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 Introduction 

 Cell-free protein synthesis was first used to under-
stand the process of protein translation; especially to elu-
cidate the nucleotide makeup of codons [Nirenberg and 
Matthaei, 1961]. Since then, it has become an important 
tool for studying protein expression and folding. In the 
post-genomic era, cell-free protein synthesis has found 
many applications in the area of genomics, proteomics, 
and synthetic biology. Recent developments of the cell-
free platform have allowed for increased productivity and 
various post-translational modifications. The ease of ma-
nipulating the reaction components (energy source, la-
beled amino acids , lipids, detergents, etc.) and conditions 
(temperature, ionic strength, and redox environment, 
etc.) makes cell-free protein synthesis particularly ame-
nable to automation and miniaturization, enabling appli-
cation to the fields of protein arrays, in vitro evolution 
and multiplexed real-time labeling, among others [He, 
2008; Katzen et al., 2005].

  One of the important applications of cell-free protein 
synthesis is in the area of membrane protein production. 
About 30% of the genes in a genome are predicted to code 
for membrane proteins. However, to date, relatively few 
( � 200) unique membrane protein structures have been 

 Key Words 
 Cell-free expression  �   Escherichia coli   �  Membrane protein  �  
X-ray structural analysis 

 Abstract 
 A cell-free expression system using an  Escherichia coli  extract 
was adapted for large-scale expression and purification of 
mammalian membrane proteins. The system was tested 
with a set of human membrane proteins of different sizes, 
numbers of transmembrane domains, oligomeric arrange-
ments, and native membrane locations. Tens of milligrams 
of protein were readily expressed and purified from an over-
night cell-free reaction. Both reaction ‘mode A’ (proteins 
were expressed as precipitant) and ‘mode B’ (proteins were 
expressed in the presence of mild detergents to keep them 
soluble) were investigated. The combination of ‘mode B’ and 
the right detergents, used in the subsequent extraction and 
purification steps, is critical for obtaining properly folded 
proteins (CX32 and VDAC1) that can be crystallized and dif-
fracted (VDAC1). The  E. coli  cell-free system is capable of ef-
ficient expression of many mammalian membrane proteins. 
However, fine-tuning of the system, especially to facilitate 
proper protein folding, will be required for each specific tar-
get.  Copyright © 2010 S. Karger AG, Basel 
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solved by X-ray crystallography. This discrepancy is 
largely due to the fact that large-scale production of mem-
brane proteins in living cells is a challenging task. Ex-
pression of these membrane proteins frequently results in 
cell toxicity and/or disruption of the host cell membrane. 
In principle, cell-free expression can potentially over-
come these obstacles. Several membrane proteins have 
been shown to be efficiently expressed and correctly fold-
ed using a cell-free platform. These include the bacterial 
transmembrane multidrug transporter EmrE [Chen et 
al., 2007; Elbaz et al., 2004], the bacterial mechanosensi-
tive channel MscL [Berrier et al., 2004], several mamma-
lian G-protein-coupled receptors [Klammt et al., 2007], 
and the plant solute transporter AtPPT1 [Nozawa et al., 
2007].

  Theoretically, extracts from any cell type can be used 
in a cell-free platform. The most common cell-free pro-
tein synthesis systems are derived from cell extracts of 
 Escherichia coli , wheat germ, rabbit reticulocytes, and in-
sect cells. Alternatively, a system derived from complete 
in vitro   reconstitution of known elements, in replace-
ment of cell extracts, has also been developed [Shimizu et 
al., 2001]. Among these, the  E. coli  cell-free system is the 
most simple, robust, highly productive, and cost-effective 
platform. The system has been used successfully to solve 
a multidrug transporter by X-ray crystallography [Chen 
et al., 2007]. It would be interesting to see if the platform 
can be used for the large-scale expression and subsequent 
structure determination of mammalian membrane pro-
teins, whose structures are few and far between, despite 
their vast importance in drug discovery.

  Results 

 Mammalian Membrane Proteins Are Efficiently 
Expressed in the   E. coli   Cell-Free System 
 To validate the usefulness of the  E. coli  expression sys-

tem for the production of mammalian membrane pro-
teins, we selected several human membrane proteins as 
model systems that differ in size, number of transmem-
brane domain, oligomeric arrangement, and native mem-
brane location. These include the lysosome-located 
LAPTM4A, the hexameric connexin CX32, the large 12-
TM glucose transporter GLUT4, and the mitochondria-
located, voltage-dependent anion channel VDAC1 ( ta-
ble 1 ). Except for VDAC1, which is a beta-barrel protein, 
all these proteins are alpha helical.

