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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.
ll rights reserved.
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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).



Table 1
Protein complexes used for co-expression experiments.

Complex Protein components Residues Mr (kDa) N-terminal his-tag Stoichiometry

Cdt1:Geminina Geminin 1–209 (fl) 23.6 � 1:2
Cdt1 158–396 29.4 +

TFIIEa:TFIIEbb TFIIEa 1–439 (fl) 49.5 + 1:1
TFIIEb 1–291 (fl) 33.0 �

Importin a5:PB2c Importin a5 66–512 49.7 � 1:1
PB2 678–759 8.9 +

NFYA:NFYB:NFYCd NFYA 262–347 10.4 � 1:1:1
NFYB 51–143 10.8 �
NFYC 28–120 11.1 +

The boundaries of each protein (fragment) used for co-expression studies are specified by the residue numbers. Full length proteins are indicated
(fl). Mr: Molecular mass in kDa.

a De Marco et al., 2009.
b Jawhari et al., 2006.
c Tarendeau et al., 2007.
d Romier et al., 2006.
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2.2. Cloning strategies

Each partner performed the cloning into their selected set of
vectors using their favorite cloning technologies, such as: Restric-
tion-based, Gateway™ (Invitrogen, Carlsbad, CA), In-Fusion™
(Clontech, Mountain View, CA), LIC (Ligation Independent Cloning)
(Aslanidis and de Jong, 1990; Haun et al., 1992) that may be cou-
pled to EFC (Enzyme-Free Cloning) (de Jong et al., 2006), or RF
(Restriction-Free) cloning (van den Ent and Löwe, 2006). The integ-
rity of the open reading frame of each of the target genes was ver-
ified by sequencing and constructs were sent to the NKI for
comparative co-expression profiling experiments using the differ-
ent co-expression strategies described above.
2.2.1. Oxford Protein Production Facility (OPPF), Oxford University, UK
The OPPF has a selection of pOPIN-expression vectors that con-

tain different tags and selection markers (Berrow et al., 2007). For
the present study, the pOPINF vector has been used. This vector is
derived from the pTriEX2 plasmid from Merck–Novagen (Darms-
tadt, Germany) and has been adapted for any insert to be cloned
in frame by In-Fusion™ once the pOPINF vector is linearized by
appropriate enzymes (KpnI + HindIII).

To create a pOPINF construct for expression of two or three
genes from the same vector, primers for PCR were designed so as
to add a linker region harboring a RBS between each gene pair.
The forward primer for the first gene and the reverse primer for
the second gene encompass the sequence required for In-Fusion™
reaction with linearized pOPINF vector. The resulting poly-
cistronic plasmids contain multiple genes expressed under the
same promoter but with separate RBS (strategy 3).
2.2.2. Institute of Genetics and Molecular and Cellular Biology (IGBMC)
Strasbourg, France

Within the IGBMC a large variety of expression vectors is avail-
able, all based on Merck–Novagen plasmids: (1) pnEA-tH and
ppEA-tH, based on pET15b; (2) pnEK and ppEK, based on pET28a;
(3) pnCS and ppCS, based on pCDF-1b; (4) pHGWA, based on
pET22b; (5) pCoGWA, based on pETDuet-1; (6) pCo0GWC, based
on pACYCDuet-1 and (7) pCo0GWS based on pCDFDuet-1. For the
pn and pp series, single gene cloning was done by restriction-
ligation using NdeI and BamHI sites. Two single-protein expression
constructs can subsequently be concatenated by restriction-
ligation with compatible restriction sites resulting in a new expres-
sion vector harboring both genes that are either under control of
separate promoters (pp series) or both under control of the same
promoter (i.e. bi-cistronic; pn series) (Diebold et al., this issue;
Romier et al., 2006). The pHGWA vectors allow single cloning by
the Gateway™ technology (Busso et al., 2005). The pCo vectors
enable cloning of two genes; one by restriction-ligation and one
by the Gateway™ cloning technology (Busso et al., in preparation).
The constructs that were made for the benchmarking study cover
three of the different strategies (strategies 2, 3 and 4).

2.2.3. EMBL Hamburg Unit, Germany
The EMBL Hamburg has developed a large variety of expression

vectors. In this study, four vectors have been used: pETM-11,
pETM-13, pCDF-11 and pCDF-13. The pETM and the pCDF vectors
are based on the pET24d and on the pCDF-1b plasmids from
Merck–Novagen, respectively. The pETM-11 and pCDF-11 vectors
allow expression of the protein with a N-terminal 6xHis-tag fol-
lowed by a Tobacco Etch Protease (TEV) cleavage site whereas
pETM-13 and pCDF-13 do not add any tag.

