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Introduction

ell membranes play a critical role in a plethora of
functions essential for life, including, energy genera-

tion, nutrient transport, signaling, the maintenance of a
stable environment (homeostasis), processing or synthesis of
certain biomolecules, and the creation of compartments where
particular biological processes take place. Far from being a
simple mechanical barrier, cellular membranes are highly
dynamic environments comprised of lipids, small molecules,
and typically hundreds of proteins. Nearly all cell membranes
are comprised of bilayers consisting of two surface-active
molecules, typically lipids that assemble with their hydropho-
bic moieties in the interior of the bilayer and the polar groups
exposed to the aqueous environment (Figure 1). Membrane
proteins (MPs) perform a diverse set of tasks across the king-
doms of life including energy production,' signal transduction,”
transport of solutes,3 determination of cell shape,4 and redox
reactions.” Consistent with the diverse roles played by MPs,
the genes coding for these proteins occupy a significant por-
tion of an organism’s genome. For example, at least 1000 of
the bacterium E. coli’s 4252 genes are predicted to code for
MPs (CyberCell database, http://redpoll.pharmacy.ualberta.ca/
CCDBY/, see Figure 2).6 MPs can be divided into two classes
depending on their predominant secondary structure. Proteins
composed of mostly o-helices comprise the vast majority of
MPs in eukaryotes, gram-positive bacteria, and the plasma
membrane of gram-negative bacteria, while -sheet based pro-
teins are found in the outer membrane of gram-negative bacte-
ria. Because of their prevalence, this review will focus on «-
helical MPs. For the sake of simplicity and brevity, the abbre-
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viation “MPs” will refer to a-helical membrane proteins for
the remainder of this article.

The o-helices of MPs span the cell membrane, and, thus, are
termed transmembrane helices (TMH) (Figure 1). The spatial
organization of TMHs along with the location of the N- and C-
termini of an MP determine its topology. Great progress has
been made in the last several years in the prediction of MP to-
pology with the advent of tools using hidden Markov models,’
which are now freely available via the internet (http://www.
cbs.dtu.dk/servicessy TMHMMS-2.0/). The quality of these topol-
ogy predictions increases even more when combined with ex-
perimental data such as the location of the N- and C-termini of
the protein.® Combined with bioinformatics tools, topology pre-
dictors have been applied to the membrane proteomes of many
different organisms.” While the topological information that
these models provide is useful, understanding the molecular
details of protein function requires a model at atomic resolution
(Figure 1). Such models are currently only attainable via X-ray
crystallography, nuclear magnetic resonance (NMR) spectros-
copy, or, at lower resolution (about 7 A resolution), by cryo-
electron microscopy (cryo-EM).

Although the number of available protein structures has
increased dramatically to >35,000 in recent years, structures
of MPs are seriously underrepresented, with fewer than 120
distinct structures present in the protein data bank'® (PDB, see
Figure 2). Furthermore, the majority of MPs with known
structure are of bacterial origin with only about a dozen struc-
tures from higher organisms. There are several major hurdles
preventing larger-scale structural biology efforts toward MPs.
First and foremost, the production and purification of suffi-
cient amounts of membrane proteins is a difficult undertaking.
In some successful examples of MP structure determination,
the protein was obtained from an abundant natural sources,
such as rhodopsin from the bovine eye.'' Such natural sources
are not typically available for the vast majority of proteins,
however, so it is desirable to be able to produce the protein of
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Figure 1. (a) Model a-helical membrane protein: the E. coli
glycerol facilitator protein GlpF.
The transmembrane helices traverse a lipid bilayer
which comprises the majority of the cell membrane.
Balls on the lipids represent polar head groups while
sticks represent the hydrophobic tails. The orienta-
tion of the protein with respect to the E. coli cyto-
plasm and periplasm is also shown, and comparison
of (b) topological model of bovine rhodopsin, and (c)
X-ray crystal structure of the same protein. While to-
pology predictions can describe the orientation of
transmembrane helices with respect the cell mem-
brane, the X-ray crystal structure provides a picture of
the protein at atomic resolution in three dimensions.
A and B drawn with TMRPres2D software (http://bio-
physics.biol.uoa.gr/TMRPres2D/), C drawn from coor-
dinates in PDB file 1F88.