The expression system was adapted from the E. coli 
ExpresswayTM Milligram Cell-Free Expression System 

(Invitrogen, Carlsbad, Calif., USA). Several modifica-
tions were made to accommodate the specific character-
istics of membrane proteins, and to support amino acid 
labeling techniques for X-ray crystallography (see Mate-
rials and Methods).

  All mammalian membrane proteins included in this 
study were expressed at relatively high levels ( fig. 1 ). The 
protein yields, when extracted with fos-choline 14 deter-
gent, were about 0.5–1.0 mg/ml of cell-free reactions. The 
yields were comparable to those reported previously 
[Kigawa et al., 1999; Morita et al., 2003]. Our typical 
large-scale reaction mixture is about 100 ml. Therefore, 
we could readily obtain over 50 mg of highly purified 
proteins per overnight reaction. Because all the cell-free 
components (buffers, extracts, and DNA) can be pre-
pared in large batches, the cell-free system can provide 
large quantity of protein in a very short period of time, 
facilitating fast and extensive screening of conditions for 
3D crystal growth. 

  The Two Modes of Cell-Free Reactions Affect Yield 
and Quality of Membrane Proteins 
 In a typical cell-free reaction, membrane proteins are 

expressed as precipitates, which will then be solubilized 
and extracted, with appropriate detergents, after the re-
action is finished. Recently, it has been shown that a mild 
detergent can be added to the reaction to keep the protein 
in solution during the reaction. The two schemes are re-
ferred to as ‘mode A’ and ‘mode B’, respectively [Klammt 
et al., 2006].

  In ‘mode A’, all of the membrane protein targets were, 
as predicted, expressed as insoluble precipitates ( fig. 2 ). 
The lipid-like fos-choline detergents (phospholipid ana-
logs) are very efficient for the extraction/solubilization of 
precipitated membrane proteins. Therefore, they can be 
used as controls to accurately estimate the total expres-
sion level. Unfortunately, these detergents cause denatur-

Table 1. Human membrane proteins used in this study: they differ 
in size, numbers of transmembrane domains, oligomeric arrange-
ments, and native membrane locations

Protein MW 
(kDa)

Number
of TM

Subcellular location

LAPTM4A 28 4 lysosomal membrane
CX32 32 4 plasma membrane
GLUT4 55 12 plasma membrane
VDAC1 36 – outer mitochondrial membrane



Cell-Free Expression System for 
Mammalian Membrane Proteins

J Mol Microbiol Biotechnol 2010;18:85–91 87

ation or misfolding of the purified proteins. We have ex-
tensively screened about 50 different commercially avail-
able detergents, but found no detergent, other than 
fos-cholines, capable of extracting our mammalian mem-
brane protein targets expressed in ‘mode A’. Although the 
fos-choline-extracted membrane proteins can be easily 
purified to high degrees and form monodisperse species 
of the right apparent molecular weight, the quality of the 
protein is not suitable for protein crystallization. Far-UV 
circular dichroism (CD) spectra indicated that fos-cho-
line irreversibly denatures VDAC1 ( fig. 3 ). We postulate 
that it also denatures all other membrane protein targets. 
Attempts to exchange fos-cholines with other milder de-
tergents, such as  � -NG (n-nonyl- � - D -glucoside),  � -DM 
(n-decyl- � - D -maltoside),  � -DDM (n-dodecyl- � - D -mal-
toside), Cymal 6 (6-cyclohexyl-1-hexyl- � - D -maltoside), 
and LDAO (n-dodecyl-n,n-dimethylamine-n-oxide), for 
example, to refold the protein correctly, were not success-
ful.

