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Membrane proteins constitute 20–30% of all proteins en-
coded by the genome of various organisms. Large amounts of
purified proteins are required for activity and crystallization
attempts. Thus, there is an unmet need for a heterologous
membrane protein overexpression system for purification, crys-
tallization, and activity determination. We developed a combi-
natorial method for overexpressing and purifying membrane
proteins using Escherichia coli. This method utilizes short
hydrophilic bacterial proteins, YaiN andYbeL, fused to the ends
of the membrane proteins to serve as facilitating factors for
expression and purification. Fourteen prokaryotic andmamma-
lianmembrane proteinswere expressed using this system.Mod-
erate to high expression was obtained for most proteins, and
detergent solubilization combined with a short purification
process produced stable, monodispersed membrane proteins.
Five of the mammalian membrane proteins, overexpressed
using our system, were reconstituted into liposomes and exhib-
ited transport activity comparable with the native transporters.

Membrane proteins play key roles in fundamental biological
processes in all living organisms. They catalyze the specific
transport of ions and metabolites across the cell membrane,
play a crucial role in energy exchanges, and act as signal recep-
tors for receiving and transducing signals across themembrane
(1). Therefore, understanding the mechanisms of action of
membrane proteins is crucial for advances in basic and phar-
macological research.
Determination of a three-dimensional structure is an impor-

tant tool for understanding the function and mechanism of
action of a protein. There are four main methods for deter-
mining three-dimensional structure: x-ray diffraction, nuclear
magnetic resonance, atomic force microscopy, and electron
diffraction. X-ray diffraction, based on protein crystallization,
is currently the most widely used method (2). However, only a
small number of high resolution three-dimensional structures
of membrane proteins have been solved, most of them from
bacteria. One reason for this dearth of information is that it is
difficult to obtain a sufficient amount of the protein of interest
for crystallography because membrane proteins are usually

present at minute levels in natural biological membranes (3).
Hence, structural studies ofmembrane proteins usually require
overexpression of the membrane protein in question.
For soluble proteins, many different overexpression systems

are currently available (4), with the Escherichia coli overexpres-
sion system the most prevalent (5, 6). Over the last decade,
methods have been developed to enhance overexpression in
E. coli. In particular, the use of fusion proteins (7–9) has
become increasingly common: genetic fusion of the protein of
interest to the N or C termini of other proteins can yield higher
expression, increase solubility, and simplify detection and affin-
ity purification of the overexpressed products. Examples of pro-
teins that are commonly used for construction fusion proteins
are maltose-binding protein (8–9), glutathione S-transferase
(10), NuSA (11), and thioredoxin (12). However, most of the
proteins successfully overexpressed as fusion proteins are sol-
uble proteins, and there have only been a few reports of over-
expressed fusionmembrane proteins (13–16). For example, the
G protein-coupled receptor, neurotensin receptor, was actively
expressed in E. coli with maltose-binding protein fused to its
N terminus and thioredoxin fused to its C terminus. Because
G protein-coupled receptors have their N terminus at the
periplasm, maltose-binding protein, with its own signal pep-
tide, assists efficient translocation across theE. coli cytoplasmic
membrane, positioning the N terminus of the receptor in the
periplasm (16). But, most membrane proteins show a strong
preference for the N terminus in the cytoplasm (17).
Therefore, few better fusion partners for membrane protein

overexpression have been developed. Zhang et al. (18) used
fusion with a set of short, nonglobular, negatively charged pep-
tides to overexpress the adenovirus receptor immunoglobulin
variable-type domains successfully. Roosild et al. (19) used
MISTIC, a short, nonglobular Bacillus subtilis integral mem-
brane protein as a fusiondomain for overexpression of 15mem-
brane proteins in E. coli. Rasmussen et al. (20) fused the T4
lysozyme in place of the third intracellular loop of the �2-adre-
nergic receptor and facilitated its crystallization into diffracting
crystals (20).
However, all of these successful fusion systems used one

fusion cassette. Here, we report the development of a combina-
torial fusion system for overexpression of membrane proteins
in E. coli. Our combinatorial system comprises two fusion
domains; fusion with either the N or C terminus of the gene of
interest, or both, allows us to create eight expression cassettes
for a given protein and increases the chances that membrane
protein overexpression will be successful. The fusion domains
are two short hydrophilic bacterial proteins YaiN and YbeL,
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about 100 amino acids long, which, when fused to the ends of
the membrane protein, serve as facilitating factors for its
expression and purification. These two bacterial domains were
selected to serve as a fusion domain because of their hydrophilic
nature and nonglobular �-helical predicted structure (see
supplemental Fig. 1). The YaiN fusion domain belongs to the
E. coli operon frm, whose likely function is the degradation of
formaldehyde (21). The YbeL fusion domain contains the first
120 amino acid of the E. coli YbeL gene that has no known
function (22).
We expressed 14 prokaryote and eukaryote membrane pro-