In this study, constructs for single protein expression of binary
complexes were made by restriction-ligation using NcoI and XhoI
sites. The pET- and pCDF-based vectors contain different resistance
markers and origin of replications which renders them suitable for
co-expression studies following strategy 2.

2.2.4. ISPC Weizmann Institute, Rehovot, Israel
At the Weizmann Institute, two vectors were used: (1)

pET28-TEVH, a modified pET28a vector (Merck–Novagen) (Peleg
and Unger, 2008), which allows single protein expression with a
N-terminal 6�His-tag followed by a TEV cleavage site; and (2)
the pACYCDuet-1 vector (Merck–Novagen) which can be used for
expression of two proteins, each under control of an independent
T7 promoter. The cloning was done either by In-Fusion™
(Clontech, Mountain View, CA), using PCR-linerarized vectors
(Benoit et al., 2006), or by Restriction Free (RF) cloning (Unger
et al., 2010; van den Ent and Löwe, 2006).

Cloning into the pET28-TEVH was done by insertion of the tar-
get genes immediately following the TEV cleavage site and at the
HindIII site. For constructs expressing two genes, the cloning was
done into the pACYCDuet-1 vector. Cloning into the first expres-
sion cassette was performed immediately following the BamHI site
and at the HindIII site. The gene integration into the second expres-
sion cassette was performed at the NdeI-XhoI sites. The resulting
constructs made were suitable for conducting the benchmarking
study following strategies 2 and 4.

2.2.5. Department of NMR Spectroscopy, Utrecht University, The
Netherlands

The Utrecht University has constructed the pLIC and pLICHIS
vectors (de Jong et al., 2006) based on the pET15b plasmid
(Merck-Novagen) and the pCDFLICHIS vectors adapted from the
pCDF-1b plasmid (Merck–Novagen). Those vectors have been elab-
orated in order to perform cloning for single protein expression by



Fig. 1. Schematic representation of the different vectors that were used in the benchmarking study. The name, vector size (in base-pairs) and cloning strategy (right column)
are given for all vectors used in this study. Promoters are displayed in green colors (pT7: T7 promoter; pT5: T5 promoter). Sequence encoding tags or recognition cleavage
sites are in blue (His6: 6x-histidine tag; His7: 7x-histidine tag; P3C: recognition sequence for HRV-3C protease; TEV: recognition sequence for TEV protease; Thr: recognition
sequence for thrombin protease). Resistance gene markers are shown in pink-ish colors (AmpR: resistance marker for ampicillin; CmR: resistance marker for chloramphenicol;
KanR: resistance marker for kanamycine; SpecR: resistance marker for spectinomycin). Origin of replication are in yellow colors (pUC: 50–100 copies; ColE1: 40 copies; P15A:
10–12 copies; CloDF13: 20–40 copies; RSF1030:>100 copies). AttR: recombination site for Gateway cloning during LR reaction. C1 and C2: location of the restriction sites used
for concatenation (see Section 2.2.2 and 2.2.6 for details). ccdB: gene encoding for the selective marker CcdB protein. lacOp: lactose operator sequence. MCS: multiple cloning
site.

162 D. Busso et al. / Journal of Structural Biology 175 (2011) 159–170
Ligation Independent Cloning (LIC) coupled with Enzyme Free Clon-
ing (EFC) (de Jong et al., 2006). Briefly, the gene of interest was
amplified by performing two PCR amplifications: first with a LIC
extended forward primer and a reverse primer; and second with a
forward primer and a LIC extended reverse primer. Both PCR prod-
ucts were then mixed, melted and re-annealed, before adding them
to SacII-digested and T4-treated vectors. The constructs can be used
for co-expression studies according to strategy 2.

2.2.6. Protein Sample Production Facility (PSPF) MDC, Berlin and HZI
Braunschweig, Germany

The PSPF has designed a set of vectors named pQLink (Scheich
et al., 2007) that are derived from the pQE-2 plasmid (Qiagen,
Hilden, Germany). For this study, the gene encoding the protein
that contains a 7xHis-tag was cloned by restriction-ligation into
pQLinkH vector digested with BamHI and NotI. Genes expressing
untagged protein were cloned into pQLinkN in the same way. An
exception was made for the NFY subunits, which were cloned into
the pQLinkH (NFYB) and pQLinkN (NFYB and NFYC) using LIC tech-
nology. The pQLink vectors present specific restriction sites (PacI
and SwaI), which can be used to concatenate single protein expres-
sion constructs by LIC (Scheich et al., 2007). The final constructs
used in this study were poly-cistronic plasmids containing two
or three genes under control of independent promoters (strategy
4).

