. Our 
methods were developed for our small lab with  limited resources 
and thus can be at best considered as low/medium throughput. 
Wherever possible, we have included notes for troubleshooting 
and alternative methods.  

2    Materials 

       1.    Organism genome (ATCC).   
   2.    Primers for gene amplifi cation.   
   3.     pET-22b(+)   vector.   
   4.    Polymerase Chain Reaction (PCR) mix or kit and 

thermocycler.   

2.1  Molecular 
Biology for Target 
Membrane Protein
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   5.    PCR and gel cleanup kit.   
   6.    Restriction enzymes (suggested:  Sal I-HF and  Nco I-HF).   
   7.    Agarose gel and electrophoresis equipment.   
   8.    Dephosphorylation and ligation kit.   
   9.     E. coli  cells for plasmid preparation.      

       1.     E. coli   Rosetta   2 (DE3) competent cells (EMD Millipore 
#71400).   

   2.    pET-22b(+) plasmid    with gene of interest ( see  Subheading  3.2 ).   
   3.    LB agar culture plate with appropriate antibiotics (ampicillin 

and chloramphenicol when using    pET-22b(+) plasmid with 
Rosetta 2 (DE3) cells).   

   4.    LB agar plate with colonies containing plasmid of interest.   
   5.    LB broth.   
   6.    Appropriate antibiotics (ampicillin and chloramphenicol when 

using pET-22b(+) plasmid    with Rosetta 2 (DE3) cells).   
   7.    6 × 2 L baffl ed fl asks.   
   8.    1 × 500 mL Erlenmeyer fl ask.   
   9.    Temperature controlled shaking incubator.   
   10.    Isopropyl β- D -1-   thiogalactopyranoside (IPTG).   
   11.    Centrifuge and rotor.   
   12.    Liquid nitrogen.      

       1.    Cell paste containing protein of interest ( see  Subheading  3.3 ).   
   2.    French press and 35 mL French press cell.   
   3.    Ultracentrifuge and rotor.   
   4.    Dounce homogenizer, 7 mL (for example, Sigma Aldrich).   
   5.    Cell lysis buffer: 50 mM HEPES pH 7.5 (or an alternative buf-

fer with the appropriate pH range), 200 mM NaCl, complete 
EDTA Free Protease Inhibitor (Roche, 1 tablet to 50 mL 
buffer).      

       1.      Isolated   membrane containing the protein of interest ( see  
Subheading  3.4 ).   

   2.    Dounce homogenizer, 7 mL.   
   3.    Membrane resuspension buffer: 50 mM HEPES pH 7.5, 500 

mM NaCl, 20 mM imidazole.   
   4.    Desired detergent for protein solubilization (suggested: 

 n -dodecyl β- D - maltoside   (DDM, Anatrace),  see  Subheading 
2.6).   

2.2  Membrane 
Protein Expression

2.3  Membrane 
Isolation 
from Harvested Cells

2.4  Solubilization 
from Membrane 
and Purifi cation
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   5.    Ultracentrifuge and tubes.   
   6.    Superloop (e.g., from GE Healthcare).   
   7.    AKTA FPLC instrument (GE Healthcare) with detector capa-

ble of measuring absorbance at 280 nm.   
   8.    1 mL Ni 2+ -affi nity chromatography column.   
   9.    Ni 2+ -affi nity chromatography Buffer A: 50 mM HEPES pH 

7.5, 500 mM NaCl, 20 mM imidazole, + detergent ( see  sub-
heading 2.6,  step 2 ).   

   10.    Ni 2+ -affi nity chromatography Buffer B: 50 mM HEPES pH 
7.5, 500 mM NaCl, 500 mM imidazole, + detergent.       

       1.    Gel fi ltration buffer: 50 mM HEPES pH 7.5, 200 mM NaCl, 
+ starting detergent.   

   2.    1.5 mg/ml of purifi ed tobacco etch virus (TEV) protease in a 
stabilizing buffer containing 10 mM phosphate buffer pH 7.2, 
200 mM NaCl, 20 % glycerol [ 21 ].   

   3.    Ni 2+ -affi nity chromatography Buffer A.   
   4.    Ni 2+ -affi nity chromatography Buffer B.      

        1.    Sample purifi ed by Ni 2+ -affi nity chromatography ( see  
Subheading  3.5 ).   

   2.    Gel fi ltration buffers: 50 mM HEPES pH 7.5, 200 mM NaCl, 
+ detergent, each containing 2× the  critical micelle concen-
tration (CMC)   of  n  different detergents. Suggested deter-
gents include those that have been successful for membrane 
protein crystallography:    N,N-dimethyldodecylamine-N-oxide 
(LDAO),  n -octyl-β- D - glucopyranoside   (OG), octyltetraoxy-
ethylene (C8E4),  n -decyl-β- D - maltopyranoside   (DM), and 
 n -dodecyl-β- D - maltopyranoside   (DDM) [ 22 ].   

   3.    AKTA FPLC instrument with detector for absorbance at 
280 nm.   

   4.    Superose 12 10/300 or 3.2/300 gel fi ltration column.      

       1.     Purifi ed   membrane protein sample in  n  different detergents 
( see  Subheading  3.6 ).   

   2.    Amicon Ultra centrifugal fi ltration device of the appropriate 
molecular weight cutoff (MWCO) for concentration of pro-
tein (e.g., 3× smaller than protein mass, sizes 10K, 30K, 50K, 
100K available from EMD Millipore).   

   3.    CD spectropolarimeter.   
   4.    CD cell (e.g., 0.1 cm diameter).   
   5.    Graphing and analysis software (for example, GraphPad Prism).      

2.5  Optional: 
Cleavage 
of the Hexahistidine 
Tag and Purifi cation 
of Cleaved Protein

2.6  Detergent 
Screening by Gel 
Filtration

2.7  Protein Stability 
in Different Detergents 
Measured by Circular 
Dichroism (CD)
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       1.    Purifi ed protein in gel fi ltration buffer   
   2.    0.5 mL Amicon Ultra centrifugal fi ltration devices of different 

MWCO (10–100 kDa suggested).   
   3.    Standards containing known concentrations of detergent in 

gel fi ltration buffer ( see  Subheading  2.6 ,  item 2 ).   
   4.    Silica 60 TLC plates.   
   5.    TLC chamber.   
   6.    TLC solvent (63:35:5 chloroform:methanol:ammonium 

hydroxide).   
   7.    Iodine and iodine chamber.   
   8.    ImageQuant, ImageJ, Photoshop, or similar program for 

image analysis.       

3    Methods 

        1.    Select your target protein based on laboratory interests. We 
selected signal peptide peptidase ( SPP  , accession number 
CAD13132) as our target protein.   

   2.    Run Basic Local Alignment Search Tool for proteins (BLASTp 
[ 23 ],   http://blast.ncbi.nlm.nih.gov/    ) and search using the 
Domain Enhanced Lookup Time Accelerated (DELTA) fea-
ture on the target protein to fi nd more suitable targets ( see  
 Note    1  ). The search can be limited to a certain organism or 
taxonomic group, or can exclude a taxonomic group. We 
excluded eukaryotes (taxid: 2759) to select for non-eukaryotic 
orthologs. Figure  1  shows the fi nal Clustal Omega [ 24 ] align-
ment between human SPP and our selected targets, SPP from 
archaeal  Haloarcula marismortui  ( H. mar ),  Halobacterium 
salinarum  ( H. sal ), and  Methanoculleus marisnigri  ( M. mar ) 
( see   Note    2  ) rendered in ESPript [ 25 ] with secondary struc-
ture information from the reported crystal structure of  M. mar  
SPP (PDB code 4HYC) [ 6 ].

                1.    Order the organism genome from ATCC (  http://www.atcc.
org/    ). We ordered the genomes of the three archaeal organ-
isms mentioned above.   