  In ‘mode B’, a mild detergent is added to the cell-free 
reaction to help keep the membrane proteins in soluble 
forms. We have found that several polyoxyethylene deter-
gents can be used for this purpose: Brij-35 (polyoxyethyl-
eneglycol dodecyl ether, C 12 E 23 ), Brij-58 (polyoxyethyl-
ene glycol hexadecyl ether, C 16 E 20 ), and other Brij ana-
logs with shorter tails such as polyoxyethylene(8)dode -
cyl ether (C 12 E 8 ) and polyoxyethylene(9)dodecyl ether 
(C 12 E 9 ). Up to 1% of these detergents can be added to the 
cell-free reaction without negative effects on the overall 
yield. After ‘mode B’ reaction, the proteins can be ex-
tracted and purified with the same detergent used in the 

reaction. Unlike in ‘mode A’, the proteins can also be ex-
tracted and purified with quite a few other detergents. In 
 figure 3 , we examine the circular dichroism spectra of 
VDAC1 expressed in ‘mode B’ in the present of 1% Brij-
35, and subsequently extracted with a variety of second-
ary detergents. Because VDAC1 is a beta barrel protein, a 
CD spectrum of high beta-sheet content indicates proper 
folding, while a spectrum of high helix content indicates 
misfolding. In this experiment, certain detergents such as 
 � -NG,  � -DM,  � -DDM, Cymal 6, LDAO, and C 8 E 4  (tetra-
ethylene glycol monooctyl ether), facilitate correct fold-
ing while other detergents such as  � -DG (n-dodecyl- � - D -
glu coside),  � -OG (n-octyl- � - D -glucoside), Fos-cholines, 
CHAPS (3-[(3-cholamidopropyl)-dimethylammonio]-1-
propane sulfonate), and Triton X-100 ( � -[4-(1,1,3,3-
tetramethylbutyl)phenyl]- � -hydroxy-poly(oxy-1,2-eth-
anediyl)) result in misfolded structures ( fig. 4 ). Although 
Brij-35 is a detergent with a very low CMC (potentially 
causing incomplete exchange), we have determined with 
thin-layer chromatography (TLC) that the exchange re-
actions from Brij-35 to the secondary detergents were 
complete (data not shown).

  Mammalian Membrane Proteins Expressed in
  E. coli   Cell-Free Extract Can Be Properly Folded
and Crystallized 
 We further investigated CX32 and VDAC1 to find out 

whether the mammalian membrane protein targets were 
properly folded and/or functional. The gap junction pro-
tein connexin is a hexamer in its native state [Maeda et 
al., 2009]. In  figure 1 , it is clear that some oligomeric 

M LAPTM4A CX32 GLUT4 VDAC1
100
75

50

37

25

  Fig. 1.  Expression and purification of human membrane proteins 
using the  E. coli  cell-free expression system. After the cell-free 
reaction, proteins were extracted with Fos-choline 14 detergent, 
and purified using a Ni-NTA column. Note the multimeric forms 
(1, 2 and 3 !  of MW) of CX32. 
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  Fig. 2.  Membrane proteins are expressed as insoluble precipitate 
in ‘mode A’. They are found predominantly in the pelleted frac-
tion of the cell-free reaction. M = Marker; P = pellet; S = superna-
tant. 
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forms of CX32 are readily detectable on protein gels. 
CX32 hemichannels of doughnut shape with dark-stained 
centers are readily seen under electron microscope, indi-
cating that the cell-free expressed CX32 monomers are 
folded properly and form correct higher-order structures 
(data not shown).

  As shown in a previous section, the CD spectra of 
VDAC1 indicated that it was properly folded when ex-
pressed in ‘mode B’ ( fig. 4 ). Protein crystals were readily 
obtained for VDAC1 in various crystallographic trials 
( fig. 5 ). Currently, we are testing several small amphi-
phile detergents to be used as the secondary detergent in 
mode B scheme. These detergents have been shown to fa-
cilitate stabilization and improved X-ray diffraction reso-
lution of several membrane proteins [Zhang et al., 2007, 
2008]. The structures of VDAC1 have recently been de-
termined by NMR and X-ray crystallography [Bayrhuber 
et al., 2008; Hiller et al., 2008; Ujwal et al., 2008]. In all of 
these structures, the protein was solubilized from inclu-
sion body in an in vivo expression system. It will be very 
interesting to compare the structure obtained from the 
cell-free system against those from the in vivo expression 
mentioned above.

  Discussion 

 The known structures of membrane protein are few 
and far between despite their abundance and their im-
portant roles in many cellular processes as well as their 
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  Fig. 4.  Far-UV CD spectra of the VDAC1 protein obtained by the 
‘mode B’ reaction where VDAC1 was expressed in the presence of 
Brij 35 and subsequently exchanged to a secondary detergent. Sev-
eral detergents can be used while maintaining the high beta-sheet 
content, such as  � -NG,  � -DM, LDAO, C 8 E 4 , Cymal 6, and  � -
DDM. In contrast, some detergents such as  � -DG can denature 
the protein after the exchange step. CD spectra with  � -OG, Fos-
cholines, CHAPS and Triton X-100 are similar to that of  � -DG 
and are omitted in the graph for clarity. 

