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Drug discovery based on structural knowledge has proven useful as several
structure-based medicines are already on the market. Structural genomics aims at
studying a large number of gene products including whole genomes, topologically
similar proteins, protein families and protein subtypes in parallel. Particularly, ther-
apeutically relevant targets have been selected for structural genomics initiatives.
In this context, integral membrane proteins, which represent 60-70% of the current
drug targets, have been of major interest. Paradoxically, membrane proteins present
the last frontier to conquer in structural biology as some 100 high resolution struc-
tures among the 30,000 entries in public structural databases are available. The
modest success rate on membrane proteins relates to the difficulties in their expres-
sion, purification and crystallography. To facilitate technology development large
networks providing expertise in molecular biology, protein biochemistry and struc-
tural biology have been established. The privately funded MePNet program has
studied 100G protein-coupled receptors, which resulted in high level expression
of a large number of receptors at structural biology compatible levels. Currently,
selected GPCRs have been purified and subjected to crystallization attempts

recombinant expression, purification, crystallization, structure-based drug design,
structural genomics

1. INTRODUCTION

Classically the drug discovery process has relied on methods which involve selec-
tion of appropriate compounds for biological evaluation to define lead compounds!
followed by evaluation of structure-activity relationships (SARs). Later, the
development of methods for high throughput in vitro screening and the synthesis
of combinatorial compound libraries have set the stage for drug design based on
molecular targets and protein structures. As the requirements for drug safety and
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efficacy have become more demanding and complex the costs for drug development
have soared and the number of drug candidates even reaching the market has become
very rare. The translation of in vitro efficacy to a desirable effect in animal models
has been of major concern and even finally to obtain a drug which demonstrates
the same profile in patients in clinical trials. There have been lengthy discussions
related to the problems for pharmaceutical companies to fill their pipelines with
novel innovative drug candidates. Cynically, it has been postulated that most major
discoveries have already been made in drug development. On a more positive note,
the sequencing of the human genome has revealed potential new drug targets. The
advent of functional and structural genomics and their combination promises to
become important tools in the discovery of novel cellular functions and pathways,
which might uncover novel drug functions and open avenues for new medicines.

Structural genomics can be defined as the parallel structural characterization of a
large number of gene products. This approach allows one to elaborate on the struc-
ture of protein subtypes and families, proteins with similar topology, i.e. membrane
proteins, even whole genomes. Structural genomics therefore presents a great oppor-
tunity to improve the success in the discovery process of novel drugs. A drawback
of studying a large number of protein targets is the need of large resources. For this
reason, networks with expertise in various areas such as protein expression, purifi-
cation and structure determination have been established. Several such consortia are
described in this chapter. The MePNet project, which uniquely targets membrane
proteins, is described in more detail. Moreover, a brief background in structure based
drug design and examples of successful applications are presented. Today, one of the
cornerstones for structural biology on therapeutically relevant proteins is recombi-
nant protein production. The essential and most frequently used methods for expres-
sion are highlighted. Likewise, the procedures involved in protein purification and the
various approaches for structure determination such as X-ray crystallography, nuclear
magnetic resonance (NMR) and electron microscopy-based techniques are described.
As 60-70% of the current drugs are targeted to membrane proteins a special emphasis
is dedicated to this type of proteins.

2. STRUCTURE-BASED DRUG DESIGN

Structure-based approaches in drug discovery have been frequently applied for lead
optimization.? In this context, the drug potency and selectivity can be improved
based on structural knowledge of proteins and their ligands.® The significant impact
structural biology has had on lead discovery can be measured by faster defini-
tion of drug binding properties and the easier identification of “hit” compounds
through screening programs.* Recent automated procedures such as AutoSolve®
has enabled rapid structure resolution of protein-ligand complexes.’ For instance,
in cocktails of as many as 100 molecules their different shapes can be distinguished
by the variation in electron density.® Another approach has been to use cocktails
of smaller numbers of fragments at very high concentrations.” Candidate fragments
are ranked automatically, several datasets can be collected at a synchrotron hourly
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and up to 1000 compounds screened in 2-3 days. In this approach a focused set
of fragments from successful drug-like molecules is applied taken into account
molecular weight (< 200 Da), the presence of hydrogen bond donors and accep-
tors and solubility.® Also virtual screening can be applied, where large libraries
of candidate fragments are systematically docked in the predefined binding site of
the target protein in 3D computer models.’ Additionally, it was demonstrated that
NMR-based screening can be used to design small molecule drug candidates to
inhibit the aberrant overexpression of c-myc in a variety of tumors by inhibition of
the far upstream element (FUSE) binding protein (FBP) expression.’

An interesting example of structure-based drug design comes from the program
of synthesis of novel inhibitors of phosphodiesterase (PDE) to treat hypertension
and other cardiovascular indications.®> Based on the X-ray structure, a rational drug
design approach was initiated to develop a series of heterocyclic replacements for the
parent ring system in zaprinast to obtain novel inhibitors of PDE. After intermediate
steps, the synthesized compound UK 92480 (sildenafil) showed 100-fold increase in
PDES inhibitory activity compared to zaprinast as well as unprecedented selectivity
over other PDE enzymes.!'? Although the pharmacological profile of sildenafil was
as expected the clinical performance in patients with coronary heart disease was
disappointing. However, further studies demonstrated that sildenafil blocked the
PDES action which potentiated the natural activity of nitrose oxide and could be
used for the treatment of erectile dysfunction (impotence).!! Although originally
developed for a completely different indication, the globally known blockbuster
drug Viagra can therefore be considered as an example of how structural biology at
least indirectly could facilitate the drug discovery process. Several other examples
exist where structural knowledge has directly influenced drug design as briefly
summarized below.