2.2.7. Protein Production Laboratory (PPL) at the University of York,
UK

The PPL used three vectors for this study: (1) pET-YSBLIC3C, a
vector based on the pET28a plasmid from Merck–Novagen (Fogg



Table 2
Co-expression strategies used for complex expression.

Partner Co-
expression
number

Co-expression
vectors

Co-
expression
strategya

OPPF (Oxford) 1 pOPINF 3
IGBMC (Strasbourg) 2 pCoGWA 4

3 pHGWA + pCo0GWS 2
4 pHGWA + pCo0GWS 2/4
5 pCo0GWC + pCoGWA 2/4
6 pCo0GWS + pCoGWA 2/4
7 pnEA-tH + pnCS 2
8 ppEA-tH + ppCS 2
9 pnEA-tH

+ pnEK + pnCS
2

10 ppEA-tH
+ ppEK + ppCS

2

11 pnCS + pnEA-tH 2/3
12 ppCS + ppEA-tH 2/4
13 pnEA-tH 3
14 ppEA-tH 4

EMBL (Hamburg) 15 pETM-11 + pCDF-13 2
16 pETM-13 + pCDF-11 2

ISPC (Rehovot) 17 pET28-TEVH
+ pACYCDuet-1

2

18 pACYCDuet-1 4
19 pET28-TEVH

+ pACYCDuet-1
2/4

Bijvoet center
(Utrecht)

20 pLICHIS + pCDFLICHIS 2

PSPF (Berlin/
Braunschweig)

21 pQLINK 4

Protein production
Laboratory (PPL)
(York)

22 pET-YSBLIC3C 4
23 pET21d_LIC3C 4
24 pRSF + pET21d_LIC3C 2/4

NKI (Amsterdam) 25 pETNKI-his3C-LIC
+ pET22b

1

26 pETNKI-his3C-LIC
+ pETNKIc-LIC

1

a Strategy 1 represents co-expression using multiple plasmids with incompatible
origin of replications. Strategy 2 represents co-expression using multiple plasmids
with compatible origin of replications. Strategy 3 represents co-expression using a
single vector containing multiple genes with one promoter/vector (poly-cistronic).
Strategy 4 represents co-expression using a single vector containing multiple genes
with one promoter/gene.
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and Wilkinson, 2008), (2) the pET21d_LIC3C, based on the pET21d
vector (Merck–Novagen), and (3) the pRSF-1b vector (Merck–
Novagen). The pET-YSBLIC3C and the pET21d_LIC3C have been
adapted for LIC cloning and harbor a sequence encoding an N-
terminal 6xHis tag followed by a HRV-3C cleavage site.

For expression of the binary complexes, pET-YSBLIC3C and
pET21d-LIC3C vector were digested with BseRI and subsequently
treated with T4 DNA polymerase. The two genes were amplified
by PCR using appropriate LIC primers and were treated with T4
DNA polymerase and subsequently mixed with the LIC-Duet Min-
imal Adaptor (Merck–Novagen) in order to have an additional copy
of the T7 promoter for the second gene. The resulting plasmids
contain two genes, each under control of their own T7 promoter
(strategy 4).

For the NFY ternary complex, two out of the three genes were
cloned into pET21d_LIC3C vector as described above and the third
gene was cloned into the NcoI digested pRSF-1b vector using In-
Fusion™ technology (Clontech, Mountain View, CA). The resulting
plasmid comprises a compatible origin of replication when used in
combination with pET21d_LIC3C.
2.2.8. Protein Facility and Division of Biochemistry, NKI Amsterdam,
The Netherlands

At the NKI, two LIC-based vectors have been constructed: The
pETNKI-His3C-LIC vector based on pET28a (Merck–Novagen), and
the pETNKIc-LIC vector based on pET46-Ek/LIC (Merck–Novagen).
For single protein expression of the 6�His-tagged protein, PCR
product of each corresponding gene was treated with T4 DNA poly-
merase and annealed with the pETNKI-His3C-LIC vector digested
by KpnI and treated with T4 DNA polymerase (Luna-Vargas et al.,
submitted for publication). The gene required for binary complexes
expression was cloned into pETNKIc-LIC, digested with AaRI and
treated with T4 DNA polymerase, or inserted into pET22b vector
(Merck–Novagen) by restriction-ligation methods. The resulting
plasmids present incompatible origin of replication (strategy 1).
2.3. General protein expression procedures