  Fig. 5.  VDAC1 crystals. The human VDAC1 was expressed and 
purified in ‘mode B’ in the presence of Brij-35 and exchanged to 
NG on Ni-NTA resin. The protein was further purified with ultra-
centrifugation and gel-filtration. Purified protein was mono-dis-
persed with high beta-sheet content. Crystals were obtained un-
der PEG 550 MME, 100 m M  calcium chloride, 100 m M  bicine 
buffer pH 8.5, 0.3%  � -NG.               
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  Fig. 3.  Far-UV CD spectra of the VDAC1 protein in the ‘mode A’ 
reaction where VDAC1 was expressed as a precipitate and subse-
quently solubilized with Fos-choline detergents. The spectrum of 
VDAC1 ‘mode A’ (black solid line) is similar to that of SDS/dena-
tured spec previously reported [Shao et al., 1996], and is similar 
to those of a high alpha-helical content protein such as LAPTM4A 
(control, grey solid line). In contrast, a CD spectrum of VDAC1 
in ‘mode B’ (black dotted line) shows high beta-sheet content, in-
dicating proper folding. 
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immense potentials in drug discovery. The major rea-
son for this paucity is the difficult task of producing rel-
atively large quantities of properly folded, biologically 
active membrane proteins, via cell-based expression 
systems. Cell-free protein synthesis has significant po-
tential in this area. The cell-free system using  E. coli  ex-
tract provides a robust and relatively cheap platform 
that is amenable to scaling up, to produce the large 
quantities of proteins often required for structural de-
termination.

  We have shown that all of the mammalian membrane 
protein targets examined in this paper are efficiently pro-
duced with high yield. Our large-scale cell-free reactions 
routinely produce more than 50 mg of purified protein in 
a 100-ml overnight reaction. In our experience, the scale, 
speed and consistency of the cell-free platform is far su-
perior to conventional in vivo expression.

  ‘Mode A’ can be used successfully for small-membrane 
proteins like the small bacterial drug transporter, EmrE, 
which was fully functional and yielded high-quality crys-
tals [Chen et al., 2007]. Most membrane proteins having 
a molecular mass  1 30 kDa are usually expressed as in-
soluble precipitates using ‘mode A’, and cannot be ex-
tracted with, or exchanged to, a proper detergent that al-
lows the protein to be properly refolded. Here, fos-choline 
detergents can efficiently solubilize and extract the mem-
brane proteins, but they are usually denatured or mis-
folded in an irreversible manner. Generally, this material 
is not suitable for biophysical studies, and extensive 
screening for alternative detergents that can be used for 
solubilization and extraction has yielded few positive re-
sults. Screening of detergents that can exchange with fos-
cholines to facilitate refolding are generally also unsuc-
cessful. In our view, ‘mode A’ expression can be used suc-
cessfully for small membrane proteins possessing a 
relatively simple fold, but not for larger and more compli-
cated targets.

  In ‘mode B’, the synthesized proteins are kept in a sol-
uble form, using a mild detergent such as Brij-35 which 
does not inhibit the cell-free reaction. The Brij-35 deter-
gent can be readily exchanged with several other deter-
gents commonly used for membrane protein crystalliza-
tion trials, such as  � -OG,  � -NG,  � -DM,  � -DDM, Cymal 
6, LDAO, and C 8 E 4 . Using the beta-barrel protein, VDAC1, 
as an example, we have demonstrated that  E. coli  cell-free 
expression is capable of producing properly folded mam-
malian membrane protein targets. VDAC1 protein crys-
tals were readily obtained using cell-free-produced mate-
rials. Being an open system, one can introduce small am-
phiphile detergents [Zhang et al., 2007] during protein 

translation in vitro, for example, to improve the stability 
and possibly the resolution of subsequent crystals.

  The merits of cell-free protein synthesis for the pro-
duction of membrane proteins have been well recog-
nized. Cell-free systems adapted for this task will be con-
tinuously improved, to obtain large quantities of prop-
erly folded and biologically active proteins suitable for 
structural determination. It is highly unlikely that a one-
size-fits-all cell-free system can be used for many mem-
brane protein targets. However, the open nature of cell-
free protein synthesis will enable rapid validation of 
novel modifications tailored to specific targets of inter-
est.