interest in another organism.12 This is accomplished by
genetic engineering means, whereby, the gene encoding the
membrane protein of interest is inserted and expressed in a
host cell, typically a microbe, such as yeast or bacteria. This ar-
ticle will highlight several successful strategies for such heter-
ologous expression of MPs, as well as discussing prospects of
further engineering of hosts for improved MP expression.
Chemical engineers are beginning to play a central role in the
development of methods for more efficient production of mem-
brane proteins and their crystallization in a form that can dif-
fract X-rays in order to obtain structural information at atomic
resolution." In parallel, engineers are working closely with
chemists in high-throughput screening programs aimed at the
discovery of small molecule ligands with therapeutic potential.

Heterologous Membrane Protein
Expression

The use of heterologous microorganisms for the expression
of MPs affords several advantages compared to the isolation
of MPs from natural sources. Since bacteria and yeast can be
propagated in chemically-defined media, they are ideal hosts
for labeling with the heavy-atom containing selenomethionine
for X-ray structure determination.'* Similarly, proteins pro-
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duced in these hosts can be readily labeled with isotopically
enriched amino acids for NMR studies. Furthermore, since
heterologous protein expression relies on recombinant DNA
manipulations, it is very simple to generate mutants of the
protein under study, something which is impossible with pro-
teins derived from natural sources.

One concern that arises when relying on a heterologous
expression system is whether the protein produced is identical
in composition and structure to that found in the natural host.
The evidence accumulated so far indicates that membrane pro-
teins produced by recombinant means do indeed fold into the
same conformation as the authentic polypeptide derived from
natural sources. For example, the structure of the ATP-driven
calcium transporter SERCAla was initially solved by X-ray
crystallography using protein derived from the sarcoplasmic
reticulum of rabbit cells.'? Subsequently, the same protein was
expressed in the yeast Saccharomyces cerevisiae with a biotin-
based affinity tag to simplify purification. The yeast-derived
SERCAla, and the rabbit protein had identical enzymatic ac-
tivity and formed similar crystals '® validating the use of heter-
ologously produced proteins for structural studies. However,
caution will have to be exerted when analyzing MPs that con-
tain posttranslational modifications including glycosylation,
lipidation, disulfide-bond formation, and addition of phosphate
or methyl groups. In general, microbial cells perform such
modifications either poorly or in a different manner than the
cells of higher organisms. Thus, even though the heterologous
MP has the same amino acid composition as the naturally iso-
lated material, differences in post-translational modifications
may result in structural differences between the two proteins.

membrane proteins

membrane protein
structures
eukaryotic MP

structures

Figure 2. Comparison between fraction of membrane proteins
in a typical genome and fraction of membrane pro-
tein structures in the Protein Data Bank (PDB).
20-30% of an organism’s genome codes for mem-
brane proteins while only 0.3% of the structures in
the PDB are of membrane proteins. Eukaryotic mem-
brane protein structure comprise less than 0.03% of
the structures in the PDB.
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Figure 3. (A) Fusion partners used for heterologous expres-
sion of mammalian membrane proteins. BAD: oxa-
loacetate decarboxylase (biotinylated), MBP: malt-
ose binding protein, TrxA: thioredoxin, GST: gluta-
thione-S-transferase, and (B) the orientation of the
MBP-neurotensin receptor-TrxA fusion in the E. coli
inner membrane.