Protocols for protein expression and purification for each com-
plex were provided by the partner who supplied the initial con-
structs. Protocols were standardized between the expression of
the different complexes with respect to expression volume
(50 ml cultures) and E. coli strain used. Plasmids containing the se-
lected genes were transformed into BL21(DE3) cells and plated on
LB-agar plates with appropriate antibiotics. When using multiple
vectors in a single transformation, colonies containing the plas-
mids were selected on plate with antibiotics for each vector. Single
colonies were grown over-night in 2 ml LB medium (+antibiotics)
at 37 �C and were added to 48 ml of fresh LB medium (+antibiotics)
the next day. Transformed cells were grown at 37 �C until optical
cell density at 595 nm (OD595) reached 0.6–0.8. The temperature
was then lowered and protein expression induced by addition of
IPTG for a defined duration according to partner protocols (see sup-
plementary information for details).

After cultivation, cells were harvested by centrifugation (3000g
for 15 min) and the weight of the cell pellet was measured. For
each gram of cell mass, 5 ml of the appropriate lysis buffer was
added (see supplementary information). Cells were disrupted by
sonication and cell debris and the insoluble fraction was removed
by centrifugation at 10,000g for 30 min at 4 �C. The soluble fraction
for each extract was loaded onto 250 ll of immobilized metal
affinity resin charged with Ni2+ (Merck–Novagen) and incubated
for 60 min (except for Geminin:Cdt1 complex that was incubated
for 15 min) at 4 �C. Beads were washed 3 times with 4 column vol-
umes (CV) (except for Geminin:Cdt1 complex that was washed
once with 10 CV) of defined buffer (see supplementary information
for details) and proteins were eluted with 2 CV of elution buffer
(see supplementary information).
2.4. Analysis and quantification of protein expression levels

The volume of elution fractions was determined and protein
concentrations were calculated by measuring OD at 280 nm on a
nanodrop spectrophotometer (Thermofisher Scientific Inc.) to get
an estimate of protein quantities. Samples of soluble- and elution
fractions were loaded on 15% SDS–PAGE gels, except for analysis
of the his-NFYC:NFYB:NFYA complex for which a 20% SDS–PAGE
gel was used to get optimal separation between these three pro-
teins. Gels were stained with Coomassie brilliant blue for protein
visualization. In parallel, the same samples were loaded on a Lab-
Chip GXII automated capillary gel electrophoresis system (Caliper
LifeSciences, Hopkinton, MA, USA) according to the manufacturer
protocol. Protein bands are visualized using a fluorescent Gel-Dye
solution provided with the LabChip GXII kit and the instrument op-
tics detect the laser-induced fluorescent protein signal. System
software automatically analyzes the data and determines protein
size and concentration relative to a ladder and a marker calibration
standard.

Sample 26 (his-PB2:Importin a5, Table 5), and samples 11 and
12 (both his-NFYC:NFYB:NFYA, Table 6) were not used in the



Fig. 2. SDS–PAGE analysis of co-expression trials. Samples were loaded on standard SDS–PAGE gels and protein bands were visualized by coomassie brilliant-blue staining (A,
C, E, G). For each co-expression trial 5 ll of the soluble fraction (always the left lane) and 15 ll of the elution fraction (right lane) were loaded on gel. The same samples were
also loaded onto the Labchip GXII system (Caliper LifeSciences) according to the manufacturer protocol (B, D, F, H), with the soluble fraction always in the left lane and the
elution fraction in the right lane. (A) and (B), his-Cdt1 (⁄) and Geminin (^); (C) and (D), his-TFIIEa (⁄) and TFIIEb (^); (E) and (F), his-PB2 (⁄) and Importin a5 (^); (G) and (H),
his-NFYC (⁄), NFYB (^) and NFYA (#). Numbers on top of the gels represent the co-expression experiment number as described in Table 2. Molecular weight markers (M) are
indicated.
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LabChip GXII system. In order to quantify these proteins, Image J
image integration software (Abramoff et al., 2004) was used to cal-
culate protein concentrations from SDS–PAGE gels. The intensity of
the protein bands was determined and compared to that of other
samples of the his-PB2:Importin a5 and his-NFYC:NFYB:NFYA
complex, for which protein concentrations were quantified using
the LabChip GXII software.
3. Results