   2.    Use online signal sequence prediction software to predict if the 
target protein contains a signal sequence ( see   Note    4  ). Check 
several signal sequence prediction web servers for comparison, 
so the likelihood of a signal sequence being present can be 
assessed. Figure  2  shows the signal sequence prediction output 
from Signal-3L [ 26 ] and SignalP 4.0 [ 27 ]; the former predicts 
that the fi rst 23 amino acids of  M. mar  SPP might be a signal 
sequence, and the latter predicts that a signal sequence is not 

2.8  Determination 
of Detergent Amount 
in Protein Sample 
by Thin- Layer 
Chromatography 
(TLC) and Optimal 
 Method   for 
Concentrating Protein 
(Protocol Adapted 
from Ref.  29 )

3.1  Target Protein 
Ortholog Selection

3.2  Molecular 
Biology for Target 
Membrane Protein 
( See   Note    3  )
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  Fig. 2    Signal sequence prediction. ( a ) Output from Signal-3L predicting that the fi rst 23 amino acids ( red ) from 
 M. mar  SPP are a signal sequence. ( b ) Output from SignalP predicting the same protein sequence does not 
contain a signal peptide       

  Fig. 1    Alignment of human SPP with three archaeal SPP orthologs. Alignment was performed using Clustal 
Omega and rendered in ESPript [ 43 ]. Identical residues in all four sequences are  white with red background . 
Similar residues are in  red  and conserved patches are  boxed in blue . The conserved motif of all IAP family 
members is in  bold white , with the catalytic aspartate residues denoted with a  red arrow . α-Helices are 
marked by spiral along the top of each row and are based on the crystal structure of  M. mar  SPP (PDB code 
4HYC)       

 

 

Work Flow for Helical Membrane Protein Production 



288

present. Consider making constructs including and omitting 
the predicted signal sequence residues.

       3.    Design primers to amplify the gene by PCR with the addition 
of restriction sites on each side ( see   Note    5  ). We selected 
restriction sites  Nco I and  Sal I of  pET-22b(+)   vector because 
they were suitable for cloning of all three genes of interest in 
parallel ( see  Fig.  3 ) with an N-terminal pelB leader sequence 
for periplasmic membrane insertion and a C-terminal hexahis-
tidine tag for purifi cation Ni 2+ -affi nity chromatography.

       4.    Amplify the gene of interest by PCR.   
   5.    Clean up PCR products.   
   6.    Perform restriction digest on both the plasmid and the gene of 

interest to form complementary ends.   
   7.    Run agarose gel on digested reaction samples.   
   8.    Cut the appropriate bands from the agarose gel and purify 

using appropriate kit.   
   9.    Dephosphorylate the vector and ligate the DNA.   
   10.    Transform the plasmid into a cell line for plasmid preparation; 

e.g.  E. coli  GigaSingles or XL1-Blue.   
   11.    Sequence plasmid to confi rm correct insertion of desired gene 

containing no errors. MWG Operon (  www.operon.com    ) was 
used for our plasmid sequencing.   

   12.    Optional: Insert DNA sequence corresponding to TEV prote-
ase cleavage site (ENLYFQS) between the DNA of the target 
protein and the hexahistidine tag ( see  Fig.  3 ,  Note    6  ) using 
site-directed mutagenesis. Confi rm correct cleavage site inser-
tion by sequencing.      

  Fig. 3     pET-22b(+)   DNA and amino acid sequence in the area where the ortholog DNA is inserted. Areas of 
interest are marked. The  red  DNA and amino acid sequence were replaced with the target DNA. The  orange  
amino acids were removed and replaced with the DNA sequence for TEV protease cleavage sequence 
ENLYFQS. Image was adapted from that available from Novagen website       
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         1.    Perform  standard   heat-shock plasmid transformation into 
Rosetta 2 (DE3) cells ( see   Note    8  ); use a single colony to express 
immediately or wrap edges of the agar plate with Parafi lm and 
place in the 4 °C refrigerator for storage up to 1 week.   

   2.    Autoclave 1 × 200 mL LB broth in a 500 mL Erlenmeyer fl ask 
and 6 × 1 L LB broth in a 2 L baffl ed fl ask.   

   3.    Add appropriate antibiotics to each fl ask when cool. When 
 using   pET-22b(+) plasmid with  E. coli  Rosetta 2 (DE3) cells, 
ampicillin (plasmid resistance, 60 μg/mL recommended) and 
chloramphenicol (cell resistance, 34 μg/mL recommended) 
antibiotics are used.   

   4.    Add a single colony from transformation plate into the 200 
mL fl ask (starter culture) and incubate the fl ask at 37 °C over-
night with shaking at 225 RPM.   

   5.    After the starter culture is incubated for 12–16 h, inoculate 
each of the six 1 L cultures with 10 mL of the starter culture. 
Incubate at 37 °C with shaking at 225 RPM, checking the 
optical density at 600 nm (O.D. 600 nm ) after 2 h and every 
30 min thereafter.   

   6.    When the O.D. 600 nm  reaches 0.6–0.8, reduce the incubation 
temperature to 18 °C. Continue shaking for 1 hour to allow 
the temperature to equilibrate.   

   7.    Induce protein expression by the addition of 0.5 mM  IPTG   to 
each fl ask. Continue shaking at 225 RPM at 18 °C for 16–20 h.   

   8.    After expression for 16–20 h, harvest the cells by centrifuga-
tion at 5000 ×  g  for 10 min. Distribute the cell pellet in small 
plastic bags and fl ash freeze in liquid nitrogen. Store at −80 °C 
until cell paste is needed.       

         1.    Thaw and resuspend 7–8 g of frozen cell paste in a 50 mL tube 
on ice by adding 25–30 mL lysis buffer and pipetting gently up 
and down with a 25 mL serological pipette, until the mixture 
is fully resuspended and homogeneous.   

   2.    Lyse resuspended cells using a chilled French press cell main-
tained at 1200 psi pressure. Pass the cells through the French 
press at least twice to ensure complete lysis.   

   3.    Pellet cellular debris by centrifuging lysate at 5000 ×  g  for 
15 min at 4 °C. Place the supernatant in a new centrifuge tube 
and centrifuge again. Repeat centrifugation step until no fur-
ther pellet is discernible.   

   4.    Transfer the supernatant to an ultracentrifuge tube and centri-
fuge at 120,000 ×  g  for 45 min at 4 °C.   

   5.    Discard the supernatant. Place the pellet in a 7 mL Dounce 
homogenizer with 7 mL cell lysis buffer (without protease 
inhibitor). Resuspend the membrane pellet with the loose 
plunger fi rst, and then the tight plunger.   

3.3   Membrane 
Protein Expression 
( See   Note    7  )

3.4  Membrane 
Isolation from 
Harvested Cells
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   6.    Ultracentrifuge the resuspended membrane pellet again at 
120,000 ×  g  for 45 min at 4 °C.   

   7.    Discard the supernatant. Transfer the pelleted membrane into 
a tared microcentrifuge tube and record its mass. We typically 
obtain around 0.9–1.2 g of membrane from 7 to 8 g cells.   

   8.    Flash cool membranes with liquid nitrogen in ~0.3 g aliquots 
in a microcentrifuge tube, and store in −80 °C freezer until 
ready for protein purifi cation.      

           1.    Place 0.3–1.0 g  frozen   membrane in Dounce homogenizer 
and add 7 mL membrane resuspension buffer.   

   2.    Resuspend the membrane using fi rst the loose plunger, and 
then the tight plunger.   

   3.    Weigh out an amount of the desired detergent ( see   Note    9  ) 
equal to the mass of membrane. Dissolve the detergent in 
enough membrane resuspension buffer to make a fi nal 1 % 
solution. For 1 g membrane, add 1 g detergent to 93 mL 
membrane resuspension buffer, where the last 7 mL will be the 
membrane suspension.   

   4.    Add the resuspended membrane to the detergent solution. Stir 
or rock gently at 4 °C for at least 1 h, minimizing bubble for-
mation. Once solubilization is complete the solution will 
appear translucent.   

   5.    Centrifuge at 120,000 ×  g  at 4 °C for 45 min to remove any 
unsolubilized material. Discard any remaining pellet and store 
the supernatant on ice for purifi cation.  See  Fig.  4 ,  lane 1 , for 
sodium dodecyl sulfate polyacrylamide-gel electrophoresis 
( SDS-PAGE  ) after membrane solubilization ( see   Note    10  ).

       6.    Load protein-detergent solution into a superloop appropriate 
for the total volume. Purify the protein over a 1 mL Ni 2+ -
affi nity chromatography column using Buffer A for the wash 
and Buffer B for protein elution, using a suitable gradient. 
Track the absorbance at 280 nm to identify protein elution. 
Figure  5  shows Ni 2+ -affi nity chromatograms of two SPP con-
structs. Figure  4 ,  lane 2 , shows SDS-PAGE analysis after Ni 2+ -
affi nity chromatography. 