  Materials and Methods 

 Materials 
 All chemicals were purchased from Sigma-Aldrich (St. Louis, 

Mo., USA) unless otherwise stated. Detergents were purchased 
from Anatrace (Maumee, Ohio, USA). Full-length cDNA clones of 
membrane protein genes were obtained from the Mammalian 
Gene Collection (OpenBioSystems, Huntsville, Ala., USA) and 
cloned into the pIVEX-2.3d vector (Invitrogen, Carlsbad, Calif., 
USA). Several modular modifications were constructed from the 
basic pIVEX-2.3d, to accommodate various affinity tags and pro-
tease cleavage sites, at either N- or C-terminus, to facilitate differ-
ent protein purification schemes. Linear DNA fragments could 
also be used in the cell-free protein expression reactions and were 
obtained by PCR amplification using the same templates and in-
cluded the T7 promoter, ribosome binding site, His-tag at either the 
N- or C-terminus, optional protease cleavage sites, and ORF and 
T7 terminator sequences. Circular DNA fragments were preferred 
because they could readily be propagated and maintained. To sup-
port large-scale cell-free reactions, milligram quantities of DNA 
were isolated with fermentor-grown  E. coli  and with either a Gen-
Elute HP Plasmid Mega-prep Kit (Sigma-Aldrich, St. Louis, Mo., 
USA) or the QIAfilter Plasmid Giga Kit (Qiagen, Valencia, Calif., 
USA) using the instructions provided by the manufacturers.

  Production of Cell-Free Lysate 
  E. coli  BL21 cells were transformed with pAR1219 (a pBR322-

based vector that expresses T7 RNA polymerase under control of 
the IPTG-inducible lac UV5 promoter) and grown in a 100-liter 
fermentor with appropriate antibiotics. Induction with 1 m M  
IPTG was done at OD 0.7–1.0, and harvested at OD 3.5–4.0. For 
a good lysate, it is important that the cells maintain a fast doubling 
time of about 30 min. Cells were harvested via centrifugation 
(8,000  g ) and resuspended in 5 liters of cold S30 buffer (10 mM 
Tris-acetate, pH 8.0, 14 mM magnesium acetate, 60 mM potassium 
acetate, 1 mM DTT). The concentrated cells were then recentri-
fuged (8,000  g ) and the pellet kept at –80   °   C.

  To make cell-free extracts, 200 ml of S30 buffer was added to 
200 g of frozen cells and stirred at 4   °   C until the cells were com-
pletely resuspended. DTT was added to 1 m M  final concentration. 
The suspended cells were then passed though a M-110L microflu-
idizer processor (Microfluidics, Newton, Mass., USA). Broken 
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cells were centrifuged at 30,000  g  for 40 min. The supernatant 
(cell-free lysate) was collected and snap frozen with liquid nitro-
gen and kept at –80   °   C. Each batch of lysate was tested for effi-
ciency by expressing green fluorescent protein and other known 
membrane proteins, like EmrE, in control reactions.

  Cell-Free Protein Synthesis 
 Membrane proteins were expressed using a lysate based origi-

nally on the  E. coli  Expressway TM  Milligram Cell-Free Expression 
system (Invitrogen, Carlsbad, Calif., USA). Modifications in-
clude: (1) the addition of 1–2% Brij-35 to solubilize the membrane 
proteins during the cell-free reaction, (2) the addition of any ami-
no acids for labeling, like seleno-methionine at 2 m M , and (3) in 
some cases the direct incorporation of lipid or bicelles. Brij-58 and 
other brij analogs can also be used. The final concentration of 
circular or linear DNA template in the cell-free reaction was 5–10 
 � g/ml. Our cell-free reaction is composed of two components: the 
reaction buffer and lysate. The lysate, which includes the T7 poly-
merase, comprises 40% of the volume. The reaction buffer con-
sists of 230 m M  potassium glutamate, 58 m M  Hepes-KOH, pH 7.5, 
2% PEG 8,000, 80 m M  ammonium acetate, 13.6 m M  magnesium 
acetate, 1.2 m M  ATP, 0.88 m M  UTP, 0.88 m M  CTP, 0.88 m M  GTP, 
0.65 m M  cyclic adenosine monophosphate (cAMP), 1.7 m M  di-
thiothreitol (DTT), 0.034 mg/ml folinic acid, 30 m M  3-phospho-
glycerate, 2 m M  of all the amino acids except for cysteine and 
methionine, which have a concentration of 1.5 m M , 0.17 mg/ml 
tRNA, 2 m M  sodium oxalate, and 3.33 units of RNaseOUT TM  ri-
bonuclease inhibitor (Invitrogen, Carlsbad, Calif., USA). After a 
2-hour incubation, the reaction is supplemented with additional 
components from the feed buffer, which consists of 58 m M  Hepes-
KOH, pH 8.0, 2 m M  calcium chloride, 14 m M  magnesium acetate, 
230 m M  potassium glutamate, 0.35 m M  cAMP, 0.3 m M  NAD, 1.7 
m M  DTT, 0.034 mg/ml folinic acid, 2 m M  sodium oxalate, 30 m M  
glucose-6-phosphate, and the same concentration of amino acids 
as in the reaction buffer.