teins using this overexpression system, obtaining a high to
moderate expression level. The proteins were solubilized using
mild detergent, indicating that they were inserted into the
membrane rather than in inclusion bodies.We also developed a
simple purification process that resulted in stable, monodis-
persed membrane proteins that were amenable to crystalliza-
tion. In addition, we observed transport uptake activity of five
different proteins from the SLC17 family that were overex-
pressed in our system and reconstituted into liposomes: ATP
transport activity of the human vesicular nucleotide trans-
porter, glutamate transport activity of the rat vesicular gluta-
mate transporter, aspartate and sialic acid transport activities
of the human and mouse Sialinl transporter (hSialin and
mSialin) and Pi transport activity of the mouse sodium-depen-
dent phosphate transporter. Thus, our method may be a useful
alternative system for overexpression and biochemical and
structural characterization of membrane proteins that would
otherwise be difficult or impossible to study (23).

EXPERIMENTAL PROCEDURES

Cloning—Cloning of the nine cassette combinations (see Fig.
1), cloning of membrane proteins into the nine combinations,
cloning of MISTIC, and cloning of the TEV2 protease site are
described in detail in the supplemental Methods.
Protein Overexpression—E. coli C43 (DE3) cells were trans-

formed with expression vectors and grown in 2% LB (Difco)
plus 20 �g/ml kanamycin sulfate, for 16 h at 37 °C. TBmedium
(Terrific Broth; Sigma) plus 20 �g/ml kanamycin sulfate was
inoculated with 1/1000 transformed C43 culture and grown at
37 °C. After the culture reached an A600 of 0.6–0.8, it was
induced with 1 mM isopropyl 1-thio-�-D-galactopyranoside
and incubated for 16 h at 18 °C. The induced cell cultures were
harvested and lysed until homogeneity in solubilization buffer
(20 mM Tris, pH 7.5, 100 mM NaCl, 10 mM KCl, 2 mM phenyl-
methylsulfonyl fluoride). Cells were crushed using French press
at 15,000 pounds/square inch (SLM Instruments), centrifuged
at 5,856 � g at 4 °C for 5 min (to remove large inclusion bodies
and cell debris), and the supernatant was carefully separated
from the pellet and then centrifuged at 150,000 � g for 1 h at
4 °C (Ti70 rotor; Beckman). The membrane-containing pellet
was isolated and resuspended in solubilization buffer. Protein
concentrationwas determined using the Bradford assay, and all
samples were diluted to 10 mg/ml. Samples were analyzed by

Western blotting. Western blot conditions are described in the
supplemental Methods.
Detergent Solubilization and Protein Purification—Mem-

branes (10 mg/ml) were treated with 2% detergent obtained
from Anatrace (stock solution was 10%, solubilized in double-
distilled water) and incubated for 10–60 min at 0 °C. The
unsoluble membranes were removed by ultracentrifugation
(Ti70 rotor) at 150,000 � g at 4 °C for 1 h, and the supernatant
containing the fusion proteins was isolated, diluted twice, and
passed through a 10–15-ml nickel-NTA (Qiagen) affinity col-
umn (Bio-Rad Econo-Column low pressure chromatography),
equilibrated with washing buffer containing 20 mM imidazole,
100 mM NaCl, 10 mM KCl, 20 mM Tris, pH 8. After protein
binding, the column was washed with washing buffer contain-
ing 0.02–0.1% detergent. If needed, detergent was exchanged
by washing with 10 column volumes of washing buffer contain-
ing 0.02–0.1% different detergent, and 0.05–0.1 mg/ml phos-
phatidylethanolamine (PE; Sigma) or a mixture of 0.05:0.016
mg/ml cholesterol/PE (Sigma). For lipid preparation, 40 mg of
PE was suspended in 1 ml of washing buffer by sonication in
bath sonicator until homogeneity. 60 mg of cholesterol was
suspended in 1 ml of 20 mg/ml PE by sonication in bath soni-
cator until homogeneity. The lipid aliquots (40 �l, 3:1 mg/ml
for cholesterol/PE) were frozen (�80 °C) and prior to use were
fast thawed and immediately diluted (60 times for cholesterol/
PE) in washing buffer containing a detergent. The protein was
eluted with buffer containing 300mM imidazole, 100mMNaCl,
10 mM KCl, 20 mM Tris, pH 7, and 0.02–0.1% new detergent.
Selected fractions were concentrated by adding 10% polyethyl-
ene glycol 6000 (Hampton Research) to each fraction, incubat-
ing for 10 min at 0 °C, and centrifuging at 11,950 � g at 4 °C for
10min. The pellet was resuspended in buffer containing 20mM