                1.    Buffer exchange protein using appropriate-sized Amicon Ultra 
centrifugal fi lter into gel fi ltration buffer to remove excess 
imidazole.   

   2.    Add TEV protease (1.5 mg/ml in stabilizing buffer) directly 
to protein sample in a 1:1 TEV:target membrane protein mass 
ratio.   

   3.    Allow cleavage reaction to proceed at 4 °C for 16–20 h.   
   4.    Repurify sample over a Ni 2+ -affi nity chromatography column, 

collecting the fl ow through and discarding protein that bound 

3.5   Solubilization 
from Membrane 
and Purifi cation Using 
Ni  2+ -Affi nity 
Chromatography

3.6  Optional: 
Cleavage 
of the Hexahistidine 
Tag and Purifi cation 
of Cleaved Protein 
( See   Note    11  )
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  Fig. 4     SDS-PAGE   of  M. mar  SPP samples during each purifi cation step. A broad- 
range molecular weight marker with band sizes is shown on the left.  M. mar  SPP 
is the prominent band just under 30 kDa in each lane.  Lane 1  is the sample after 
membrane  solubilization   (Subheading  3.5 ,  step 5 ).  Lane 2  is the protein sample 
after Ni 2+ -affi nity chromatography purifi cation (Subheading  3.5 ,  step 6 ).  Lane 3  
is the protein purifi ed over Ni 2+ -affi nity chromatography purifi cation a second 
time after TEV protease cleavage of the hexahistidine tag (Subheading  3.6 ,  step 
4 ).  Lane 4  is the purifi ed protein sample  after   size-exclusion chromatography on 
the Superose 12 column in gel fi ltration  buffer   with 0.0174 % DDM (Subheading 
 3.8 ,  step 4 )       

  Fig. 5    Ni 2+ -affi nity chromatograms obtained using Unicorn software of  H. mar  SPP ( left ) and  M. mar  SPP ( right  ). 
 Blue trace  is absorbance at 280 nm and  green trace  is % buffer B       
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to the column.  See  Fig.  4 ,  lane 3 , for  SDS-PAGE   analysis of 
sample after Ni 2+ -affi nity chromatography following TEV pro-
tease cleavage step.      

           1.    After protein purifi cation by Ni 2+ -affi nity chromatography, 
divide the sample into  n  equal volumes, approx. 250 μL each, 
to test  n  different detergents by gel fi ltration.   

   2.    Equilibrate the Superose 12 10/300 gel fi ltration column on 
an AKTA instrument with at least two column volumes of gel 
fi ltration buffer ( see   Note    12  ).   

   3.    After equilibrating with two column volumes of buffer, inject 
the 250 μl sample onto the column. Track the absorbance at 
280 nm.   

   4.    Run each sample with a different detergent with a concentration 
of 2×  CMC   in the gel fi ltration buffer, each with 2 column vol-
umes (CV) equilibration prior to sample injection onto the col-
umn. This extensive wash step removes the prior detergent.  See  
Fig.  4 ,  lane 4 , for  SDS-PAGE   of a sample after gel fi ltration.   

   5.    Compare the elution peak shape and intensity. High-intensity, 
Gaussian peaks are desirable. The size of the protein compared 
to the expected mass based on elution volume must also be con-
sidered. The column retention is rarely an accurate measure of 
membrane protein mass due to the fact that it is a  protein- 
detergent complex (PDC),   whose size also depends on deter-
gent characteristics. Figure  7  shows the results of gel fi ltration of 
two SPP constructs, each in six different detergents.

       6.    If an activity assay is available, conduct the assay on protein 
samples in different detergent-containing buffers to ensure 

3.7  Detergent 
Screening by Gel 
Filtration ( See  Fig.  6  
for Overview 
of Workfl ow)

  Fig. 6    Workfl ow to determine protein stability in different detergents using  circular dichroism  .  See  Fig.  9  for 
Phase II       
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active protein. Samples in detergents that yielded favorable gel 
fi ltration elution profi les and active protein are then further 
studied  by   CD.      

         1.    Concentrate each  protein   sample using an Amicon Ultra cen-
trifugal fi ltration device with an appropriate molecular mass 
cutoff to 8–10 μM, e.g., as measured by absorbance at 280 nm 
using a calculated extinction coeffi cient and molecular weight.   

   2.    Run a CD melt on each sample from 4 to 90 °C.   
   3.    For each sample, plot the temperature versus the normalized 

molar ellipticity at the minimum wavelength (222 nm or 
208 nm for alpha helical proteins [ 28 ]).   

   4.    Find the melting temperature ( T  m ) by Boltzmann sigmoid or 
fi rst derivative numerical analysis of the melt curves using soft-
ware such as GraphPad Prism, Igor, or Matlab. High protein 
stability is desired; detergents that maintain stability to the 
protein of interest can be used for further study. Figure  8  shows 
the normalized ellipticity versus temperature graph for one of 
our SPP orthologs.  See   Note    13   for alternative methods for 
determining the stability of proteins in different conditions. 

             Protocol   is adapted from ref.  29 ;  see  Fig.  9  for overview of work-
fl ow, and  see   Note    14   for alternative methods for determining the 
concentration of detergent in the protein sample.

     1.    For each purifi ed protein in each detergent to be tested, pool gel 
fi ltration elution peak, and measure the protein concentration.   

   2.    Add 500 μL of the sample into each Amicon Ultra 0.5 mL 
centrifugal fi lter to be tested. Testing the MWCO 10 K, 30 K, 
50 K, and 100 K fi lters is suggested.   

3.8   Protein Stability 
in Different Detergents 
Measured by Circular 
Dichroism

3.9  Determination 
of Detergent Amount 
in Protein Sample 
by TLC and Optimal 
Method 
for Concentrating 
Protein

  Fig. 7    Gel fi ltration chromatograms of  H. sal  SPP in six detergents ( left ) and  H. mar  SPP in six detergents ( right ). 
Detergent abbreviations are as follows:     FC12  fos-choline-12,   DDM     n -dodecyl β- D -maltoside,   DM    decyl β- D -
maltoside,  Cy-5  5-cyclohexyl-1-pentyl-β- D -maltoside,   LDAO     N , N -dimethyldodecylamine- N -oxide,  LMNG  
2,2-didecylpropane-1,3-bis-β- D -maltopyranoside or lauryl maltose neopentyl glycol       
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   3.    Centrifuge the samples at 8500 ×  g  and 4 °C until less than 50 
μL remains above the fi lter. Measure the total volume and pro-
tein concentration of each concentrated sample.   

   4.    Determine any protein loss for each fi lter by comparing the 
expected concentration based on  steps 1  and  3  to the actual 
fi nal protein concentration.   

   5.    Place the fi ltrate from  step 3  into a new 10 K Amicon Ultra 
0.5 mL fi lter. Centrifuge the samples at 8500 ×  g  and 4 °C until 
less than 50 μL remains in the fi lter. This will concentrate all 
the detergent that passed through the original fi lter so that it 
can be visualized on a TLC plate.   

  Fig. 8    Normalized  CD   thermal unfolding experiment of  H. mar  SPP in six deter-
gents. The  solid trace  is the normalized CD data, the  dashed trace  is the 
Boltzmann sigmoidal fi t       

  Fig. 9    Workfl ow to determine optimal fi lter MWCO for concentrating protein samples. TLC is used to determine 
detergent concentration in the samples       
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   6.    Prepare detergent standards for a standard curve in the gel fi l-
tration buffer, including points above and below the expected 
detergent concentration. For example, prepare  standards of 
0.25 %, 0.5 %, 1.0 %, and 2.0 % (w/v) for an expected concen-
tration of 0.5–1.0 %.   

   7.    Spot 5 μL of each of the detergent standards, concentrate 
(retained on top), and fi ltrate (fi ltered to bottom) samples 
onto the baseline of a silica 60 TLC plate. Allow all samples to 
dry for at least 30 min.   

   8.    Place the TLC plate in a TLC chamber containing about 
0.5 in. solvent (chloroform:methanol:ammonium hydroxide, 
63:35:5, v/v/v).   

   9.    Allow the solvent to run at least half way up the plate. Remove 
the plate from the chamber and allow the solvent to evaporate 
in open air for approximately 5 min.   