  For screening, typical reaction sizes are approximately 1–2 ml 
(2–4 ml after feeding). For larger scale, the reactions were con-
ducted in a volume of 45–90 ml (90–180 ml after feeding) using 
tissue culture flasks (Nalgene, Rochester, N.Y., USA). Reactions 
were incubated at 37   °   C with moderate shaking (80–100 rpm) 
overnight.

  Protein Extraction and Purification 
 With a large-scale cell-free reaction of 180 ml, buffer A (20 m M  

Tris HCl, pH 8.0, 20 m M  NaCl) was added to the overnight reac-
tion to make up a final volume of 250 ml. In some cases, a second 
detergent can be introduced to enhance the extraction yield of 
protein from the cell-free reaction. Although this process is pro-
tein specific, the addition of a secondary detergent can increase 
the yield of soluble membrane protein very significantly. The re-
action was centrifuged at 38,000  g  for 20 min, and the supernatant 
was used for further purification.

  Purification of his-tagged proteins was accomplished using 
Ni-NTA resin by either gravity flow or FPLC. The crude lysate 
was washed with several volumes of buffer A (20 m M  Tris HCl, pH 
8.0, 20 m M  NaCl), followed by a high-salt wash (20 m M  Tris HCl, 
pH 8.0, 200 m M  NaCl) and 30 m M  imidazole wash (20 m M  Tris 
8.0, 20 m M  NaCl, 30 m M  imidazole), before elution with 300 m M  
imidazole (20 m M  Tris 8.0, 20 m M  NaCl, 300 m M  imidazole). De-
tergents at proper concentrations were present in all purification 

steps. Purified proteins were desalted with a desalting column 
and concentrated with amicon ultrafilters (Millipore, Billerica, 
Mass., USA) to an appropriate concentration (10–30 mg/ml) for 
further biophysical analysis. In some cases, the protein can be ul-
tra-centrifuged with an Optima TLX ultracentrifuge (Beckman 
Coulter, Fullerton, Calif., USA) at 370,000  g . The ultracentrifuga-
tion step greatly reduces any aggregates and improves homogene-
ity. The N-terminal his-tag leader sequence was removed by over-
night digestion with thrombin, factor Xa, or enterokinase de-
pending on the template construct used. The final purified protein 
can be used for crystallization trials or biophysical analysis. For 
many of our samples, protein identity can be verified to within 1% 
of the expected molecular weight by MALDI-TOF mass spec-
trometry, or with N-terminal sequencing. 

  Gel Filtration 
 Purified protein (1–2 ml) was loaded on a gel filtration column 

(highload 16/60 with superdex 200 resin, GE Healthcare, Wauke-
sha, Wisc., USA) and filtrated with buffer A in the present of the 
appropriate detergent. A mixture of gel filtration standards (Bio-
rad Laboratories, Hercules, Calif., USA) were used to estimate the 
apparent molecular weights. Protein peaks were collected and an-
alyzed on SDS-PAGE.

  Crystallography 
 Purified proteins of concentration about 20 mg/ml were set up 

on crystal trays to screen for crystallization conditions using a 
combination of precipitants, including polyethylene glycol of var-
ious lengths, different salts, and different buffers. VDAC1 protein 
crystals appear at the following conditions: PEG 550 MME, 100 
m M  CaCl 2 , and 100 m M  bicine pH 8.2–9.2.
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