Tris, pH 7.5, 0.02–0.1 detergent. For further purification, a
120-ml size-exclusion gel-filtration column (HiLoad 16/60,
Superdex 200 preparation grade) was equilibrated with buffer
containing 20 mM Tris, pH 7.5, 70 mM NaCl, 10 mM KCl, and
0.02–0.05% detergent. The flow rate was 1 ml/min.
Reconstitution andTransport Assay—Reconstitution of puri-

fied SLAC17 protein into liposomes and transport assay were
carried out as described (26–28). For more details, see
supplemental Methods.
Oligomerization Assays—A purified and concentrated

(�10–20 �g) sample of fusion protein was loaded onto a
7–60% sucrose gradient containing 20 mM Tris, pH 7.5, and
0.02–0.1% detergent. The gradient was centrifuged in an SW40
rotor at 170,000� g for 14–16 h. Fractions were collected from
the bottom of the tube.

RESULTS

Construction of Eight Fusion Protein Expression Cassettes
using Two Bacterial Fusion Domains—Using two bacterial pro-
tein domains, we designed eight expression cassettes for each
protein utilizing the pET-28a(�) expression vector. The two
bacterial protein fusion domain genes were YaiN (21) (98
amino acids), which we called �, and YbeL (22) (120 amino
acids), which we called �. The cassettes were designed to fuse �
or� to theN terminus, the C terminus, or to both termini of the
gene encoding eachmembrane protein (Fig. 1). Construction of

2 The abbreviations used are: TEV, tobacco etch virus; DDM, n-dodecyl-�-D-mal-
toside; DIDS, diisothiocyanatostilbene-2,2�-disulfonate; DTM, n-dodecyl-�-D-
thiomaltoside; NTA, nitrilotriacetic acid; PE, phosphatidylethanolamine.
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the expression cassettes is described in detail in supple-
mental Table 1.
Selection of Membrane Proteins for Expression—We have

concentrated our efforts on overexpressing multiple trans-
membrane proteins such as transporters. Therefore, 14 pro-
karyotic and eukaryoticmultiple transmembrane proteinswere
chosen for cloning into the eight expression cassettes: 12 trans-
porters, one channel and one enzyme (for additional informa-
tion, see supplemental Table 2). In addition, because many
membrane proteins have a strong preference for the N termi-
nus in the cytoplasm (17), all of the membrane proteins we
chose have a cytoplasmic N terminus. We have not yet tested
proteins with periplasmic N terminus, such as G protein-cou-
pled receptors.
Estimation of Membrane Protein Overexpression—Following

the genetic cloning of the selected membrane proteins into
the eight overexpression cassettes, small scale overexpression
experiments were performed. As a control, a ninth construct
was prepared for each protein tested, with the gene cloned into
the pET-28a(�) vector for expression without any fusion

domains. Expression levels were analyzed by Western blotting
(Fig. 2, a–n). For each membrane protein, at least two of the
combinations yielded high levels of expression that were mark-
edly higher than that of the control clone; in some cases, we
observed high yields evenwhen there was no detectable expres-
sion using the control construct. Note that in these experi-
ments, the proteins are not purified yet, and inclusion bodies
are not fully removed, yielding multiple bands on the SDS-
PAGE. However, these impurities are being mostly removed in
the large scale purification process that follows. We also com-
pared the currently reported expression systemwith theMISTIC
method (19). As shown in Fig. 2o, whereas similar results were
obtained with the expression of GAT4 and GAT2, Vmat2 was
not expressed at all by the MISTIC method and was highly
expressed by our system. In addition, the prokaryotic E. coli
membrane protein MntH exhibited higher expression in our
system. Furthermore, we have shown in Fig. 2p that the Rattus
norvegicus Kv4.2 (24) potassium channel, which could not be
overexpressed with theMISTIC fusion protein (19), was highly
expressed in our system.
Optimization of Fusion Protein Solubilization—For each

membrane protein, the overexpressing combinations were
tested to determined whether the proteins could be solubilized
from the membrane. Note that if an overexpressed protein is
sequestered in inclusion bodies, mild detergents will not solu-
bilize it. However, if it is inserted into themembrane, treatment
with mild detergent will solubilize it. We tested 11 relatively
mild detergents, using the detergent sodium-lauryl-sarcosine
as a positive control due to its strong ionic properties. Most of
the detergents tested have previously been used successfully in
membrane protein crystallography. Fig. 3 shows Western blot
analysis of the solubilization test for one combination from
each membrane protein tested. As can be seen, every overex-
pressed membrane protein could be solubilized by at least one
of the mild detergents, which mean that considerable amounts
of the membrane proteins were not in inclusion bodies. Similar
results were observed formost of the additional overexpressing
combinations of each membrane protein. However, as ex-
pected, the fusion domains did not eliminate inclusion body
formation, and further investigation is required to decrease the
fusion body formation and to improve the intact membrane
protein amounts.
Scale-up and Purification of the Overexpressed Proteins—For