   10.    Place the plate in an iodine chamber and allow staining for at 
least 5 min. Remove the TLC plate and image immediately.   

   11.    Quantify the detergent by densitometry of the detergent spots 
using ImageQuant, ImageJ, or Photoshop. Determine the 
unknown detergent concentrations using a prepared standard 
curve.   

   12.    Establish the optimal fi lter for protein concentration by com-
paring the protein loss with the detergent loss. The best choice 
balances lowest detergent concentration in the sample and the 
least protein loss  ( see   Note    15  ).    

4                         Notes 

     1.    This protocol is for  E. coli  expression. Human membrane pro-
teins are often very diffi cult to express in  E. coli , so an alterna-
tive ortholog may be needed. In our lab, we have chosen to 
work with archaeal orthologs of human SPP ( see  Subheading  1 ). 
If crystallization is the goal, pay attention to the length of 
predicted loop regions as long, disordered loops may be diffi -
cult to crystallize.   

   2.    We started with ~10 orthologs because the ability to express 
and purify these proteins is highly protein specifi c; starting 
with more targets will give a better chance of success in the 
pipeline.   

   3.    It may be more cost effective and/or timely to order a codon- 
optimized gene already inserted into a vector from a synthesis 
company such as DNA2.0, GenScript, or MWG Operon.   

   4.    The  pET-22b(+)   vector has the pelB leader sequence at the 
N-terminus of the protein. The addition of the pelB leader 
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sequence with a natural signal sequence may cause incorrect 
membrane insertion and result in poor expression. It may be 
best to make constructs with and without the predicted signal 
sequence residues and test expression and activity (if applica-
ble) of each construct.   

   5.    For  primer design  ,  in silico  PCR web servers can be used to 
confi rm the specifi c amplifi cation of gene of interest (  http://
insilico.ehu.es/PCR/    ). Another approach that has had suc-
cess in our lab [ 17 ] is restriction-free cloning [ 30 ].   

   6.    Cleaving off the hexahistidine tag can prevent co-purifi cation 
of an  E. coli  membrane protein contaminant ( see   Note    11  ). To 
the best of our knowledge, no commercial plasmid includes 
the TEV protease cleavage site before the hexahistidine tag.   

   7.    Protein expression is a step that will need to be optimized for 
each protein. We test media, cell line, O.D. at induction, 
induction temperature, and induction length.  See  ref.  2  for a 
review of methods to monitor membrane protein overexpres-
sion. Also consider protocols in [ 31 ] and [ 1 ]. If the C- terminus 
of the membrane protein is in the cytosol ( C  in  topology), a 
membrane protein- green fl uorescent protein (GFP)   fusion 
can be used to rapidly screen homologues and expression con-
ditions by whole-cell and in-gel fl uorescence [ 32 ,  33 ].   

   8.    We use  E. coli  Rosetta 2 (DE3) cells for  membrane protein 
expression  , which contains plasmids to correct for rare codon 
usage. Other options include  standard    E. coli  BL21 (DE3) or 
 E. coli  C43 (DE3), which is reputed to produce higher levels 
of membranes. Try one of the other cell lines if your fi rst 
choice does not work, or conduct small-scale expression trials 
to determine the best cell line.   

   9.    Buffers and starting detergent must be optimized. Start with a 
detergent that works, which may take some trial.    LDAO,    OG, 
   C8E4,    DM,  and   DDM have been very successful for the crystal-
lization of membrane proteins [ 22 ]. You may need to do a small-
scale detergent screen, for example, with batch purifi cation using 
Ni 2+ -affi nity resin to determine a detergent that is optimal for 
membrane  solubilization  . Another approach is  using   fl uorescent 
size-exclusion chromatography (FSEC)    on lysed and solubilized 
cells in different detergents containing a membrane protein-
green-fl uorescent-protein ( GFP)   fusion [ 32 – 34 ].   

   10.     SDS-PAGE   samples containing membrane proteins should 
not be boiled prior to loading sample onto the gel.   

   11.     E. coli  membrane protein acrifl avine resistance protein B (AcrB) 
is, unfortunately, often co-purifi ed on Ni 2+ -affi nity chromatog-
raphy columns, is too large to pass through concentration 
devices, and is apparently hypercrystallizable even at low levels 
not detected by  SDS-PAGE  . Several labs [ 35 ], including ours, 
have crystallized and solved the structure of AcrB instead of our 
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intended membrane protein. It is best to be wary of crystals 
resembling AcrB ( see  Fig.  10 ) and to search the Protein Data 
Bank for unit cell dimensions of any membrane protein crystals 
grown to make sure that the dimensions differ from those of 
AcrB. To prevent co-purifi cation of AcrB or any other protein 
contamination, we have added a TEV cleavage site between the 
protein and the hexahistidine tag ( see   Note    5  ). After purifying 
SPPs over the Ni 2+ -affi nity chromatography column, we cleave 
the hexahistidine tag using TEV protease. Though our TEV 
cleavage protocol can likely be optimized for each protein, we 
have found that TEV protease can be readily prepared in the 
laboratory in high yield [ 21 ] and is insensitive to the specialized 
detergents used for membrane protein  solubilization   and purifi -
cation. TEV itself contains a C-terminal histidine tag, so a sec-
ond purifi cation over the Ni 2+ -affi nity chromatography column 
traps TEV, uncleaved SPP, the tags, and AcrB; cleaved SPP is 
collected in the fl ow through fractions.

       12.    The Superose 12 10/300 column is a 24 mL column. There 
are smaller columns that would help make this step higher 
throughput. If a smaller column is used, the sample volume 
recommendations for the column should be followed.   

   13.    Denaturing  SDS-PAGE   and size-exclusion high-pressure 
liquid chromatography (SE-HPLC) has also been used to 
determine the effect of detergents, pH, additives, and lipids 
on the proportion of monomeric protein [ 19 ,  36 ,  37 ].  FSEC   
is a good way to determine stabilizing detergents using a 
membrane protein- GFP   fusion without the need to purify the 
protein fi rst ( see   Note    9  ) [ 32 – 34 ]. If buried cysteines are 
present, effects of detergents and additives on purifi ed pro-

  Fig. 10    AcrB crystals using visible ( left ) and UV ( right ) light. Crystals were 
obtained using crystallization condition containing 20 mM sodium citrate pH 5.6, 
0.1 M NaCl, and 17 % polyethylene glycol 3350. The crystals formed within 6 
days at room temperature. Space group is R32 and cell dimensions (Å) are 
 a  = 144  b  = 144  c  = 518.36 with angles (°) of  α  = 90  β  = 90  γ  = 120       
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tein can be measured in higher throughput by a thermal 
unfolding assay using  N -[4-(7-diethylamino-4-methyl-3-
coumarinyl)phenyl]maleimide (CPM), a dye that fl uoresces 
upon reaction with a thiol [ 38 – 40 ].   

   14.    Several other methods for determining detergent concentra-
tion have been developed. Colorimetric assays, molybdate 
assay for total phosphate, phenol/sulfuric acid assay for sugar 
content, contact angle measurements, NMR, gas chromatog-
raphy, and other methods are covered in ref.  41 .   

   15.    We have found that actual detergent concentrations at the 
completion of the purifi cation protocol are higher than 
expected. Though our buffer used for gel fi ltration contained 
0.0174 % DDM, our protein sample contained about 0.0275 % 
as measured by TLC ( see  Fig.  11  and Table  1 ). The 0.0275 % 
DDM estimation was made as follows. We assumed that the 
10 K MWCO Amicon Ultra centrifugal fi lter concentrates all 

  Fig. 11    Detergent concentration assessment using TLC. ( a ) TLC from detergent fi lter test of  M. mar  SPP in 20 
mM HEPES pH 7.5, 200 mM NaCl, 0.0174 % DDM. ( b ) Standard curve prepared using mean density values 
from Photoshop for each  standard   DDM concentration.  R  2  = 0.9960       
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the DDM in the sample. We then used the TLC standard 
curve to calculate  the   DDM concentration in each of the con-
centrated samples, then divided by the protein concentration 
factor. Notably, the excess detergent micelles and our protein 
of interest apparently have similar elution volumes on the gel 
fi ltration column, which could be confi rmed by the use of an 
in-line refractive index detector  [ 42 ].