2.1 Examples of Successful Drug Design

Although structure-based drug design is a relatively new approach it has already
established itself as a prominent alternative to classical drug screening. The major
advantages of applying structural information are the shorter time required and
the possibility to develop medicines with improved potency and selectivity. In
addition to application in lead discovery many available protein structures have
been used directly for the development of drug candidates. Today, 42 structure-
based drug compounds have successfully entered clinical trials and at least 7 drugs
have been approved on the market.'?> For instance, the AIDS drugs Agenerase®
and Viracept® were designed based on the high resolution structure of the human
immunodeficiency virus (HIV) proteinase.'? Similarly, the structure of the influenza
virus neuraminidase was the basis for the flu drug Relenza®.'* The 3D structure
of the kinase domain of c-Abl proved also helpful in designing and particularly
avoiding resistance to the protein kinase drug Gleevec®."

The number of structure-based drugs will certainly increase with time as more
structures will be available. The study on kinase inhibitors already applies structure-
based approaches and for example the crystal structure of the AKT kinase has
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presented an attractive target for development of small molecule inhibitors as
tumor therapeutics.!® However, the major boost in structure-based drug discovery
is expected when finally structures of the largest topological group of drug targets,
membrane proteins, will be available.

3. RECOMBINANT PROTEIN EXPRESSION

Very few therapeutically interesting drug target proteins are present in native tissues
at such high levels that it is possible to isolate them in quantities that allow
purification and further structural studies. Among membrane proteins, only the
nicotinic acetylcholine receptor isolated from the electronic organ of the Torpedo
marmorata ray'’ and the bovine rhodopsin from cow retina'® could be purified in
quantities that allowed successful crystallization and structure determination. As
a good example of the minute quantities of protein present in native tissue, the
equivalent of 1000 pig brains was needed to purify 190 g of the neuropeptide
Y2 receptor for functional studies.'® Despite efforts of miniaturization, structural
studies still require tens to hundreds of milligrams of purified protein. Naturally,
in case of human proteins, ethical considerations will prevent any large scale
purification efforts from native tissue. It has therefore been essential to establish
robust recombinant protein expression systems to provide material for structural
biology. In this context, all potential host cells including bacteria, yeast, insect
and mammalian cells have been evaluated and expression vectors with a variety of
properties engineered. Moreover, cell-free translation systems have been specifically
developed for structural biology applications. The major expression systems are
briefly presented below.

3.1 Cell-Free Translation

During the last few years the methods for cell-free protein expression have rapidly
improved and made this approach a sincere alternative to cell-based recombinant
protein expression methods.? Cell-free translation systems are currently commer-
cially available based on both E. coli and wheat germ lysates. The advantages
of cell-free expression are the possibility to directly use PCR fragments omitting
any cloning procedures and the expression can be controlled in defined minimal
media. Perhaps the most applied approach for cell-free translation is the simple
amino-selective or uniform stable isotope labeling, which presents the opportunity
of direct sample analysis by NMR 2!

The strongest limitation of cell-free translation systems was for a long time
the low expression levels obtained for membrane proteins. However, a cell-free
translation system based on a modified E. coli S30 extract has provided significant
improvement in expression levels also of membrane proteins.?? For instance, two
bacterial membrane proteins, multidrug transporter TehA and YfiK, were expressed
at levels of 2.7 mg/mL. Likewise, such GPCRs as the human 32 adrenergic receptor
(B2-AR), the human muscarinic acetylcholine M2 receptor (M2R) and the rat
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neurotensin receptor (NTR) were evaluated for cell-free expression.”> To obtain
functional binding of the GPCRs the 2-AR had to be fused to Gas,** the M2R to
Gai® and the NTR to maltose binding protein (MBP).?¢ The M2R had additionally
the glycosylation sites and the third intracellular loop deleted.

3.2 Prokaryotic Expression

Prokaryotic expression has been the standard procedure for the expression of recom-
binant proteins. E. coli-based expression systems are definitely the most frequently
used approach.”’ Alternative bacterial hosts have been verified as summarized
below. The obvious advantage of prokaryotic expression is the ease of applica-
tion and low production costs even at large scale level. The success rate has
been very high for bacterial proteins, but also a large number of simple, espe-
cially soluble eukaryotic proteins, have been successfully expressed in prokaryotic
systems. However, quite a few eukaryotic proteins require special post-translational
modifications, which cannot be achieved in bacterial hosts. Whether these functions
are necessary depends to a large extent on the further use of the produced material.

3.2.1 E. coli

The popularity of E. coli as an expression host stems from the ease to use and scale
up of the system, the cheap production and high safety standards. Traditionally,
E. coli-based expression has been reliable for soluble cytoplasmic proteins espe-
cially when applying fusion constructs.”® Novel high throughput methods for E. coli
expression including rapid cloning systems such as Gateway vectors®® are reviewed
elsewhere.’® Recombinant protein secretion has also become feasible from Gram-
negative bacteria, where the heterologously expressed protein is targeted to the
periplasmic space or secreted into the culture medium.*!

Expression of membrane proteins in E. coli has, however, been more difficult.
Two approaches have been taken where the recombinant protein is either targeted
to the bacterial membrane or accumulated in inclusion bodies as aggregates. In the
former case, the success has been relatively good for bacterial membrane transport
proteins and receptors.>? In contrast, expression of eukaryotic membrane proteins
has been more difficult and the yields have been disappointingly low due to the toxi-
city to the host bacteria imposed by the foreign protein inserted in the membrane.
However, major engineering involving evaluation of different deletions, fusion
partners and tags has resulted in significantly improved expression of GPCRs. In
this context, the fusion of the maltose binding protein (MBP) to the N-terminally
deleted rat neurotensin receptor (NTR) resulted in milligram quantities of receptor
protein.?® Similarly, when the C-terminally truncated human adenosine A2a receptor
was expressed as an MBP fusion protein 10-20 nmol receptor/L. was produced
in E. coli inner membranes.* Alternatively, the expression in bacterial inclusion
bodies can generate high yields, but as the recombinant protein is present in aggre-
gates refolding is mandatory to restore functional activity. The refolding process
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has generally been difficult and inefficient for membrane proteins.** Recently, tech-
nology improvement has provided some promising results for the glucagon-like
peptide 1 receptor (GLP-1),%> the human leukotriene B4 receptor BLT13¢ and the
serotonin 5-HT4 receptor.?’