One strategy that has proved successful for the heterologous
expression of MPs is the genetic fusion of the MP to another
well-expressing protein (Figure 3). In conjunction with the
proteome-wide topology studies discussed earlier Drew et al.®
constructed fusions of green fluorescent protein (GFP) to the
C-terminus of E. coli MPs as a robust platform for protein
expression in E. coli.'” The physical linkage of a well-folded
fusion partner often serves to enhance folding of the MP. In
addition, GFP renders the fusion-protein fluorescent, simplify-
ing the detection of the protein during downstream processing
steps, especially during solubilization of the protein in deter-
gent micelles and subsequent chromatographic purification.
Furthermore, misfolding of the MP interferes with the folding
of the GFP and prevents fluorescence. Consequently, fluores-
cence can be used as a relatively accurate predictor of the
expression (i.e., production) level of the MP-GFP fusion.

We and others have used the fusion protein strategy for the
expression and purification of several G-protein coupled
receptors (GPCRs) in E. coli. GPCRs are the most ubiquitous
signaling molecules in mammalian cells, responding to signals
ranging from light and small molecules to peptides and pro-
teins. Genes for GPCRs account for more than 5% of the ge-
nome of the model organism C. elegans, with more than
1,100 distinct genes known.'® Up to 2/3 of currently marketed
drugs are believed to interact with GPCRs,> and GPCRs
remain some of the most promising targets for future drug de-
velopment. Despite the prevalence and biotechnological im-
portance of these proteins, the only GPCR crystal structure
available is that of the bovine rhodopsin.'' Rhodopsin is
exceptional among GPCRs in that it can be isolated in large
amounts from natural sources, while other GPCRs, especially
those of interest for pharmacological purposes, are present in
minute amounts. Moreover, for human GPCRs, the use of nat-
ural material is not an option, underscoring the need for heter-
ologous expression systems.

Grisshammer and colleagues have performed exhaustive
studies on the expression of the neurotensin receptor (NTR) in
E. coli."® They constructed a tripartite fusion protein in which
E. coli maltose binding protein (MBP) is fused to the N-termi-
nus of NTR and E. coli thioredoxin (TrxA) is fused to its C-ter-
minus. GPCRs are composed of seven transmembrane helices
with an N,,-Cj, topology, so the MBP moiety of the fusion
protein resides in the E. coli secretory compartment (peri-
plasm), while TrxA resides in the cytoplasm (Figure 3).
Recently, the MBP-NTR-TrxA fusion protein has been
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expressed on a large scale, and purified in its active form using
a neurotensin affinity matrix.’® This protein has been used in
solid-state NMR experiments to examine the ligand binding
dynamics of neurotensin to the receptor.21 A similar tripartite
fusion scheme has been used for the expression of the periph-
eral human cannabinoid receptor (CB2) in E. coli.?* Earlier
reports demonstrated that CB2 could be produced using only
an N-terminal MBP fusion partner.*® The N-terminal fusion of
MBP also facilitated the expression of the adenosine A2a re-
ceptor.24 Glutathione-S-transferase (GST) has also been used
successfully as fusion partner for the expression of the olfac-
tory receptor OR 5 in E. coli 2% Tian et al. report the expression
and purification of a fusion partner-free vasopressin receptor
(V2R).?® The yield of purified GPCRs obtained via expression
in E. coli is typically on the order of 1 mg/L of culture, which
is significantly lower than yields expected from well-behaved
soluble proteins (from 10-100 mg/L). Moreover, the yield of
functional GPCR as judged by radioligand binding studies is
often only in the range of 1-10 ug/L, underscoring the diffi-
culty of producing these proteins heterologously.

Although we have focused on E. coli thus far as an expres-
sion host for GPCRs, other microorganisms have been success-
fully used for preparative expression of these proteins. In one
notable example, Robinson and coworkers expressed the A2a
adenosine receptor described ealier at very high-functional
yields as a GFP fusion®’ in Saccharomyces cerevisiae. Accord-
ing to radioligand binding assays, approximately 120,000
active receptor molecules were produced per cell for a total
yield of active protein of approximately 4 mg/L of culture.
This represents the highest yield of active GPCR reported in
the literature for any heterologous expression system.28 Also,
the gram-positive bacterium Lactococcus lactis has also been
used as a host for the expression of GPCRs and other eukaryo-
tic MPs with some success.'”?’ As L. lactis has only a single
cell membrane (compared to two membranes in E. coli), cell
lysis and isolation of MPs may be simpler in this organism.