   Table 1  
  Data table for TLC detergent test   

 Filter MWCO  10 K  30 K  50 K  100 K 

 Starting concentration (mg/mL) a   0.054  0.054  0.054  0.054 

 Volume after concentrating (μL)  26  17.5  14  9 

 Concentration factor b   19.2  28.6  35.7  55.6 

 Theoretical concentration (mg/mL) c   1.038  1.543  1.929  3.000 

 Measured concentration (mg/mL) d   0.995  1.296  1.388  1.848 

 Protein recovery (%) e   95.8  84.0  72.0  61.6 

 Theoretical [detergent] f   0.335  0.497  0.621  0.967 

 Actual [detergent] g   0.529  0.687  0.771  0.885 

 Detergent recovery (%) h   1.58  1.38  1.24  0.92 

 Detergent recovery (%) using 0.0275 % as starting detergent 
concentration i  

 100.0  87.5  78.5  57.9 

   a Starting protein concentration was measured using a nanodrop and the protein extinction coeffi cient calculated by 
ExPASyProtParam [ 44 ] 
  b Concentration factor = 500 μL/(volume after concentrating) 
  c Theoretical concentration = (Starting concentration) × (Concentration factor) 
  d Measured concentration was measured using a nanodrop and the protein extinction coeffi cient calculated by 
ExPASyProtParam [ 44 ] 
  e Protein recovery = (Measured concentration)/(Theoretical concentration) 
  f Theoretical detergent concentration = 0.0174 × (Concentration factor) 
  g Actual detergent concentration was estimated using TLC (Fig.  11a ) and the standard curve prepared using mean den-
sity calculation in Photoshop from DDM standards on TLC (Fig.  11b ) 
  h Detergent recovery = (Theoretical detergent concentration)/(Actual detergent concentration) 
  i It is assumed that the 10 K fi lter concentrates all the detergent (100 %). Since the actual detergent concentration was 
larger than theoretical detergent concentration in most cases, the starting detergent concentration was recalculated 
using the actual detergent concentration and the concentration factor for the 10 K fi lter, and then applied to the other 

fi lters. That detergent concentration (0.0275 %) was used to calculate detergent recovery  
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    Chapter 19   

 Method to Screen Multidrug Transport Inhibitors Using 
Yeast Overexpressing a Human MDR Transporter                     

     Laura     Fiorini     and     Isabelle     Mus-Veteau      

  Abstract 

   Multidrug resistance has appeared to mitigate the effi ciency of anticancer drugs and the possibility of 
successful cancer chemotherapy. The Hedgehog receptor Patched is a multidrug transporter expressed in 
several cancers and as such it represents a new target to circumvent chemotherapy resistance. In this chap-
ter, we describe the screening test developed to identify molecules able to inhibit the drug effl ux activity 
of Patched. This screening test uses yeast overexpressing functional human Patched that have been shown 
to resist to chemotherapeutic agents. This test can be adapted to other MDR transporters.  

  Key words     Membrane protein  ,   Overexpression in yeast  ,   Patched  ,   Multidrug transporters  ,   Screening test  , 
  Chemotherapy resistance  

1      Introduction 

 Multidrug resistance (MDR) is a phenomenon of resistance of 
tumors to chemically unrelated anticancer drugs, and is one of 
the most formidable challenges in the fi eld of cancer  chemother-
apy   [ 1 ,  2 ]. MDR can have many causes such as alterations in 
DNA repair, defective regulation of apoptotic gene expression, 
enhanced intracellular drug detoxifi cation, but the most common 
mechanism is the effl ux of cytotoxic drugs by membrane trans-
porters. In human, most of the multidrug transporters belong to 
the large ATP- binding cassette (ABC) transporter super family of 
membrane proteins from which P-glycoprotein (P-gp) was the 
fi rst member to be identifi ed [ 3 – 5 ]. Many inhibitors of P-gp have 
been tested in clinical trials to assess their pharmacological poten-
tial. Unfortunately, most of them have failed because they dis-
played nonspecifi c toxicity [ 6 ]. 

 Emerging data from many human tumors have shown that the 
 chemotherapy-resistant   phenotype of cancer cells correlates with 
the activation of Hedgehog (Hh) signaling, and that the Hh path-
way regulates cancer stem cells or tumor initiating cells [ 7 – 10 ]. 
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The Hh receptor Patched being an Hh target gene, this 12 
 transmembrane domains protein is overexpressed in many recur-
rent and metastatic tumors such as breast, lung, colorectal, ovar-
ian, prostate cancers or melanoma. We recently discovered that 
Patched is a  multidrug effl ux   pump that transports different che-
motherapeutic agents out of cells, and particularly doxorubicin, 
using the proton motive force like the bacterial  multidrug effl ux   
pumps from the RND family [ 11 ]. This is a real breakthrough which 
suggests that the Hh receptor Patched participates to the resistance 
to chemotherapy of cancer cells, and allows proposing Patched as a 
new target for anti-cancer therapy. We then designed innovative 
screening tests to identify molecules able to inhibit the  drug effl ux   
activity of Patched, and we recently showed that a natural compound 
isolated from the Mediterranean sponge  Haliclona mucosa  inhibits 
the resistance to the chemotherapeutic agent doxorubicin (dxr) con-
ferred to yeast by the expression of human Patched [ 12 ]. 

 In this chapter, we describe the method used to express  func-
tional   human Patched in the yeast  Saccharomyces cerevisiae  [ 13 ], 
and the screening test developed to identify inhibitors of the  drug 
effl ux   activity of Patched which uses yeast expressing human 
Patched that have been shown to resist to chemotherapeutic agents 
[ 11 ]. This test can be adapted to other MDR transporters.  

2    Materials 

       1.    Competent  E. coli  DH5α for vectors preparation.   
   2.     S. cerevisiae  strain  K699   (Mata, ura3, and leu 2–3) for heter-

ologous expression.      

       1.    A yeast expression  vector   allowing a functional expression of 
your MDR transporter. We use the  Yep-PMA-MAP   vector 
containing the plasma membrane proton ATPase (PMA) pro-
moter, a sequence giving autotrophy for an amino acid for leu-
cine and a  Multitag Affi nity Purifi cation (MAP) sequence   
encoding (1) a factor Xa, a TEV, and a thrombin cleavage site 
to eliminate the MAP sequence; (2) a calmodulin binding 
domain (CBD), a streptavidin tag, and an hexahistidine tag for 
affi nity chromatography; and (3) an hemagglutinin peptide 
(HA) for anti- HA   western-blot analysis [ 13 ].   

   2.    cDNAs from the target membrane protein.   
   3.    ProofStart polymerase.   
   4.    Polymerase chain reaction (PCR).   
   5.    pCR™2.1 plasmid.   
   6.    Restriction enzymes.   
   7.    Ligase.      

2.1  Strains

2.2  Vectors 
Preparation
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       1.     Plate mixture  :    1 M  lithium acetate  , 90 % (w/v) polyethylene 
glycol (PEG) 4000, 1 M UltraPure™ Tris–HCl pH 7.5, 0.5 M 
ethylene diamine tetraacetic acid (EDTA) disodium salt 
dihydrate.   

   2.    10 mg/mL salmon sperm DNA.   
   3.    1 M 1,4 dithio-DL-threitol (DTT).   
   4.    Water bath set at 42 °C.   
   5.    Expression vector.   
   6.    25 mL sterile fl asks with vented caps.       

       1.     Minimal   medium (composition for 1 L): dissolve 8 g yeast 
nitrogen base without amino acids, 55 mg tyrosin, 55 mg ura-
cil, and 55 mg adenosine hemisulfate in 900 ml of Milli-Q 
water, and autoclave at 120 °C. Store at room temperature. 
For solid plates, add 20 % (w/v) agar.   

   2.    20 %  d -(+)-glucose (10×): dissolve progressively 200 g of  d - 
glucose (minimum 99.5 %) in 800 mL of Milli-Q water, and 
then adjust to 1 L with Milli-Q water ( see   Note    1  ), and steril-
ize on 0.22 μm fi lter and store at +4 °C. The shelf life of this 
solution is approximately 1 year.   

   3.    Drop-out (without leucine) (100×): dissolve 500 mg each of 
 l -arginine,  l -histidine,  l -iso-leucine,  l -lysine,  l -methionine, 
 l -phenylalanine,  l -threonine,  l -tryptophan in 100 ml of water, 
sterilize on 0.22 μm fi lter, and store in aliquots at −20 °C. The 
shelf life of this solution is approximately 1 year.   