3.2.2 Lactococcus lactis

In search of alternative expression hosts of prokaryotic origin, the Gram-positive
bacterium Lactococcus lactis has been applied for the expression of both prokaryotic
and eukaryotic recombinant proteins.® L. lactis grows rapidly to high densities and
does not require aeration. Isotope labeling is feasible as most strains are auxotrophs
for multiple amino acids. Transformation methods have been developed for L. lactis
and for instance the commonly used nisin NisA promoter with the NisR and NisK
regulatory trans-acting factors represents a tightly regulated system.*® The L. lactis
system has demonstrated high expression levels of such prokaryotic membrane
proteins as ABC transporters and MSF (major facilitator subfamily) efflux pumps.®
For the yeast mitochondrial carrier proteins CTP1 and AAC3 with a 6 TM topology
yields up to 5% of total protein were obtained. However, attempts to express the
human KDEL (Lys-Asp-Glu-Leu) receptor resulted only in low levels (< 0.1%
of total membrane protein). In another study, 11 yeast mitochondrial transporter
proteins were expressed in L. lactis in a functional form.*® The expression levels
were 10-fold higher when a lactococcal signal peptide was used or the N-terminus
of the transporters was deleted. The expression levels are now compatible with
amounts needed for structural biology. Preliminary data for GPCR expression in
L. lactis also looks promising (Kunji, personal communication).

3.2.3 Other prokaryotes

There is a relatively large number of bacterial species (Table [[), which have been
evaluated for homologous and heterologous gene expression. For instance, Bacillus
subtilis was already in the 1980s considered as a potentially efficient host for
recombinant protein production such as interferon*' and truncated viral membrane
proteins.*> The drawback with this approach was that the recombinant proteins
were heavily degraded by bacterial proteases. However, the expression of bacterial
proteins such as a-amylase from Bacillus amyloliquefaciens resulted in secretion
of large quantities of active enzyme.* Recently, novel plasmid vectors inducible
by IPTG have been engineered for high level intra- and extracellular expression in
B. subtilis.**

The characteristic feature of the Archaebacterium Halobacterium salinarum
is its purple color, which relates to the accumulation of bacterio-opsin protein
(Bop) complex formed with the chromophore retinol.*> Attempts have been made
to employ H. salinarum for heterologous gene expression. Fusion constructs
of C-terminally tagged Bop to E. coli aspartate transcarbamylase (AT), human
muscarinic M1 receptor, human serotonin 5-HT2 receptor and yeast a mating
factor receptor Ste2 have been engineered.*® The significance of the Bop sequence
was evident as introduction of tags in this area reduced both mRNA and protein
levels substantially. The Bop-AT fusion protein yields were 7 mg/L. In contrast,
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Table 1. Structural Genomics Networks

Network Expression Targets
Berkeley Structural Genomics Center E. coli Mycoplasma genitalium
(BSGO) Mycoplasma pneumoniae
WWW.Strgen.org
Center for Eukaryotic Structural Genomics E. coli Arabidopsis thaliana
(CESG)
www.uwstructuralgenomics.org
European Membrane Proteins E. coli prokaryotic MPs
(E-MeP) L. lactis 100 GPCRs
WWW.e-mep.org S. cerevisiae ion channels

P. pastoris transporters

Baculo, SFV other eukaryotic MPs
Joint Center for Structural Genomics Cell-free, E. coli Thermotoga maritima
(JCSG) Baculo mouse genome
WWW.jcsg.org Adenovirus human GPCRs
Membrane Protein Network E. coli 100 GPCRs
(MePNet) P. pastoris
www.mepnet.org SFV
Membrane Protein Platform E. coli bacterial and yeast MPs
(MPP) S. cerevisiae human GPCRs
WWW.swegene.org P. pastoris
Midwest Center for Structural Genomics E. coli all 3 kingdoms of life

(MCSG)
www.mcsg.anl.gov

Northeast Structural Genomics Consortium

(NSGC)

E. coli, yeast
insect cells

www.nigms.nih.gov/Initiatives/PSI/Centers/NECSG.htm

New York Structural Genomics Research

Consortium (NYSGXRC)
WWW.NYySZIC.0rg

Paris-Sud Yeast Structural Genomics
(YSG)
WWW.Zenomics.eu.org

Protein Structure Factory
(PSF)
www.proteinsturkturfabrik.de

Protein Wide Analysis of Membrane
Proteins (ProAmp)
WWWw.pst-ag.com

RIKEN Structural Genomics Initiative
(RSGI)

www.rsgi.riken,go.jp/rsgi_e/index.html

E. coli
yeast

E. coli

E. coli
S. cerevisiae
P. pastoris

E. coli

Cell-free
E. coli

small proteins from
yeast, C. elegans and
D. melanogaster

bacterial,
yeast and C. elegans

250 non-membrane
yeast proteins

medically and
biotechno-logically relevant
proteins

S. typhimurium and H. pylori
MPs

A. thaliana, T. thermophilus
and mouse proteins

(continued)
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Table 1. (Continued)

Network Expression Targets

Southeast Collaboratory for Structural E. coli .
Pyrococcus furiousus, C.