Applying Physiological Information
to MP Expression

The earlier examples of successful membrane protein
expression all relied on the selection of an appropriate fusion
partner, or affinity tag, that improves the expression of the MP.
Another approach, which has the potential of being more gen-
eralizable, involves engineering of the expression host for the
specific task of MP expression. Recent biochemical, genetic,
and structural data have greatly enhanced our understanding of
the synthesis of MPs, and their subsequent insertion into the
membrane (collectively called membrane protein biogenesis).

Whereas most soluble proteins are synthesized completely
in the cytoplasm of the cell, the synthesis of membrane pro-
teins is halted after the emergence of a short “signal anchor”
from the ribosome. This nascent polypeptide binds to a ribo-
protein complex, the signal recognition particle (SRP). The
ribosome-SRP complex is concomitantly transported to the
plasma membrane of bacteria or the endoplasmic reticulum in
eukaryotes.”*' The nascent protein next interacts with the sig-
nal-particle receptor, 32 and is delivered to the secretion appa-
ratus (called the translocon), Sec61 in eukaryotes and SecYEG
in bacteria. Elegant photocrosslinking studies on the bacterial
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export system have thoroughly established the pathway of a
nascent MP through the ribosome, and into the Sec translo-
con.> In addition, a recent cryo-EM structure of the SecYEG
translocon bound to a translating ribosome provides some
insight into how the translocon may assist in the insertion of
MPs into the membrane.>* The putative membrane integrase
YidC is also emerging as an important factor for MP biogene-
sis.®> Froderberg et al. performed a systematic study on the
effects of depletion of translocon components, SRP compo-
nents, and YidC on the biogenesis of several model MPs in
E. coli.*® Elimination of either the SRP, core components of the
SecYEG translocon, or YidC in cells led to severely disrupted
MP biogenesis. It remains to be seen if overproduction of any
of these factors will lead to more efficient MP biogenesis.

Recombinant protein expression is often stressful for the
host cell.*” Understanding in detail the stress responses that
arise from heterologous expression of MPs may permit
rational strain engineering to eliminate or combat these stress
responses, and enhance the production of membrane proteins.
Steps toward this goal have been taken in the yeast Saccharo-
myces cerevisiae. Expression of the P2 adenosine transporter
from Trypanosoma equiperdum in yeast results in accumula-
tion of misfolded secreted protein, and in turn stimulates the
unfolded protein response (UPR).>® Induction of the UPR
coincided with low-functional yields of the P2 transporter. To
overcome this limitation, the expression level of the P2 trans-
porter was reduced in order to avoid the elicitation of the
UPR, ultimately leading to higher yield of functional P2 trans-
porter. Further cataloging of the stress responses induced by
MP expression may be facilitated by genomics techniques,
and by emerging proteomic technologies aimed at elucidating
newly-synthesized proteomes in cells.”

Outlook

Careful choice of fusion partners and affinity tags can lead
to vastly improved yields of complex MPs. Among the chal-
lenges remaining in the expression of MPs is a thorough deter-
mination of the cell’s response to MP expression. The combi-
nation of a “rationalization” of heterologous MP expression*’
with continued improvements in protein engineering should
usher in serious progress toward the goal of enabling MP pro-
duction for structural biology and other efforts. Protein struc-
tures provide information that is not obtainable by any other
analysis method, and often provide a window into the inner
workings of a protein. Many human membrane proteins are
pharmaceutically relevant, and the structure determination of
these proteins bound to drugs or ligands will improve our
understanding the mechanisms of drug action. The ability to
reliably produce MPs will also facilitate future drug discovery
via high-throughput bioassay screens. Although progress has
been made toward the expression and production of MPs,
much more effort is required in order to fully understand their
structure and function.
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