   4.    Rich medium (composition for 1 L): dissolve 11 g yeast extract, 
22 g bacteriological peptone, 55 mg adenine hemisulfate in 
900 mL of Milli-Q water and autoclave at 120 °C. Store at 
room temperature.   

   5.    Erlenmeyer fl asks or sterile fl asks with vented caps.   
   6.    Spectrophotometer (Eppendorf) and cuvettes.   
   7.    Incubator shaker at 30 °C and 18 °C.      

       1.     Glass   beads, acid-washed, 425–600 μm.   
   2.    10 % glycerol.   
   3.    Heidolph™ Multi Reax vortexer.   
   4.    Buffer A (2×): dissolve 12.114 g Tris, 17.53 g NaCl in 900 mL 

Milli-Q water. Adjust pH to 7.4 by adding HCl. Adjust to 1 L 
with Milli-Q water. This is the grinding buffer.   

   5.    Buffer A (1×): 50 mM Tris–HCl, 500 mM NaCl, pH 7.4.   
   6.    Buffer B (2×): dissolve 12.114 g Tris, 17.53 g NaCl in 700 mL 

Milli-Q water. Add 200 mL glycerol. Adjust pH to 7.4 by add-
ing HCl. Adjust volume to 1 L with Milli-Q water.   

2.3   Yeast 
Transformation

2.4  Yeast Culture

2.5  Yeast Membrane 
Fraction Preparation
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   7.    PMSF (200×)    (to inhibit serine proteases): 0.35 g in 10 mL 
absolute ethanol. 200 mM stock solution is stable for months 
at +4 °C ( see   Note    2  ).   

   8.    Benzamidine hydrochloride 4 mM (200×) (to inhibit serine 
proteases): 1.25 g of benzamidine hydrochloride hydrate mini-
mum 98 % in 10 mL Milli-Q water. Store at +4 °C.   

   9.    EDTA (200×) (to inactivate metalloproteases by depleting 
ions): 8.18 g in 50 mL of water. EDTA solution will not go 
into solution until the solution is adjusted to approximately 
pH 8.0 by adding NaOH pellets. Store at +4 °C.      

       1.     Separating   buffer: 375  mM   UltraPure ™ Tris–HCl (pH 8.7).   
   2.    30 % acrylamide–bisacrylamide solution (37.5:1).   
   3.    Stacking buffer: 125 mM Tris–HCl (pH 6.8).   
   4.    0.1 % (w/v) UltraPure ™ sodium dodecyl sulfate (SDS).   
   5.    0.1 % (w/v) ammonium persulfate (APS).   
   6.     N , N , N , N ′-tetramethyl-ethylenediamine (TEMED).   
   7.    Running buffer (5×): 125 mM UltraPure ™ Tris, 960 mM 

glycine, 0.5 % (w/v) SDS. Store at room temperature.   
   8.    Loading buffer (4×): 250 mM UltraPure ™ Tris–HCl pH 6.8, 

8 % (w/v) SDS, 0.04 % (w/v) bromophenol blue, 40 % (w/v) 
glycerol, 20 % (v/v) 2-β-mercaptoethanol ( see   Note    3  ).   

   9.    Prestained protein ladder.   
   10.    Bio-Rad Mini-PROTEAN ®  3 cell.        

       1.    Transfer buffer (10×): Dissolve 58 g UltraPure™ Tris (do not 
adjust pH), 29 g glycine,    and 3.7 g SDS in 1 L of water. Store 
at room temperature (with cooling during use).   

   2.    20 % ethanol.   
   3.    Nitrocellulose membrane.   
   4.    Tris-Buffered Saline with Tween 20 (TBS-T): 20 mM 

UltraPure ™ Tris (pH 7.4), 450 mM NaCl, and 0.1 % (v/v) 
Tween 20 (polyoxyethylene sorbitan monolaurate Polysorbate 
20, cell culture and bacteriology grade).   

   5.    Primary antibody directed against your MDR transporter or a 
tag (6His or HA).   

   6.    Secondary polyclonal immunoglobulins conjugated to horse-
radish peroxidase.   

   7.    Chemiluminescent HRP substrate (HRP substrate peroxide 
solution and HRP substrate Luminol reagent).   

   8.    0.1 % (w/v) amido black dissolved in 25 % (v/v) acetic acid.   
   9.    Imager.   

2.6    SDS- 
Polyacrylamide Gel 
Electrophoresis 
(SDS-PAGE)

2.7  Western Blot
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   10.    Plastic bags and plastic fi lms.   
   11.    Rotating wheel.   
   12.    Blocking buffer: 4 % (w/v) nonfat dry milk in TBS-T.   

   13.    Amido black 0.1 % solution: Dissolve 0.1 g of amido black in 
25 mL acetic acid, 10 mL isopropanol, and 65 mL of Milli-Q 
water.      

       1.    50 mL sterile tubes.   
   2.    Sterile 96 deep wells of 1 or 2 mL.   
   3.    Sterile 96-well plates.   
   4.    Multichannel pipette (12 channels) 20–200 μL.   
   5.    Microtitre plate shaker in a thermostat cabinet at 18 °C.   
   6.    Rich medium.   
   7.    20 %  d -glucose.   
   8.     Sterile   DMSO.   
   9.    10 mM doxorubicin (dissolved in sterile water).   
   10.    Molecules to be tested at 10 mM  in   DMSO in 96-well plates.       

3    Methods 

       1.    PCR with  the   ProofStart polymerase was carried out on the 
target cDNA using the adequate primers to introduce the 
restriction sites allowing the subcloning of the cDNA into the 
expression vector. In our case,  Xba I,  Spe I restriction sites and a 
sequence of six adenosines were added at the 5′ end, and a 
 Nhe I restriction site at the 3′ end of  Ptch1  cDNA.   

   2.    Sequence the PCR product.   
   3.    Digest and subclone target cDNA in the expression vector. In 

our case,  Ptch1  cDNA was digested by  Spe I and  Nhe I and sub-
cloned in MAP  Xba I/ Nhe I sites, giving YEpPMA- Ptch1 -MAP 
expression vector.   

   4.    Transform competent  E. coli  DH5α with YEpPMA- Ptch1 -
MAP expression vector for vector amplifi cation.      

      Day 0 

   1.    Start  an   overnight (O/N) culture of  S. cerevisiae K699  cells to 
be transformed. In a 25 mL sterile fl ask with vented cap, inoc-
ulate 5 mL of rich medium containing 2 %  d -glucose with  S. 
cerevisiae K699  cells. Incubate O/N at 30 °C in an incubator 
shaker at 200 rpm.    

2.8  Screening Test

3.1  Construction 
of Expression Vectors

3.2   Yeast 
Transformation
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  Day 1 

   2.    Four hours before transformation, dilute the saturated O/N 
culture to the third with rich medium containing 2 %  d -glu-
cose. Incubate for 2–4 h at 30 °C at 200 rpm in the incubator 
shaker.   

   3.    In a 1.5 mL Eppendorf tube, spin down 0.5 mL of the culture 
( see   Note    4  )   

   4.    Discard supernatant. This leaves 50–100 μL of medium.   
   5.    Add 10 μL of 10 mg/mL carrier salmon sperm DNA and 

resuspend cells with the pipette.   
   6.    Add 1 μg of your plasmid ( see   Note    5  ). Vortex.   
   7.    Add 0.5 mL of sterile plate mixture. Vortex   
   8.    Add 20 μL of 1 M DTT ( see   Note    6  ). Vortex.   
   9.    Incubate O/N at room temperature on your bench top.    

  Day 2 

   10.    Cells will have settled to the bottom of the tube.   
   11.    Heat-shock cells by incubating for 10 min at 42 °C.   
   12.    Use a pipette to suck up the bottom 50 μL of cells and plate 

mixture ( see   Note    7  ).   
   13.    Plate cells out on selective medium agar dishes. In our case: 

minimal medium containing 2 %  d -glucose and 1 % drop-out 
without leucine and agar.   

   14.    Incubate for 2 days at 30 °C. Clones growing onto the dishes 
should express you protein.     

           1.    Inoculate 5 mL  of   minimal medium complemented with 2 % of 
 d -glucose and 1 % of drop-out without leucine in a 25 mL ster-
ile fl ask (with vented cap) with an isolated colony of trans-
formed  Saccharomyces cerevisiae .   