Genomics (SECSG) Bacu.lo. clegans, human MPs
WWW.Secsg.org Lentivirus

Structural Proteomics in Europe E. coli proteins/protein complexes of
(SPINE) Baculo relevance to human health and
WWW.spineurope.org disease

Structural Genomics Consortium E. coli tareets related to cancer
(SGC) Baculo g >

diabetes and malaria
www.sgc.ox.ac.uk

Structure 2 Function Project E. coli R
Haemophilus influenzae

(S2FP) roteins
www.s2fp.carb.nist.gov P
Swiss National Center for Competence E. coli .
. bacterial MPs, transporters
in Research (NCCR) Baculo

R and human GPCRs
www.structuralbiology.ethz.ch
TB Structural Genomics Consortium E. coli Mycobacterium tuberculosis
(TBSGC) 4 St

www.mbi-doe.ucla.edu/TB proteins

MPs, membrane proteins

the fusions to the human GPCR constructs demonstrated no expression evalu-
ated by immunoblotting. However, the Ste2 receptor showed a positive signal
in Western blots, but the expression levels were much lower than for Bop-AT.
In another study, the human muscarinic M1 and adrenergic a2B receptors were
expressed from Bop fusion vectors.*” Membranes isolated from cells expressing
the Bop-M1 fusion showed no specific signal, whereas membranes from Bop-a2B
cells were specifically recognized by a BR polyclonal antibody. Not unexpectedly,
no binding activity was detected for Bop-M1. In contrast, specific binding was
observed for Bop-a2B, albeit 10 times weaker than obtained in yeast or mammalian
cells.

33 Expression in Yeast

Yeast represents a good model organism of eukaryotic origin and has frequently
been used as host for recombinant protein production. The advantages of yeast
are the simple culture and scale-up methods, easy genetic manipulation, the cheap
production and yeast cells possessing the machinery for eukaryotic post-translational
modifications. Different types of yeast vectors have been engineered, both for
episomal expression and chromosomal integration. Yeast vectors have been
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frequently used for topologically different proteins such as cytoplasmic, membrane
and secreted proteins and production of FDA-approved insulin® and hepatitis
B surface antigen (HBsAg)* as pharmaceuticals. Typically, yeast and especially
Saccharomyces cerevisiae has a strong tendency for hyperglycosylation of heterol-
ogous proteins, which could induce immunogenic or allergenic reactions if the
product is aimed at therapeutic use. The fission yeast Schizosaccharomyces pombe™
and the methylotropic yeast Pichia pastoris®' have also been developed into efficient
expression systems as highlighted below. Among other yeast strains the methy-
lotrophic Hansenula polymorpha and the dimorphic Arxula adeninivorans and
Yarrowia lipolytica have not yet been much explored, but might present appropriate
alternatives for future recombinant protein expression.>?

3.3.1 Saccharomyces cerevisiae

Saccharomyces cerevisiae is well characterized and its whole genome has been
sequenced™ so it is no surprise that the Baker’s yeast has been used frequently
for heterologous gene expression.>* Among the many different proteins expressed
from S. cerevisiae can be mentioned hepatitis B surface antigen (HBsAg),”
al-Antitrypsin®®, human interferon-o®’ and B-Endorphin.® A variety of yeast
promoters have been used,* among which two inducible systems apply GAL1 and
CUP1.%

S. cerevisiae has also commonly been applied for the expression of membrane
proteins. In this context, C-terminal FLAG- and His-tags were engineered to the
yeast a-factor Ste2p receptor and expressed at milligram yields.®® Ste2p receptor
activity could be obtained after metal affinity column purification and reconstitu-
tion in artificial phospholipid vesicles, but only after addition of solubilized yeast
membranes. Also the human dopamine D1A receptor was expressed at high levels
in S. cerevisiae.®' Applying metal affinity and immunoaffinity chromatography, the
D1A receptor was purified to near homogeneity and showed after reconstitution
[*H] SCH23390 antagonist binding. Additionally, large-scale fermentation cultures
at the 15L level resulted in approximately 40pmol of B2 adrenergic receptor
per milligram, which corresponds to yields of 20-30mg of functionally active
receptor.®> Recently, the biotin-tagged rabbit sarcoplasmic-endoplasmic reticulum
Ca*"-ATPase isoform la (SERCAla) was expressed in S. cerevisiae.”* Purification
of SERCAla was performed by avidin agarose affinity chromatography followed
by HPLC filtration. The purified protein was successfully crystallized and data
collected at a 3.3 A resolution.

3.3.2 Schizosaccharomyces pombe

Due to certain disadvantages of S. cerevisiae such as plasmid instability and hyper-
glycosylation recombinant protein expression has also been carried out in the
fission yeast Schizosaccharomyces pombe. For instance, vectors for chromosomal
integration to obtain stable expression have been engineered for S. pombe.** The
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glycosylation pattern in S. pombe is different from S. cerevisiae, which could be
of advantage for recombinant protein expression.®> The human blood coagulation
factor XVIIIa was expressed in S. pombe from an alcohol dehydrogenase (ADH)
promoter.®

Expression vectors based on S. pombe have been applied on membrane proteins.
In this context, the human dopamine D2 receptor was expressed from a thiamine-
repressible nmt1 promoter, which resulted in 14.6 pmol receptor/mg and localization
at the plasma membrane.%’ The expression levels were 5 fold higher compared to
S. cerevisiae. In contrast, the rat dopamine D2 receptor®® and the human neurokinin-
2 receptor® were only expressed at 1 pmol/mg levels.

3.3.3 Pichia pastoris

The metylothrophic yeast strain Pichia pastoris has demonstrated high efficacy as
an expression host.’! The expression systems developed for P. pastoris are based on
integration of the heterologous gene construct in the yeast genome and utilization
of strong yeast promoters such as the alcohol oxidase (AOX) promoter.”’ A clear
advantage of culturing P. pastoris is the possibility to establish extremely high
growth density with ODgy, values up to 500 U/ml. More than 200 recombinant
proteins have been expressed in P. pastoris, including bacterial, fungal, plant, insect,
mammalian and viral proteins. For instance, an endoglucanase from Streptomyces
viridosporus resulted in yields up to 2.5g/L.”! Likewise, human fibrinogen was
produced at 100 mg/L.7