each selected combination, large scale expression experiments
(9-liter E. coli culture) were conducted, and purification was
done by standard protein separation techniques. To obtain
large protein amounts, the initial purification step, solubiliza-
tion from the membrane, was done mostly by Fos-choline,
although milder detergents were able to solubilize most of the
membrane proteins tested. Solubilizations from themembrane
with milder detergents have not yet been tested. In the follow-
ing purification step, the Fos-choline detergent was exchanged
upon the Ni-NTA affinity column, and we were able to incor-
porate lipids, including cholesterol (GAT1–4, SERT, NPT1,
Sialinl) during this process. Because the E. colimembrane dose
not contains cholesterol, incorporation of cholesterol to the
solubilized membrane proteins can potentially become a cru-
cial step for proper folding and activity experiments. In addi-

FIGURE 1. Schematic representation of the eight inducible pET-28a(�)
expression cassettes. Each construct produces a fusion protein by adding
bacterial protein domains to the membrane protein at the N terminus, the
C terminus, or to both termini, together with two His6 tags. GOI, gene of
interest.
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tion, detergent exchange can dramatically increase the possibil-
ities for manipulating crystallization conditions (25). For some
proteins, an additional purification step was done by a size-

exclusion gel-filtration column, and as shown in supple-
mental Fig. 2, the solubilized membrane proteins maintained
their stability and solubility through the gel-filtration purifica-

FIGURE 2. Western blot analysis of the small scale overexpression tests. Small scale overexpression of GAT1 (a), GAT2 (b), GAT4 (c), SERT (d), Vmat2 (e), VNUT
(f), VGLUT2 (g), NPT1 (h), hSialin (i), mSialin (j), HMGR (k), GLUT4 (l), KvLm (m), and MntH (n) is shown. Numbers indicate the specific construct for each protein.
GOI, gene of interest. Lanes 1, GOI in control vector; lanes 2, �-GOI; lanes 3, GOI-�; lanes 4, �-GOI; lanes 5, GOI-�; lanes 6, �-GOI-�; lanes 7, �-GOI-�; lanes 8,
�-GOI-�; lanes 9, �-GOI-�. o, Western blot analysis of overexpressed membrane proteins fused either to the �/� combinations or the MISTIC protein. Three
eukaryotic membrane proteins (GAT4, GAT2, and Vmat2) and one prokaryote E. coli protein (MntH) were cloned downstream of the MISTIC gene. The MISTIC
fusion proteins were tested for overexpression alongside the best overexpressed clone of each gene in the �/� fusion system. The calculated molecular masses
of the overexpressed fusion proteins in kDa, left to right, are 84.5, 89, 99, 85.7, 72, 71.8, 76.4, and 63. p, Western blot analysis of small scale overexpression test
of rKv4.2. Numbers indicate the specific fusion construct as described above. For all Western blot analyses, samples containing 5 �g of proteins were separated
by SDS-PAGE, transferred to a membrane, probed with an anti-His6 antibody, and detected using ECL. Aggregates at the top of the gel, typical for polytopic
membrane proteins, are not shown.
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tion, which enabled separation and purification of inhomoge-
nities. Obviously, when two peaks were obtained, we examined
both in SDS-PAGECoomassie Brilliant Blue staining and chose
the most purified and homogenic peak for further testing. We
were able to purify each overexpressed membrane protein,
obtaining exceptionally high amounts of pure protein for
almost all membrane proteins tested (purification yields are in
Fig. 4b). Fig. 4a shows SDS-PAGE Coomassie Brilliant Blue
staining analyses of nine purified membrane proteins.
Stability andOligomerization State of the PurifiedMembrane