   2.    Grow overnight at 30 °C in the incubator under vigorous 
shaking at 200 rpm ( see   Note    8  ).   

   3.    In the morning, check absorbance at 600 nm (Abs 600 ) making 
a 1:10 dilution in a spectrophotometer cuvette. Yeast should 
have reached stationary phase (Abs 600  > 2).   

   4.    Dilute preculture in 10 mL of minimal medium complemented 
with 2 % of  d -glucose and 1 % of drop-out without leucine in a 
25 mL sterile fl ask (with vented cap) in order to reach an Abs 600  
of 2 in the afternoon. Yeasts double every 2 h at 30 °C.   

   5.    Keep at 30 °C under shaking at 200 rpm.   
   6.    Check the absorbance of your preculture and verify that it is 

free from any bacterial contamination using a microscope.   
   7.    Inoculate with a volume of preculture 100 mL of rich medium 

complemented with 2 %  d -glucose in a sterile Erlenmeyer of 

3.3   Yeast Culture 
for Expression of Your 
Target MDR Protein
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500 mL that will allow obtaining an Abs 600  of 5 after an ON 
culture at 18 °C knowing that yeast divide approximately 
every 4 h at 18 °C ( see   Note    9  ).   

   8.    Put the culture in an incubator at 18 °C under shaking at 
200 rpm O/N.   

   9.    24 h post-incubation, yeasts should have reached an Abs 600  
between 6 and 7.   

   10.    Check that your culture has not been contaminated by bacte-
ria using a microscope.   

   11.    Harvest the cells by centrifugation 10 min at 2000 ×  g  at +4 
°C.   

   12.    Resuspend the pellet fi rst with cold water.   
   13.    Centrifuge for 10 min at 2000 ×  g  at 4 °C. Discard the 

supernatant.   
   14.    Wash with ice-cold buffer A (1×) extemporary supplemented 

with  protease   inhibitors: 1 mM PMSF, 4 mM benzamidine 
hydrochloride, 2.5 mM EDTA pH 8.   

   15.    Centrifuge again 10 min at 2000 ×  g  at 4 °C. Discard the 
supernatant.   

   16.    Freeze the pellet at −80 °C until next use .      

       1.    Prepare 200  mL   of buffer A (1×) extemporary supplemented 
with 1  mL   PMSF 200×, 1 mL EDTA 200×, 1 mL benzamidine 
hydrochloride 200× and keep cold.   

   2.    Thaw yeast pellet by adding three volumes of this freshly pre-
pared ice-cold buffer A supplemented with protease inhibitors.   

   3.    In a 50-mL Falcon tube, put 17.5 mL of yeast suspension and 
2.5 mL of glass beads ( see   Note    10  ).   

   4.    Grind yeasts by vortexing at 2000 rpm at 4 °C using a 
Heidolph™ Multi Reax device. The optimal time for yeast 
expressing Patched is 15 min but it can be different for your 
MDR transporter. The optimal time can be determined by 
tacking samples at increasing times.   

   5.    With a pipette, separate the supernatant from the beads and 
centrifuge at 3000 ×  g  for 10 min to eliminate unbroken cells, 
debris, and nuclei. Here you can estimate the grinding’s 
 effi ciency by measuring the ratio between the starting and the 
remaining volume of pellet ( see   Note    11  ).   

   6.    The supernatant is then centrifuged at 18,000 ×  g  for 1 h at 4 
°C ( see   Note    12  ).   

   7.    The supernatant is discarded.   
   8.    The pellet containing yeast plasma membrane is resuspended 

in ice-cold buffer A supplemented with protease inhibitors and 
centrifuge at 18,000 ×  g  for 1 h at +4 °C.   

3.4   Membrane 
Preparation
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   9.    Repeat  steps 7  and  8 .   
   10.    Finally, resuspended the pellet in buffer A.   

   11.    Using DC Bio-Rad assay reagents and BSA at concentrations 
ranging from 2 to 20 mg/mL as a standard, quantify total 
membrane proteins.       

   The  following   protocol assumes the use of Bio-Rad Mini- 
PROTEAN gel system.

    1.    Glass plates to be used should be very well cleaned and exten-
sively rinsed with distilled water and ethanol.   

   2.    Prepare a 1.5 mm thick 8 % resolving gel for a protein of 120–
150 kDa. For 10 mL of resolving gel, mix 4.6 mL of H 2 O, 2.7 
mL of acrylamide, 2.5 mL of separating buffer, 100 μL of 10 % 
   SDS, 100 μL of 10 % ammonium persulfate, and 6 μL of 
TEMED. Wear gloves because acrylamide is a neurotoxic and 
carcinogenic when unpolymerized.   

   3.    Pour the gel immediately leaving space (1 cm below comb 
teeth) for the stacking gel, and overlay with 100 μL of 
H 2 O. Allow the gel to polymerize for at least 10 min. 
Polymerization time depends on room temperature.   

   4.    Prepare 5 mL of stacking gel mixing 3.4 mL of H 2 O, 0.83 mL 
of acrylamide, 0.63 mL of stacking buffer, 50 μL of 10 %  SDS  , 
50 μL of 10 % ammonium persulfate, and 5 μL of TEMED.   

   5.    Pour off water from the surface of the separating gel, pour the 
gel and immediately insert the comb. Wait few minutes to 
polymerize before removing the comb.   

   6.    Once the stacking gel has set, remove carefully the comb ( see  
 Note    13  ).   

   7.    Put the gel in the electrophoresis unit and add 1× running 
buffer and wash wells with running buffer using a syringe.   

   8.    Mix 15 μL of your sample with 5 μL of the 4× sample buffer. 
Let the sample at room temperature 5–10 min before loading 
( see   Note    14  ).   

   9.    Load the samples and prestained molecular weight markers 
into the wells with a Hamilton syringe or a pipette using gel 
loading tips.   

   10.    Place the lid on the Mini Tank, insert the electrical leads into 
a suitable power supply with the proper polarity. A constant 
100 V is the recommended for SDS-PAGE. Run time is 
around 2 h depending on the molecular weight of your 
protein.   

   11.    During electrophoresis, prepare the transfer buffer 1× by 
diluting 100 mL of the 10× transfer buffer in 700 mL Milli-Q 

3.5   Protein 
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water and add 200 mL ethanol (to have a fi nal concentration 
of 20 %).   

   12.    Cut the membrane and the fi lter paper to the dimensions of 
the gel. Always wear gloves when handling membranes to pre-
vent contamination. Soak the membrane, fi lter paper, and 
fi ber pads in transfer buffer 15 min before blotting.   

   13.    After electrophoresis is complete, remove the tank lid and 
carefully lift out the Inner Chamber Assembly. Pour off and 
discard the running buffer.   

   14.    Remove the gels from the Gel Cassette Sandwich by gently 
separating the two plates of the gel cassette. The green, wedge 
shaped, plastic Gel Releaser may be used to help pry the glass 
plates apart.   

   15.    Remove the gel by fl oating it off the glass plate by inverting 
the gel and plate under transfer solution, agitating gently until 
the gel separates from the plate.   

   16.    Prepare the gel sandwich. The following instructions assume the 
use of Bio-Rad Mini Trans-Blot electrophoretic transfer cell.   

   17.    Place the cassette, with the black side down, in a recipient 
containing 1× transfer buffer.   

   18.    Place one pre-wetted fi ber pad on the gray side of the cassette, 
a sheet of fi lter paper on the fi ber pad, the gel on the fi lter 
paper and the pre-wetted membrane on the gel.   

   19.    Remove any air bubbles between gel and membrane by rolling 
a 5-mL tube on the membrane.   

   20.    Complete the sandwich by placing a piece of fi lter paper on 
the membrane and then the last fi ber pad.   

   21.    Close the cassette fi rmly, being careful not to move the gel and 
fi lter paper sandwich.   

   22.    Place the cassette into the transfer tank such that the nitrocel-
lulose membrane is between the gel and the anode. It is vitally 
important to ensure this orientation or the proteins will be lost 
from the gel into the buffer rather than transferred to the 
nitrocellulose.   

   23.    Add the frozen cooling unit. Place in tank and completely fi ll 
the tank with 1× transfer buffer and run the blot under con-
stant voltage of 100 V for at least 1 h (High intensity fi eld ~ 
350 mA). For Patched, we transfer 1h15.   