A relatively large number of membrane proteins have been expressed from
P. pastoris vectors. The mouse serotonin SHTS receptor was the first GPCR to
be expressed in P. pastoris.”® Engineering of an a-factor signal sequence from
S. cerevisiae resulted in significantly higher yields (22 pmol/mg). Similarly, when
the human dopamine D2 receptor was expressed in P. pastoris the receptor density
was as low as 1200 receptors/cell, which could be enhanced by 20-fold by the
introduction of the a-factor signal sequence.” Improvement of expression levels
by several folds was observed for the mouse 5-HTSA, the dopamine D2S and
the B2 adrenergic receptors by introduction of the biotinylation (biotin-tag) of
the transcarboxylase from Propionibacterium shermanii at the C-terminal.” It is
thought that the biotin-tag stabilized the receptor directly against degradation or
through prevention of the unfolding protein response. The pharmacological profile
of GPCRs expressed in P. pastoris was similar to native tissue.”* However, due to
differences in lipid composition the ligand affinities were generally lower in yeast
than in mammalian cells. The overexpression of GPCRs resulted in localization
of receptors to the endoplasmic reticulum and the Golgi apparatus in contrast
to the translocation to the plasma membrane in native mammalian cells. High-
level overexpression in mammalian cells has, however, also resulted in prominent
retention of receptors in the endoplasmic reticulum.”® Receptor levels could be
significantly enhanced by addition of specific agonists or antagonists or other
supplements to the growth medium during methanol induction.”
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Among other membrane proteins, the water channel aquaporins were expressed
in P. pastoris with C-terminal His- and myc-tags.”® Recently, the structure of
the spinach aquaporin SoPIP2 was solved after purification of the recombinant
channel expressed in P. pastoris.” A rat neuronal voltage-sensitive K*-channel was
overexpressed in P. pastoris, which allowed purification and single particle imaging
and reconstitution of 2D crystals by cryo-EM.¥ The high resolution structure of
another mammalian voltage-dependent K* channel from the Shaker family was
resolved after heterologous expression in P. pastoris.8!

34 Expression in Insect Cells

Insect cell-based recombinant expression has been applied for mammalian proteins
to a large extent because of the similarity of insect and mammalian cells. Insect
cells possess many of the post-translational modification mechanisms also charac-
teristic for mammalian proteins. However, differences exist and for instance the
N-glycosylation pattern in insect cells is simpler and of high mannose type.®* The
engineering of baculovirus expression systems presented the real breakthrough in
application of insect cells for recombinant protein expression.®® In this context,
recombinant proteins have been produced for pharmacological characterization and
drug screening purposes, but especially baculovirus has been the second most used
production system in structural biology after E. coli. Alternatively to baculovirus,
stable inducible expression systems in Drosophila Schneider-2 cells have also been
established.®*

34.1 Baculovirus

The most frequently used system for expression in insect cells is based on
baculovirus (Autographa californica)®® A number of modifications have been
introduced to facilitate the cloning and virus production procedures. The robust
expression obtained from baculovirus vectors have made them attractive for produc-
tion of various types of human recombinant proteins.®> Although baculovirus
vectors were originally developed for transduction of insect cells, modified vectors
with mammalian-specific promoters has allowed efficient expression in different
mammalian cells.®® This approach has, however, mainly served functional studies
and drug screening programs as relatively high virus concentrations are required to
established efficient transduction rates in mammalian cells, which make large-scale
applications unfeasible. In contrast, the scale-up procedure in insect cells is straight
forward and presents a sensible alternative to bacterial and yeast expression for
production of large quantities of recombinant protein for structural studies. Scale-
up has been conducted in several insect cell lines, preferentially in Spodoptera
frugiperda (Sf9 and Sf21 cells), Mamestra brassica and Trichoplusia ni (High Five)
cells.¥

Baculovirus vectors have been applied for the expression of several membrane
proteins and especially GPCRs. For instance, rhodopsin was expressed at yields of
4-6 mg/L of which 80% represented functional receptor.®® Optimal expression has
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been obtained under the following conditions:¥” bioreactor cultures with control of
stirring speed, oxygen supply, removal of CO, and ambient temperature; dividing
cells are infected at a low MOI; cells are harvested before they start to disintegrate.
In an attempt to improve folding and transport of membranes proteins to the plasma
membrane the signal sequence from the influenza hemagglutinin gene was placed
in front of the human 32 adrenergic receptor, which resulted in approximately two-
fold increase in receptor expression.?* In another study, 16 human GPCRs were
expressed in three baculovirus-infected cell lines and monitored by radioligand
binding assays.”® The expression levels varied considerably from 1 to 250 pmol/mg
protein. Recently, the C-terminally His-tagged human histamine H1 receptor was
expressed in Sf9 cells at levels of 30—40 pmol per 10° cells.”!

Non-GPCR membrane proteins such as ion channels and transporter proteins have
also been successfully expressed in baculovirus-insect cell systems. For instance,
the voltage-gated AKT1 K* channel®? and the NaPi-2 and NaSi-1 cotransporters®
demonstrated functional activity when expressed in insect cells. Furthermore, a
membrane spanning domain of the cystic fibrosis transporter (CFTR)* and the
Nat-K*-ATPase® revealed functional activity.

3.4.2 Other insect cell systems

In addition to baculovirus other insect cell-based expression systems have been
developed. Typically, Drosophila Schneider cells have been applied for heterol-
ogous expression of cytosolic, membrane and secreted proteins.* The generation
of stable Schneider SL-3 cell lines is relatively easy and cheap. To verify the
capacity of post-translational modifications and protein transport in insect cells
the VIP36 (vesicular integral membrane protein) was expressed in SL-3 cells.3 In
parallel, a truncated form of VIP36 served as the model for a secreted protein and
annexin XIIIb was studied to evaluate myristoylation in SL-3 cells. The secreted
truncated VIP36 was N-glycosylated and the N-glycan of the Golgi-localized full-
length VIP36 was endo-H resistant. Moreover, annexin XIIIb was myristyolated
suggesting that SL-3 cells can be considered as suitable hosts for mammalian
proteins.