Proteins—We next used linear sucrose gradient to determine
the stability and oligomerization state of the purified mem-
brane proteins (excluding the proteins VNUT, VGLUT2,
NPT1, and Vmat). In this method, analysis of the protein dis-
tribution along the sucrose gradient reveals whether the pro-

tein is stably monodispersed or is in aggregates. As shown in
Fig. 5, the overexpressed proteins sedimented in distinct peaks.
This experiment suggests that regardless of their oligomeric
state (monomer, dimer, trimer, or tetramer), the purifiedmem-
brane proteins are monodispersed, not aggregated.
In Vitro Activity Tests—To support the notion that mem-

brane proteins overexpressed in our system are properly folded
and can maintain their activity, we reconstituted five of the
mammalian SLC17 transporters overexpressed in our system
and conducted specific uptake experiments: human vesicular
nucleotide transporter (hVNUT) fused to the � domain at its N
terminus, rat vesicular glutamate transporter-2 (rVGLUT2)
fused to the � domain at its N terminus and to the � domain at
its C terminus, human and mouse sialic acid transporters
(hSialinl, mSialinl), each fused to the � domain at both N and C
termini and mouse Na-Pi transporter-1 (mNPT1), fused to the
� domain at both N and C termini.We have tested their kinetic
properties and whether the reconstituted transporters main-
tained their previously reported features (26–28), namely, inhi-
bition by diisothiocyanatostilbene-2,2�-disulfonate (DIDS) and
Evans blue and Cl� dependence of the transport activity. The
purified �-hVNUT (Fig. 4a, lane 3) was reconstituted into lipo-
somes, and uptake of [�-32P]ATP in proteoliposomes was
measured.When an internal inside positive�� was established
(by a K�-diffusion potential through the addition of valinomy-
cin), the proteoliposomes took up [�-32P]ATP, which was
markedly inhibited by DIDS and Evans blue (Fig. 6aI). In addi-
tion, the proteoliposomes took up ATP in a time-dependent
manner (Fig. 6aII), and the valinomycin-evoked ATP uptake
exhibited dose dependence with Km and Vmax values of 0.2 mM

and 55.7 nmol/min per mg of protein, respectively (Fig. 6aIII).
Cl� dependence was alsomeasured, and as previously reported
(26), the presence of Cl� was an absolute requirement for the
ATP transport activity (Fig. 6aIV). The purified protein �-
VGLUT2-� (Fig. 4a, lane 4) was co-reconstituted with purified
bacterial F-ATPase into liposomes. F-ATPase is required to
establish a stable�� by active proton pumping, whichwill serve
as the driving force for L-glutamate uptake (27). Upon addition
of ATP, the proteoliposomes facilitated L-[2,3-3H]glutamate
uptake, which was markedly inhibited by DIDS and Evans blue
and required Cl� for the transport activity (Fig. 6bI). In addi-
tion, the proteoliposomes took up L-glutamate in a time-depen-
dent manner (Fig. 6bII) and the L-glutamate uptake exhibited
dose dependence with Km and Vmax values of 0.63 mM and 86.4
nmol/min per mg of protein, respectively (Fig. 6bIII). The puri-
fied human andmouse sialic acid transporters,�-hSialinl-� and
�-mSialinl-� (Fig. 4a, lanes 6 and 7), which were purified in the
presence of cholesterol, were co-reconstituted with bacterial
F-ATPase into liposomes to generate a stable �� which will
facilitate the uptake of L-aspartate (28). Upon addition of ATP,
the proteoliposomes facilitated L-[2,3-3H] aspartate uptake,
which was markedly inhibited by DIDS and Evans blue and
required Cl� for the transport activity (Fig. 6, c and eI). In addi-
tion, the proteoliposomes took up L-aspartate in a time-depen-
dent manner (Fig. 6, c and eII), and the L-aspartate uptake
exhibited dose dependencewithKm andVmax values of 0.39mM

and 65.1 nmol/min per mg of protein, respectively for hSialin
and 0.6mMand 88.7 nmol/min permg, respectively, formSialin

FIGURE 3. Western blot analysis of detergent solubilization of the fusion
membrane proteins. Fusion proteins (�10 –20 �g) were tested for solubili-
zation using 2% solutions of 12 detergents: �-GAT1-� (a), �-GAT2-� (b),
�-GAT4 (c), �-SERT-� (d), �-Vmat2 (e), �-VNUT (f), �-VGLUT2-� (g), �-NPT1-�
(h), �-hSialin-� (i), �-mSialin-� (j), �-HMGR-� (k), �-GLUT4 (l), �-KvLm-� (m),
and �-MntH-� (n). The soluble fractions after ultracentrifugation were sub-
jected to Western blot analysis using an anti-His6 antibody and ECL. Numbers
indicate the detergent used: lanes 1, sodium-lauryl-sarcosine; lanes 2, DDM;
lanes 3, n-dodecyl-�-D-thiomaltoside (DTM); lanes 4, lauryl dimethylamine
oxide; lanes 5, ChapsO; lanes 6, Fos-choline-16/14; lanes 7, sucrose monodo-
decanoate; lanes 8, Cyclofos-7; lanes 9, Cymal-7; lanes 10, sodium cholate;
lanes 11, n-octyl-�-D-glucoside; lanes 12, Triton X-100. Aggregates at the top
of the gel, typical for polytopic membrane proteins, are not shown.
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(Fig. 6, c and eIII). In addition, we have reconstituted �-
hSialin-� and �-mSialin-� into liposomes without F-ATPase
and measured pH-dependent [6-3H]sialic acid co-transport
activity. Upon establishing a pH gradient, the proteoliposomes
facilitated [6-3H]sialic acid uptake, which, as expected (28), was
not inhibited by Evans blue or L-aspartate, but was inhibited by
L-lactate (Fig. 6, d and fI). In addition, the proteoliposomes took
up sialic acid in a time-dependentmanner (Fig. 6, d and fII), and
the sialic acid uptake exhibited dose dependence with Km and

