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a b s t r a c t

Escherichia coli (E. coli) remains the most commonly used host for recombinant protein expression. It is
well known that a variety of experimental factors influence the protein production level as well as the
solubility profile of over-expressed proteins. This becomes increasingly important for optimizing produc-
tion of protein complexes using co-expression strategies. In this study, we focus on the effect of the
choice of the expression vector system: by standardizing experimental factors including bacterial strain,
cultivation temperature and growth medium composition, we compare the effectiveness of expression
technologies used by the partners of the Structural Proteomics in Europe 2 (SPINE2-complexes) consor-
tium. Four different protein complexes, including three binary and one ternary complex, all known to be
produced in the soluble form in E. coli, are used as the benchmark targets. The respective genes were
cloned by each partner into their preferred set of vectors. The resulting constructs were then used for
comparative co-expression analysis done in parallel and under identical conditions at a single site. Our
data show that multiple strategies can be applied for the expression of protein complexes in high yield.
While there is no ‘silver bullet’ approach that was infallible even for this small test set, our observations
are useful as a guideline to delineate co-expression strategies for particular protein complexes.

� 2011 Elsevier Inc. All rights reserved.

1. Introduction

Multi-protein complexes are often key-regulators in many cel-
lular processes. These complexes can differ in size, varying from
only two or three-components to large multimeric-complexes
(Charbonnier et al., 2008; Doucet and Hetzer, 2010; Riccio, 2010).
Systems biology data have generated many insights into the differ-
ent pathways and protein networks at the cellular level
(Charbonnier et al., 2008). Within the past decade, results from
both in vivo and in vitro studies have illustrated the importance
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of analyzing the composition and mechanisms of protein assembly
to unravel complex biological processes. To obtain the protein
assemblies which are the subject of biochemical, biophysical and
structural analyses necessary to achieve such mechanistic insight,
one can isolate endogenous complexes, either by in vitro reconsti-
tution from individually expressed protein components, or by het-
erologous expression of all components in the same host cell. A
large effort has been made in technological developments allowing
co-expression of recombinant proteins in both prokaryotes and
eukaryotes. Expression in eukaryotic cells, such as sf9 insect cells
or mammalian cell lines, may be favored because of post-
translational modifications that are essential for protein function
and/or stability and because of the presence of particular chaper-
one systems that may improve protein folding. An example is the
expression of a 400 kDa heterohexameric subcomplex of human
TFIID containing two copies of each of the three TAF proteins,
which was successfully expressed in insect cells using the baculo-
virus expression system (Fitzgerald et al., 2006). Despite the
advantages of the eukaryotic systems, Escherichia coli remains the
primary system of choice for expressing protein complexes
(Bieniossek et al., 2009; Perrakis and Romier, 2008; Romier et al.,
2006; Tan et al., 2005; Tolia and Joshua-Tor, 2006). Expression in
E. coli has the benefit of obtaining large quantities at low cost
and at short time, for either individual proteins or protein com-
plexes. In addition, integration of both DNA-cloning and protein
expression technologies in well-established high-throughput plat-
forms allow parallel testing of multiple protein variants, as well as
different strains and/or culture conditions (Berrow et al., 2006;
Vijayyachandran et al., this issue). Moreover, the absence of partic-
ular post-translational modifications (e.g. glycosylation) within the
E. coli system is sometimes an advantage for X-ray crystallography
studies, where non-homogenous protein preparations are likely to
have an adverse effect on the success-rate of finding crystallization
hits. Co-expression in E. coli is a strategy that can often present
advantages over in vitro reconstitution or re-folding of the individ-
ually expressed partners, allowing proper folding of the protein
partners and formation of a soluble complex in vivo, thus overcom-
ing solubility problems of the individually expressed components
(Li et al., 1997; Romier et al., 2006).

Many factors can influence the expression of proteins in E. coli,
including the bacterial strain used for expression, expression sys-
tem, growth medium and temperature of induction (Berrow
et al., 2006; Graslund et al., 2008). In addition to the factors that
may influence expression of individual proteins, the experimental
results of protein co-expression are affected by several specific fac-
tors. These include the choice of partner, position of the affinity-tag
(C- or N-terminal) used for co-purification (Diebold et al., this is-
sue; Fribourg et al., 2001; Romier et al., 2006) and the selection
of the protein domains used in the co-expression study (Fribourg
et al., 2001).