Drosophila cells were used for the large scale production of human interleukin 5
(IL5) and soluble forms of its receptor alpha subunit.”® The deglycosylated form of
IL5 was active and a 2.6 A resolution crystal structure determined from the purified
recombinant protein. Also GPCRs have been subjected to expression studies in
Drosophila cells.”” In this context, the human mu opioid receptor (h(MOR) was
expressed in Schneider 2 cells with an N-terminal EGFP-tag. The recombinant
EGFP-hMOR showed a similar pharmacological profile as detected in mammalian
cells and functionality was demonstrated by cAMP stimulation and [**S] GTPyS
binding. Comparison of binding data and quantitative EGFP fluorescence intensity
analysis indicated that a relatively large number of the receptors did not present
high-affinity binding, which might be at least partly due to retention of the receptors
in intracellular structures.
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35 Expression in Mammalian Cells

The most native environment for expression of mammalian proteins is obviously
mammalian host cells. Two strategies have been applied by performing either
transient transfection or establishing stable cell lines.”® Both approaches have their
advantages and disadvantages. Transient transfection provides faster expression and
generally higher yields, whereas although time-consuming and relatively labor-
intensive stable expression presents the means of obtaining clones for long-term
use. One of the bottlenecks for using mammalian expression has been the expensive
cell culture components and the more demanding scale-up procedure compared
to bacterial and yeast systems. The choice of promoter and cell line plays also a
significant role in obtaining high levels of expression and it was demonstrated that
the full-length CMV promoter was superior.”

3.5.1 Transient expression

A large number of mammalian expression vectors have been engineered for tran-
sient expression in mammalian cell lines such as BHK-21, CHO-K1, COS-7 and
HEK?293.!% Methods have been developed for large scale transient expression.!”!
Recently, CHO-K1-S suspension cells cultured in serum-free medium generated
mg/L quantities of bioactive antibody.!%?

A number of GPCRs have been transiently expressed in mammalian cells. For
instance, the cholecystokinin (CCK) A receptor was expressed transiently in both
COS cells'® and HEK293 cells.!'* Other membrane proteins such as the Na*- and
Cl™-coupled GABA transporter GAT-1 was expressed transiently in Ltk-cells,'%
the mul Na*-channel in HEK293 cells!% and the GLUT1 and GLUT4 transporters
in COS-7 cells.!?

3.5.2 Stable cell lines

Although popular, instability of established mammalian cell lines has been of
major concern and has led to the engineering and use of inducible expression
vectors.!® Generally, the expression levels obtained from stable cell lines have
been lower than in transient expression.” The choice of promoter and host cell
line are important factors for optimal expression. In a study where four secreted
proteins were stably expressed from different promoters in various cell lines, the
highest expression levels were obtained from the myeloproliferative sarcoma virus
(MPSV) LTR promoter in CHO-K1 cells.”

Expression levels for membrane proteins have generally been relatively low in
stable cell lines. Typically, the kappa opioid receptor was expressed at 266 fmol/mg
in CHO cells.!® More recently, improved levels in the range of 1 to 20 pmol have
been obtained for certain GPCRs, although resulting in only moderate yields of
0.1 mg/L in large scale production. Exceptionally high levels of rhodopsin were
produced in an inducible mutant HEK293 suspension cell linel.!'% In this case, up
to 6 mg receptor was obtained per liter culture. In addition to GPCRs the serotonin
transporter (SERT) protein has been expressed in stable cell lines.!!! For instance,
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the cold-inducible pCytTS system based on the Sindbis virus replicase!!? generated
250,000 SERT receptors per cell, whereas using the tetracycline-inducible T-Rex
system produced 400,000 copies per cell.'!!

3.5.3 Viral vectors

Viral mammalian vectors have been frequently used for recombinant expression.
Generally viruses possess strong promoters from which high levels of expression
can be obtained. Although the host range varies, many viruses such as adenoviruses,
alphaviruses, lentiviruses and vaccinia viruses can infect many different types of
mammalian cells. As previously mentioned, also baculovirus vectors have been
successfully used for transduction of mammalian cells.®® The drawback of viral
vectors, especially those naturally infecting mammalian cells is the obvious safety
concerns related to their use. However, these issues have been thoroughly addressed
by the engineering of deletion mutant and replication-deficient vectors.

Adenovirus vectors are most commonly used for gene expression in vitfro and
in vivo.''3 Various replication-deficient and —competent adenovirus vectors have
been engineered to express a large number of recombinant proteins. For example,
when the nonstructural glycoprotein NS1 from tickborne encephalitis virus (TBEV)
was expressed from a CMV major early-immediate promoter in a replication-
deficient adenovirus vector up to 25% of the total protein was represented by NS1.114
Several GPCRs have been expressed from adenovirus vectors. For instance, the
mu (MOR) and kappa opioid receptors (KOR) were expressed in CHO cells from
replication-deficient adenovirus vectors as fusion proteins with GFP or as such.!!3
The pharmacological properties of the recombinant receptors were identical to
observations in native tissue. In comparison to expression in stable cell lines, 3 fold
higher expression levels (B,,,, values of 3 pmol/mg) were obtained. Likewise, the
B2 adrenergic receptor was expressed in rabbit myocytes at a level of 4 pmol/mg
receptor.'®

Vaccinia virus expression systems have been engineered as hybrid vectors
with bacteriophage RNA polymerases, especially applying T7 phages!!” and as
replication-deficient vaccinia virus vectors.!'® Hundreds of foreign genes have been
expressed from vaccinia virus vectors.!' Several GPCRs have been expressed
in mammalian cells as recombinant proteins using vaccinia virus vectors. In this
context, it was demonstrated that the neuropeptide Y (NPY) receptor was localized
in the plasma membrane and saturation binding experiments suggested that 5-10
million binding sites existed per cell.””® Also the human dopamine D2 and D4
receptors were expressed from vaccinia virus vectors in rat-1 cells in a functional
form.'?! The GABA transporter was expressed in HeLa cells infected with vaccinia
virus demonstrating similar expression levels to transient expression.'%