Vmax values of 1.38 mM and 721 nmol/min per mg of protein,
respectively, for hSialin and 2.15mMand 809 nmol/min permg,
respectively, formSialin (Fig. 6, d and fIII). The purified protein
�-NPT1-�, which was purified in the presence of cholesterol
(Fig. 4a, lane 5), was reconstituted into liposomes and Na�-de-
pendent uptake of [32P]Na2HPO4 into the proteoliposomeswas
measured. When a Na� gradient was imposed in the proteoli-
posomes, Pi uptake was observed and was not present in lipo-
somes lacking the purified�-NPT1-� (Fig. 6gI). In addition, the
proteoliposomes took up Pi in a time-dependent manner (Fig.
6gII), and the Pi uptake exhibited dose dependencewithKm and
Vmax values of 1.18 mM and 228.9 nmol/min per mg of protein,
respectively (Fig. 6gIII). We have further reconstituted NPT1
with E. coli lipid instead of asolectin (identical liposomes con-
centrations were used), but essentially, the same transport
activity was detected as that ofNPT1 reconstitutedwith asolec-
tin liposomes (data not shown). Therefore, E. coli lipid can be
used for reconstitution as asolectin.
Digestion of Fusion Proteins with Proteolytic Enzymes—After

confirmation that the overexpressedmembrane fusion proteins
were stable, monodispersed, and correctly folded, we tested
three of the overexpressed proteins for stability after removal of
the bacterial fusion domains. To do this, we cloned the TEV
protease site into the eight expression vectors so that one or
both fusion domains could be removed (supplemental Fig. 3f).
In �-MntH-�, after a 15-h digestion with TEV, only one of the
�-fusion domainswas removed; we hypothesized that the other
�-domain was inaccessible due to folding (supplemental
Fig. 3a). Supporting this idea, TEV digestion of another combi-
nation, �-MntH, resulted in �98% removal of � (supplemental
Fig. 3b). For �-GAT4, TEV proteolysis yielded �98% removal
of the �-fusion domain (supplemental Fig. 3c). In all of these
experiments, the resulting membrane proteins were stable
through size-exclusion chromatography and could be concen-

FIGURE 4. Purification of the overexpressed fusion membrane proteins. Solubilized membrane proteins were applied to a Ni-NTA affinity column. If
necessary, detergent exchanges were performed before elution in the presence of 0.05– 0.1 mg/ml lipids (PE or PE � cholesterol). The relevant eluted Ni-NTA
fractions were concentrated and subjected to size-exclusion gel-filtration chromatography. Selected gel-filtration column fractions were concentrated by
polyethylene glycol precipitation and resuspended in crystallization buffer containing 0.02– 0.1% detergent. a, Coomassie Brilliant Blue staining of the purified
and concentrated proteins: lane 1, �-GAT4 solubilized in Fos-choline-14; lane 2, �-SERT-� solubilized in Fos-choline-14 followed by detergent exchange to
DTM � PE � cholesterol; lane 3, �-VNUT solubilized in Fos-choline-14 followed by detergent exchange to DTM � PE; lane 4, �-VGLUT2-� solubilized in
Fos-choline-14 followed by detergent exchange to DTM; lane 5, �-NPT1-� solubilized in Fos-choline-14 followed by detergent exchange to DTM � PE �
cholesterol; lane 6, �-hSialin-� solubilized in Fos-choline-14 followed by detergent exchange to DDM � PE � cholesterol; lane 7, �-mSialin-� solubilized in
Fos-choline-14 followed by detergent exchange to DDM � PE � cholesterol; lane 8, �-KvLm-� solubilized in Fos-choline-16 followed by detergent exchange
to DDM; lane 9, �-MntH-� solubilized in DDM. The amounts of purified proteins loaded on the gel are 5–10 �g. Aggregates at the top of the gel, typical for
polytopic membrane proteins, are not shown. Molecular mass marker sizes, top to bottom, are 118, 85, 48, 36, 26, and 20 kDa. b, purification yields of the
overexpressed membrane proteins. Yields (in milligrams of purified protein/liter of E. coli culture) were calculated by dividing the final amount of purified
protein (in milligrams) by the volume (in liters) of the E. coli culture used.