The selected strategy used for protein co-expression may also
have an additional impact. Co-expression can be conducted using
either single or multiple constructs. In the case of a single plasmid,
this can be either poly-cistronic, (i.e. having a single promoter for
multiple genes that are transcribed in the same mRNA) or, alterna-
tively, the plasmid can contain multiple genes, each controlled by a
separate promoter (transcribed each in a distinct mRNA). When
two or more constructs are co-transformed into a single cell, each
vector should at least comprise a different antibiotic selection mar-
ker (Perrakis and Romier, 2008; Zeng et al., 2010) and each vector
could harbor compatible (i.e. distinct) or incompatible (i.e. similar)
replicons (Johnston et al., 2000; Perrakis and Romier, 2008;
Velappan et al., 2007; Yang et al., 2001).

In the present study, we conducted a systematic benchmarking
study exploring the effect of different co-expression strategies, as
reflected by the choice of expression vectors, on the production

and solubility of different complexes. Within the SPINE2-com-
plexes consortium, each partner has its own set of preferred, often
customized, vectors that are suited for protein co-expression.
Therefore, we aimed to perform a systematic analysis of different
vectors, which were commonly used at eight SPINE2-complexes
consortium partner sites (Division of Biochemistry, The Nether-
lands Cancer Institute (NKI), Amsterdam; Helmholz Protein Sample
Production Facility (PSPF), Berlin/Braunschweig; Structural Biology
Unit, EMBL-Hamburg Outstation, Hamburg; Oxford Protein Produc-
tion Facility (OPPF), Division of Structural Biology, Oxford; The
Israel Structural Proteomics Center (ISPC), Weizmann Institute of
Science, Rehovot; Integrative Structural Biology Program, Institute
of Genetic, Molecular and Cellular biology (IGBMC), Strasbourg;
NMR spectroscopy research group, Bijvoet center for Biomolecular
Research, Utrecht and the Protein Production Laboratory, Depart-
ment of Biology, University of York York). To compare the different
co-expression systems, four protein complexes (three binary and
one ternary) were selected, of which only one protein per complex
contained an N-terminal Histidine tag for purification purposes (see
Section 2.). Most expression vectors tested were based on the T7
promoter system for transcriptional regulation in combination with
E. coli strain harboring the DE3 prophage (Studier et al., 1990). DNA
cloning into the different expression vectors was performed at each
individual partner site and protein co-expression was subsequently
performed at one site (NKI, Amsterdam), under standardized exper-
imental parameters and to minimize random variations. Our data
show that multiple strategies can be applied for expression of com-
plexes in high yield; there does not appear to be a preferred strategy
yielding systematically optimal results for all four tested com-
plexes. This emphasizes the importance of efficient high-through-
put expression and purification methods also as the means to
explore different strategies for a given problem to efficiently choose
the best approach by trial and error.

2. Materials and methods

2.1. Selected complexes

Four protein complexes were selected for benchmarking the
different co-expression vectors: (1) human Geminin:Cdt1, a
76.6 kDa trimeric complex with 2:1 stroichiometry (De Marco
et al., 2009); (2) human TFIIEa:TFIIEb, a 82.5 kDa dimeric complex
(Jawhari et al., 2006); (3) viral influenza Importin-a5:PB2, a
58.6 kDa dimeric complex (Tarendeau et al., 2007); and (4) human
NFYC:NFYB:NFYA, a 32.3 kDa trimeric complex (Romier et al.,
2006). Details of the proteins and the selected domains thereof
are presented in Table 1.

Original DNA constructs containing the respective genes were
gathered and amplified at the NKI and subsequently distributed
among SPINE2-complexes partners to be used as a template for
re-cloning into the expression vectors of choice. All vectors used
by each partner are described below and schematic diagrams with
the details for all vectors are presented in Fig. 1.

The co-expression trials were categorized in four groups
depending on the expression strategy. Group 1 and 2 comprises
those trials for which proteins are expressed from multiple plas-
mids with either incompatible or compatible origin of replications,
respectively. Expression trials from constructs that contain multi-
ple genes under control of a single promoter (poly-cistronic tran-
script) or under control of separate promoters comprise groups 3
and 4, respectively (Table 2). In some expression trials of the ter-
nary his-NFYC:NFYB:NFYA complex, a combination of strategies
is used, e.g. when two plasmids with compatible origin of replica-
tions are used and one of these contains two genes for bi-cistronic
expression (strategy 2 and 3 combined).
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