Replication-deficient lentivirus vectors generally based on the human immuno-
deficiency virus 1 (HIV-1) have been widely applied to gene expression in cell
lines and in vivo especially in cases were long-term expression is advantageous.!?
The expression from lentivirus vectors is generally driven by an internal cassette as
lentiviral promoters are inefficient in human cells and biosafety concerns require
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control mechanisms.'?® Efficient reporter gene expression (GFP and lacZ) was
obtained both in cell lines and in vivo from the constitutive CMV-1E promoter.'?> 124
Lentivirus vectors have also been used for the expression of membrane proteins. The
human retinal pigment epithelium (RPE) retinal GPCR was expressed in COS-7 and
ARPE-19 (retinal pigment epithelium) cells from replication-deficient vectors.!?
The expression was verified by immunodetection and [*H] all-trans-retinal binding
showing 100 fold higher expression levels in ARPE-19 cells than in COS-7 cells.
The long-term expression was demonstrated by stable expression up to 6 months.
Tranzyme Pharma has recently developed the lentivirus-based TranzExpression
Technology (TexT™), which has been successfully evaluated for a number of
GPCRs (www.tranzyme.com).

Semliki Forest virus (SFV), a single strand RNA virus with an envelope struc-
ture!?® has been commonly used for in vitro and in vivo heterologous gene expres-
sion.'?” SFV is particularly well suitable for structural genomics approaches due to
its fast high-titer virus production and broad host range. A variety of topologically
different proteins have been expressed from SFV vectors including cytoplasmic,
membrane and secreted proteins.'”® SFV vectors have frequently been used for
overexpression of GPCRs and ion channels and large-scale production has yielded
up to 10 mg/L receptor for structural studies.!® As described below 101 GPCRs
were overexpressed with a high success rate from SFV vectors in the MePNet
consortium. '3

4. PROTEIN PURIFICATION

A basic requirement for any structural characterization of recombinantly expressed
proteins is purification to high homogeneity. For soluble proteins this procedure is
straight forward whereas for membrane proteins more complicated steps including
solubilization and separation of protein and lipid components are necessary.'*! To
facilitate the solubilization process detergents are applied. There are a number of
different detergents and it seems that each target protein has to be screened for
appropriate detergents.!*?> The use of detergents is reviewed elsewhere.!** Various
biochemical purification methods have been developed, which are briefly summa-
rized below.

4.1 Affinity Tag Purification

The most commonly used approach for protein purification is based on immobilized
metal affinity chromatography (IMAC). To facilitate the purification of recombi-
nant proteins from the mixture of other cellular proteins different purification tags
have been engineered into the constructs. Histidine (His) tags, which bind to chro-
matographic media charged with Ni** have been extensively applied'** and has
allowed a one-step purification procedure. Successful positioning of the His-tag at
the N- or C-terminus or even within the recombinant protein sequence has been
demonstrated by numerous examples.
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In addition to His-tags an eight amino acid streptavidin binding sequence (Strep)
has been applied and has proven excellent for large scale purification.!>> Also
biotin-, FLAG- and hemagglutinin tags are possible alternatives.

4.2 Other Means

In addition to using tags for recombinant protein purification classical biochem-
ical methods including ammonium sulfate precipitation and sucrose gradients are
possible. However, these methods require large quantities of available material,
which is not the case for membrane proteins. Ion exchange chromatography can
also be applied for protein purification. Gel filtration or size exclusion chromato-
graphy, which separates the proteins based on their molecular weights, has been
commonly used for purification purposes. Additionally, hydrophobic interaction
and reverse-flow chromatography can be applied.

5. STRUCTURE DETERMINATION

Different approaches are possible for collecting structural information on proteins.
The highest structure resolution can generally be obtained by x-ray crystallography,
but the drawback of this approach is that high quality crystals are required. Although
this approach is more or less a routine procedure for soluble proteins today it has
only been successful for a limited number of membrane proteins. Other methods
such as nuclear magnetic resonance (NMR) have therefore proven useful although
limitations have been seen in relation to structure resolution and only recently
improved methodology has opened NMR for larger proteins. Finally, structure
determination can be exercised by atomic force microscopy and electron microscopy
techniques, which can be applied on crude samples but on the other hand results in
lower resolution.

5.1 X-Ray Crystallography

One of the cornerstones in structure determination is obviously X-ray crystallo-
graphy, which has allowed obtaining structure resolution below 2.0 A. The process
includes crystallization of highly purified protein samples, measurement of crystal
diffraction, solving phase determination problems, phase and electron density calcu-
lations and model building and refinement. The crystallization procedure has during
the last few years experienced major development with the introduction of automa-
tion and miniaturization.'*® The crystallization process has been strongly facilitated
by the reduced volumes (nanoliter). Also the development of high density crystal-
lization microplates in 96 or higher format has contributed to the high throughput
nature.'” It has therefore become possible to optimize solution variables such as
pH, ionic strength, temperature, and concentrations of salts and detergents. This
approach has allowed the establishment of up to 100,000 crystallization trials per
day. Important issues are the harvesting and storage of crystals to be analyzed at
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synchrotron radiation facilities, data collection at beam lines and characterization of
obtained crystals. It is anticipated that the miniaturization of the crystal screening
process will result in production of smaller crystals and will require the use of
micro-diffractometer technologies.

5.2 Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) technologies have generally been seen as a
complementary technology to X-ray crystallography.'3® Although the resolution has
been poorer and the molecular weight range has set limitations, NMR has routinely
been used for the identification and evaluation of chemical leads.'3° Furthermore,
NMR requires extensive isotope labeling of the protein, which is expensive and
time consuming. Recent development in probe technology, software and NMR
methodology itself has made it possible to obtain high resolution structures and
increase the size of the studied proteins. For instance, generation of iterative protein-
ligand complexes has become feasible with NMR.!*’ Novel solid state and solution
NMR methods have further provided means for utilization of NMR in structural
biology on membrane proteins.'*!