FIGURE 5. Oligomerization state of the purified fusion membrane pro-
teins. The purified proteins were loaded on a 7– 60% linear sucrose gradient
and centrifuged for 15 h. Fractions were collected and analyzed by Western
blotting using an anti-His6 antibody and ECL. a, �-GAT1-� in 0.1% DDM
(exchanged from Cyclofos-7); b, �-GAT2-� in 0.1% Fos-choline-16; c, �-GAT4
in 0.02% Fos-choline-16; d, �-SERT-� in 0.02% DTM (exchanged from Fos-
choline-14); e, �-hSialin-� in 0.1% DDM (exchanged from Fos-choline-14; f,
�-mSialin-� in 0.1% DDM (exchanged from Fos-choline-14); g, �-HMGR-� in
0.02% DDM; h, �-GLUT4 in 0.02% Fos-choline-16; i, �-KvLm-� in 0.02% DDM
(exchanged from Fos-choline-16); j, �-MntH-� in 0.02% DDM.
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trated in crystallization buffers containing a low detergent
concentration. In addition, we performed nonspecific (tryp-
sin) proteolysis of �-KvLm-� (in 0.02% n-dodecyl-�-D-mal-
toside; DDM) for 15 h. After proteolysis, we observed a single
strong band at about 28 kDa, which corresponds well to the
predicted size of KvLm (supplemental Fig. 3d). Furthermore,
we applied the purified trypsin-digested KvLm on a linear
sucrose gradient and observed that KvLm was monodis-
persed (supplemental Fig. 3e).

DISCUSSION

There have been many reports of methods for overexpress-
ing soluble fusion proteins in E. coli (7, 9). In contrast, mem-
brane proteins have presented amuchbigger challenge in terms
of developing a general but reliable overexpression system. The
combinatorial system for expression and purification of mem-
brane proteins described in this report represents a step for-
ward in the effort to achieve this important goal.
Using this expression system, we achieved overexpression of

all tested proteins, namely 12 mammalian and 2 prokaryotic
membrane proteins. The overexpression levels using our con-
structs were markedly higher than expression from the control
clones (the membrane protein with no fusion domains), which
generally expressed the protein poorly or not at all (Fig. 2).
Furthermore, all of themembrane proteins tested were overex-
pressed using at least two of the overexpression combinations.
Using eight cassettes for overexpression dramatically increases
the chances that the membrane protein will be able to be crys-
tallized and maintain its activity: The location (N terminus, C
terminus, or both) and type (�, or �, or both) of the fusion
domains in each cassette affect the solubility, stability, and
homogeneity of the expressed membrane protein. In contrast
to other expression systems, here the use of eight expression
cassettes allows optimization of the expression of individual
proteins, each of which has unique properties. For example,
GAT4 was highly overexpressed as �-GAT4 (Fig. 2c, lane 2),
whereas all the other GABA neurotransmitters transporters

(GAT1 and GAT2) were highly expressed as fusion proteins
with two fusion domains: �-GAT-�, �-GAT-� or �-GAT-�,
where GAT is GAT1-2 (Fig. 2, a and b, lanes 7–9).
Overexpression of membrane proteins as fusion proteins

with �- or �-domains reduced accumulating in inclusion
bodies. In addition, all of the overexpressed membrane pro-
teins tested were solubilized using mild detergents that are
suitable for activity and crystallization experiments (Fig. 3).
This suggests that a large portion of the membrane proteins
overexpressed using this system localize to the E. coli mem-
brane rather than being sequestered in inclusion bodies.
Indeed, the overexpressed proteins could be purified using
standard purification techniques (Fig. 4 and supplemental
Fig. 2), yielding larger quantities of purified and stable mem-
brane proteins than is usually possible. For example, we
obtained 1.8–7.5 mg of pure mammalian protein/liter of
E. coli culture, and 3–10 mg of pure prokaryote protein/liter
of E. coli culture (Fig. 4b).
To obtain high protein quantities, most of the proteins were

solubilized from the membrane by the Fos-choline detergents.
However, because only one membrane protein was crystallized
using detergent from the Fos-choline family, MscS (29), and
because Fos-choline detergents can solubilize and stabilizemis-
folded proteins, it was later exchanged into milder detergent in
the presence of lipids. Such detergent exchanges separate the
folded proteins from the misfolded ones (aggregates and not
eluted together with the soluble proteins) and more impor-
tantly, enable the incorporation of lipids that are very impor-
tant for activity and crystallization experiments. The detergent
type is key for crystal formation, and the lipid composition can
dramatically affect the stability, homogeneity, and activity of
the membrane protein (30). For example, plasma membrane
proteins such as the Na�/Cl� neurotransmitter transporters
(GAT1,2,4 and SERT) and NPT1 require cholesterol for their
activity (3, 30). Cholesterol was added to the lipids during the
purification of these proteins.