   24.    Upon completion of the run, disassemble the blotting sand-
wich and remove the membrane. The colored molecular 
weight markers should be clearly visible on the membrane.   

   25.    To check whether your transfer has been correctly done or 
not, incubate the membrane for 2 min with 0.1 % of amido 
black solution to stain the transferred bands and wash twice 
with TBS-T buffer to remove amido black.   
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   26.    Incubate the membrane in 50 mL blocking buffer for 1 h at 
room temperature on a rocking platform.   

   27.    Discard blocking buffer and place the membrane in a plastic 
bag containing 5 mL of blocking buffer supplemented with 
the primary antibody (here 1:20 dilution of anti-HA) over-
night at 4 °C on a rotating wheel.   

   28.    Remove primary antibody and wash the membrane three 
times for 10 min each with 50 mL PBS-T.   

   29.    Place the membrane in a plastic bag containing 5 mL of block-
ing buffer supplemented with the convenient secondary anti-
body coupled to horseradish peroxidase (HRP) at the dilution 
given by the manufacturer (here it’s the secondary polyclonal 
anti mouse immunoglobulin antibody used as 1:5000-fold 
dilution). Place the bag on a rotating wheel for 2 h at 4 °C or 
45 min at room temperature.   

   30.    Discard the secondary antibody and wash the membrane at 
least three times for 10 min each with TBS-T buffer.   

   31.    Mix HRP substrate peroxide solution and HRP substrate 
Luminol reagent according to manufacturer’s recommenda-
tions and proceed to membrane revelation using autoradiogra-
phy fi lms or a luminescent image analyzer.     

         1.    Inoculate 5 mL of minimal medium complemented with 2 % of 
 d -glucose and 1 % of drop-out without leucine in a 25 mL ster-
ile fl ask (with vented cap) with yeast overexpressing your MDR 
protein and 5 mL of rich medium supplemented with 2 % glu-
cose with control yeast, and proceed to preculture as described 
in Subheading  3.3 ,  steps 1 – 5 .   

   2.    Check the absorbance at 600 nm of your preculture and verify 
that it is free from any bacterial contamination under a 
microscope.   

   3.    Prepare two tubes with 50 mL of rich medium complemented 
with 2 %  d -glucose and add a volume of yeast expressing your 
MDR protein or of control yeast preculture in respective tubes 
to obtain an Abs 600 nm  of 0.01 (Fig.  1a ).

       4.    In a 2 mL 96-deep-well plate, put 1 ml of medium containing 
control yeast in wells from the fi rst lane (A) and 1 mL of 
medium containing yeast expressing your MDR protein in 
wells from the second lane (B) (Fig.  1b ).   

   5.    Add increasing concentration of a drug known to be a sub-
strate of your MDR protein in deep wells from lanes A and B   

   6.    Transfer 150 μL of each deep well per well of a sterile 96-well 
plate using a 12-channel pipette as shown in Fig.  1c . Each 
condition will be done in quadruplicate.   

   7.    Cover the plate with a transparent fi lm and make two holes 
with a syringe on the top of each well to let the air fl ow.   

3.6  Drug Resistance 
of Yeast Expressing 
Your MDR Protein
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   8.    Place the plate in an incubator at 18 °C under shaking at 
1250 rpm.   

   9.    Measure the absorbance at 600 nm twice a day (at the begin-
ning and the end of the day) during 4 or 5 days.   

   10.    Calculate the mean of the four absorbance values for each 
drug concentration for control yeast and yeast expressing your 
MDR protein, respectively, and draw the curve of the absor-
bance in function of time for each drug concentration using 
Excel software. The expression of your MDR protein should 
confer to yeast a resistance to the drug in comparison to con-
trol yeast as illustrated in Fig.  2a .

              1.    Inoculate 5  mL   of minimal medium complemented with 2 % of 
 d -glucose and 1 % of drop-out without leucine in a 25 mL ster-
ile fl ask (with vented cap) with yeast overexpressing your MDR 
protein and proceed to preculture as described in Subheading 
 3.3 ,  steps 1 – 5 . The preculture must be done overnight in order 
to inoculate the 96-well plates the next day ( see   Note    15  ).   

   2.    Check the absorbance at 600 nm of your preculture and verify 
that it is free from any bacterial contamination by a micro-
scope observation.   

   3.    Prepare 100 mL of rich medium complemented with 2 % 
 d -glucose, add a volume of yeast preculture to obtain an 
Abs 600 nm  of 0.01, and separate the medium containing yeast in 
two Falcon tubes of 50 mL (Fig.  3a ).

       4.    Add in one of the tubes a concentration of drug that slows but 
does not completely inhibit the growth of yeast expressing 
your MDR protein (for yeast expressing Patched: 15 μM of 
doxorubicin).   

   5.    In a 2 mL deep-well plate, put 1 ml of medium containing 
yeast at Abs 600 nm  of 0.01 without drug in wells from the fi rst 
lane (A) and 1 mL of medium containing yeast Abs 600 nm  of 
0.01 with the drug in wells from the second lane (B) (Fig.  3b ).   

   6.    Add 1 μL of the chemical compounds to be screened in deep 
wells from lanes A and B (from a 10 mM mother solution in 
 DMSO   in a 96-well plate). You can test 11 different  compounds 
(Fig.  3c ). Put 1 μL of DMSO in wells number 12 of the deep-
well plate for the control.   

   7.    Transfer 150 μL of each deep well per well of a sterile 96-well 
plate as shown in Fig.  3d . Each condition will be done in qua-
druplicate. Half of the 96-well plate will contain medium 
without the drug and half of the plate will contain medium 
with the drug.   

   8.    Cover the plate with a transparent fi lm and make two holes 
with a syringe on the top of each well to let the air fl ow.   

3.7   Effl ux Inhibitor 
Screening
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   9.    Repeat the same procedure for the other compounds you want 
to test.   

   10.    Measure the absorbance at 600 nm for each 96-well plate.   
   11.    Place the plates in an incubator at 18 °C under shaking at 

1250 rpm.   
   12.    Measure the absorbance at 600 nm twice a day (at the begin-

ning and the end of the day) during 4 or 5 days. Stop measure-
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ments when the control wells containing the drug  and   DMSO 
reach an Abs 600 nm  of 1.   

   13.    Calculate the mean of the four absorbance values for each 
compound and the control with and without drug, and draw 
the curve of the absorbance in function of time for each chem-
ical compound tested using Excel software. An inhibitor of 
 drug effl ux   should inhibit the growth of yeast in presence of 
the drug. If a compound also inhibits the growth of yeast in 
medium without drug, this compound is surely cytotoxic. 
Fig.  2b  gives an example of the kind of results you can expect.        

4                   Notes 

     1.    Add glucose progressively in water under agitation.   
   2.     PMSF   is poisonous and should be handled carefully. Do not 

dissolve PMSF in water. The half-life of PMSF in water is 1 h.   
   3.    2-β-mercaptoethanol should be added extemporaneously.   
   4.    Five seconds are suffi cient to pellet the cells.   
   5.    Usually 1–3 μL of mini-prep.   
   6.    DTT is very instable in solution. It should be prepared and 

immediately aliquoted and stored at −20 °C.   
   7.    Try to get as many cells as possible but don’t worry about 

keeping every cells. You should easily get 80–90 % of cells.   
   8.    At this stage, the preculture can be done over 2 days or a week 

end.   
   9.    We grow yeast at 18 °C to give time to the heterologous MDR 

protein to correctly insert into the plasma membrane.   
   10.    Optimal repartition. Exceeding these volumes may alter vor-

texing and therefore grinding will not be effi cient.   
   11.    To estimate grinding’s effi ciency you can compare the volume 

of the yeast pellet before and after grinding if you are using the 
50-mL Falcon tubes. If not weigh the pellet before and after 
grinding. Generally this ratio is around 50–60 %.   

   12.    18,000 ×  g  for 1 h allows to mainly pelleting  plasma mem-
brane where the heterologous MDR protein should be 
addressed.   

   13.    Remove the comb slowly and vertically to avoid snatching the 
wells.   

   14.    Heating at 95 °C often induces aggregation of membrane 
proteins.   

   15.    Inoculations of microplates can take several hours (count 
about 1 h per plate).         
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