5.3 Electron Microscopy and AFM

Although the use of electron microscopy (EM) and atomic force microscopy (AFM)
have not seen the same rapid progress as X-ray crystallography recently, these
methods can be applied to extract atomic resolution information on proteins.'*?
Cryoelectron microscopy of reconstituted membrane proteins in 2D crystals has
been conducted for bacteriorhodopsin'®® and aquaporin AQP1.!#* Although the
resolution was at 3.5 A it made it possible to define the atomic structure, subse-
quently confirmed by X-ray crystallography. Additionally, AFM can be applied
on native and reconstituted membranes in aqueous solutions, which has allowed
the monitoring of polypeptide loops. For instance, AFM has been used to study
disc membranes of vertebrate photoreceptor rod outer segments, where rhodopsin
harbors 50% of the surface space. It could be demonstrated that rhodopsin was
present in dimers and higher oligomeric forms.'*

6. STRUCTURAL GENOMICS NETWORKS

A large number of both national and international networks have been established
to facilitate the interaction between experts in different areas such as protein expres-
sion, purification and crystallography, required for structural biology. Working in
large consortia allows parallel studies on many targets, which aids significantly
in understanding issues related to protein expression and the feasibility of struc-
tural approaches. The demands on network coordination are, however, high as
the information flow between the different scientists and institutes is essential for
achievement of success. Table[Il presents a comprehensive list of existing networks.
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6.1 Networks on Soluble Proteins

Many of the established networks have focused their activities entirely on the
structural biology of soluble proteins. This strategy is fully understandable as the
success rate of structure resolution is very high and a large number diffracting high
quality crystals can be obtained and many structures can be solved within a short
time period. Soluble proteins are also well expressed in E. coli and the purification
procedure is relatively straight forward. Quite a few networks have also focused on
thermostable proteins, which are often stable at conditions were other proteins are
easily degraded facilitating the purification procedure significantly.

6.2 Networks on Membrane Proteins

The importance of membrane proteins as drug targets is reflected by the number of
networks that have included membrane proteins in their target list. In many instances
whole genomes are studied, which is the case for structural genomics programs on
for example Mycobacterium tuberculosis'*® and Thermus thermophilus."*" Alterna-
tively, the targets may represent certain types of proteins or protein families. Among
networks studying membrane proteins, the most popular targets are GPCRs and ion
channels due to their importance in drug discovery. Networks such as the RIKEN
Structural Genomics Initiative, The Joint Center for Structural Genomics, Swegene,
and the Swiss National Center for Competence in Research all have GPCRs in their
programs.

The EU-funded E-MeP (European Membrane Proteins) uniquely focuses on
membrane proteins. Among the 100 prokaryotic targets are ABC transporters and
other bacterial membrane proteins. E-MeP also studies 200 eukaryotic proteins,
of which 100 are GPCRs and 100 ion channels, transporters and other inte-
gral membrane proteins. An initial expression evaluation of eukaryotic membrane
proteins is carried out in E. coli, L. lactis, S. cerevisiae, P. pastoris, baculovirus
and SFV.

6.2.1 MePNet — Structural genomics on GPCRs

As an example of a program uniquely dedicated to GPCRs, a brief summary of the
MePNet program is presented.'*® MePNet was established in 2001 through private
funding from more than 30 pharmaceutical and biotech companies interested in
structural biology on GPCRs. The aim of the program was to subject 100 GPCRs
to structural biology by developing technologies for expression, purification and
crystallization in a high throughput format. The target GPCRs were selected based
on ligand availability, representation of GPCR families and subtypes and relevance
to human disease. Initially, expression evaluation was carried out in three expression
systems based on E. coli, P. pastoris and SFV vectors. The expression in bacteria
was targeted to inclusion bodies, whereas the GPCRs in yeast and mammalian
cells were aimed at membranes. Expression in E. coli resulted in a success rate
of 46% measured by immunodetection, whereas in yeast and mammalian cells
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94% and 96%, respectively, of the GPCRs were successfully expressed. Overall,
more than 60 different GPCRs were expressed at structural biology compatible
levels, i.e. at least 1 mg/L at least in one of the three systems. Further expression
optimization improved the binding activity for P. pastoris and SFV, leading to the
highest binding values of 180 and 287 pmol/mg,'*® respectively. The yields for well-
expressed GPCRs in E. coli were further improved in fermentor cultures resulting
in up to 350mg/L. A limited number of GPCRs have been purified and subjected
to refolding attempts. Similarly, selected GPCRs from yeast and mammalian cells
have been solubilized and purified. Crystallization attempts on the first purified
GPCRs are in progress. MePNet launched in 2005 the second phase of its program
(MePNet2), which will have a strong focus on crystallography. The MePNet teams
are confident that several high resolution structures on GPCRs will be available in
the near future.

7. CONCLUSIONS

In summary, structural genomics approaches have presented fruitful ways to provide
quickly novel structural information. Studies on whole genomes, topologically
defined types of proteins and protein families in parallel have provided invaluable
information. Technology development has played a key role in this process leading
to improved expression vectors and systems, as well as automation and miniatur-
ization of purification and crystallization methods. However, systematic approaches
have also required large resources and broad expertise and in this context it has been
appropriate to establish structural genomics networks. As technology improvement
has been achieved it has also become feasible to study membrane proteins. Not
only do they represent some 30% of the genomes for various organisms, but they
are also targets for 70% of current drugs and potentially interesting novel targets
for new medicines.

8. FUTURE ASPECTS

Structure determination has been highly successful for a large number of soluble
proteins in studies on individual proteins and in parallel studies on a large number of
targets within structural genomics networks. From a historical aspect there is a strong
similarity today for membrane proteins what was experienced for soluble proteins
in the 1970s. At the beginning of that decade the first high resolution structures had
been obtained and even in 1979 less than 100 structures were available. The dramatic
technology improvement seen during the last two decades of the 20th century
resulted in an exponential growth in the number of solved structures, reaching a
number of over 30,000 today. If we manage to achieve a similar development of
technologies for membrane proteins we might finally be able to soon conquer the
last frontier in structural biology.
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