FIGURE 6. Uptake activity of the reconstituted proteins into proteoliposomes. I, specific substrate uptake activities in the presence or absence of appro-
priate driving force, including inhibition of uptake activities (by either 2 �M DIDS, 1 �M Evans blue, 5 mM L-aspartate, or 5 mM L-lactate) and Cl� dependence (IV
for VNUT). II, time course of uptake activity. Proteoliposomes were suspended in reaction buffer containing radiolabeled substrate in the presence (filled circles)
or absence (open circles) of the appropriate driving force. Samples were assayed at the indicated times. III, dose dependence of uptake activity. Upon the
addition of radiolabeled substrate at the listed concentrations, samples were assayed after 1 min (0.5 min for NPT1). a, [�-32P]ATP uptake activity of �-VNUT;
b, L-[2,3-3H]glutamate uptake by �-VGLUT2-�; c, L-[2,3-3H]aspartate uptake activity of �-hSialin-�; d, H�/[6-3H]sialic acid co-transport uptake activity of �-hSialin-�;
e, L-[2,3-3H]aspartate uptake activity of �-mSialin-�; f, H�/[6-3H]sialic acid co-transport uptake activity of �-mSialin-�; g, Pi uptake activity by �-NPT1-�.

TABLE 1
Kinetic parameters of SLC17 proteins overexpressed in the �/�-fusion system and insects cells
SLC17 proteins fused to the �/�-fusion proteins were overexpressed, purified, and reconstituted as described in the text. SLC17 proteins overexpressed in the baculovirus-
insect cells systemwere purified and reconstituted as described in Refs. 26–28. Reconstitution and uptake experiments conditions were identical for proteins overexpressed
in both systems. NT, not tested; NP, not published.

Membrane protein Organism Substrate Ref.

Kinetic parameters of SLC17
portions overexpressed in insect
cells using baculovirus system

Kinetic parameters of SLC17
portions overexpressed in E. coli
using the �/�-fusion system

Km Vmax Km Vmax

mM nmol/min per mg protein mM nmol/min per mg protein
VNUT Human ATP 26 0.8 138 0.2 55.7
VGLUT Rat Glutamate 27 4.8 120 0.63 86.4
Sialin Mouse Aspartate 28 0.62 142 0.6 88.7

Sialic acid 28 1.5 1,000 2.15 809
Human Aspartate NT NT 0.39 65.1

Sialic acid NT NT 1.38 721
NPT1 Mouse Pi NP 6.3 134 1.18 228.9
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All of the tested purified membrane proteins could be puri-
fied into homogenic monodispersed form as judged by their
migration as a narrow band during sucrose gradient centrifu-
gation (Fig. 5) and behavior in gel-filtration chromatography
(supplemental Fig. 2). These results indicate that the overex-
pressedmembrane proteins are folded and are not in aggregates
or inclusion bodies. Furthermore, the observation that three
membrane proteins, MntH, KvLm, and GAT4, could maintain
their solubility and distinct oligomeric state after the removal of
the fusion domains (supplemental Fig. 3) suggests that the
membrane proteins expressed using our system are correctly
folded to some extent.
Proteoliposomes containing the purified transporters �-hV-

NUT, �-VGLUT2-�, �-hSialin-�, �-mSialin-�, and �-NPT1-�
actively took up their specific substrates by using their appro-
priate driving force (Fig. 6). The uptake properties of the recon-
stituted transporters were similar to that of the previously
reported transporters (26–28). For example, the uptake activi-
ties were absolutely dependent on the presence of Cl� andwere
highly inhibited by DIDS and Evans blue (Fig. 6I). In addition,
the transporters exhibited similar kinetic properties to the
previously reported values (Table 1), with differences that
are probably consequences of differences in expression host,
namely, E. coli versus eukaryotic cell lines. These results sup-
port our proposal that the overexpressed membrane pro-
teins in our system are correctly folded and can maintain
their native activity.
Taken together, these observations show that our overex-

pression system can produce membrane proteins that are
folded, soluble, stable, and active. Therefore, membrane pro-
teins overexpressed and purified in our system can be used for
biological activity and crystallization experiments. This prom-
ising new systemmay allow great progress to be made in struc-
ture-function studies of membrane proteins, although obvi-
ously, the expression system described in this paper will not
provide a solution for all kinds of membrane proteins. Even if
5% of membrane proteins are amenable for expression in this
system, it will significantly advance the molecular study of
membrane proteins.
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