3.1. Selection of protein complexes

The selection of four protein complexes was made based on
some simple criteria. First, a stable protein complex had to be pre-
viously demonstrated either by co-expression or by expression of
the individual partners separately followed by in vitro reconstitu-
tion of the complex. Second, it should be possible to purify the
whole complex in a single step when only one of the proteins is
fused to a his-tag. Third, we aimed for both binary and ternary
complexes as well as complexes with different stoichiometry.
Fourth, the components were chosen to cover a broad range of
molecular weights. Finally, we only considered complexes avail-
able in SPINE-2-complexes participants’ labs to avoid intellectual
property issues or other practical complications. Based on these
requirements, Cdt1:Geminin complex (De Marco et al., 2009),
TFIIEa:TFIIEb complex (Jawhari et al., 2006), Importin a5:PB2
complex (Tarendeau et al., 2007) and NFYA:NFYB:NFYC complex
(Romier et al., 2006) were selected (Table 1).

3.2. Co-expression of his-Cdt1:Geminin complex (1:2)

Co-expression and purification of both full length and truncated
his-Cdt1:Geminin complexes have been described previously (Lee
et al., 2004; De Marco et al., 2009). Structural analysis revealed that
the his-Cdt1:Geminin complex used in our study, exists predomi-
nantly as a [Cdt1:2xGeminin] heterotrimer, which can dimerise
in solution to give rise to a heterohexamer, a mechanism we
showed to be important for cellular function (De Marco et al.,
2009). In this study, the complex could be expressed and purified
in eight out of twelve expression trials (Fig. 2A and B and Table 3).
His-Cdt1:Geminin production varies considerably between differ-
ent vector systems. In the majority of experiments his-Cdt1 and
Geminin are co-expressed, which is consistent with the notion that
expression of soluble his-Cdt1 is strongly dependent on the
presence of its binding partner Geminin. This is exemplified when
comparing experiment 25 (pETNKI-his3C-LIC + pET22b) and
experiment 26 (pETNKI-his3C-LIC + pETNKI-his3C-LIC), which only
differ in the vector used for Geminin expression. In trial 25, a
decent amount of complex is produced, whereas virtually no
complex is obtained from experiment 26.

The best results were obtained in co-expression trial 22 (pET-
YSBLIC3C), 16 (pCDF-11 + pETM-13) and 8 (ppEA-tH + ppCS). Trial
22 is part of strategy 4, where both genes are under the control



Table 3
His-Cdt1:Geminin co-expression results.

Co-expression number Partner Construct Co-expression
strategy

lg his-Cdt1/
g cellsa

lg Geminin/
g cellsa

Molar Ratio his-
Cdt1:Geminin

1 OPPF pOPINF his-Cdt1:Geminin 3 11 8.0 1 : 0.9
2 IGBMC pCoGWA his-Cdt1:Geminin 4 112 83 1 : 0.9
3 IGBMC pHGWA-his-Cdt1 + pCo0GWS-Geminin 2 <1 <1 n.d.b

7 IGBMC pnEA-tH-his-Cdt1 + pnCS-Geminin 2 982 327 1 : 0.4
8 IGBMC ppEA-tH-his-Cdt1 + ppCS-Geminin 2 488 439 1 : 1.1

16 EMBL pCDF-11-his-Cdt1 + pETM-13-Geminin 2 581 576 1 : 1.2
17 ISPC pET28-his-Cdt1 + pACYCDuet-Geminin 2 56 38 1 : 0.8
20 Bijvoet center pCDFLIC-his-Cdt1 + pLIC-Geminin 2 50 6 1 : 0.2
22 PPL pET-YSBLIC3C-hisCdt1:Geminin 4 572 675 1 : 1.5
21 PSPF pQLink-Geminin:his-Cdt1 4 30 16 1 : 0.7
25 NKI pETNKI-his3C-LIC-his-Cdt1 + pET22b-Geminin 1 280 223 1 : 1.0
26 NKI pETNKI-his3C-LIC-his-Cdt1 + pETNKIc-LIC-Geminin 1 14 9 1 : 0.6

a Protein concentrations were determined from the LabChip GXII gelelectrophoresis experiments (Fig. 2B).
b n.d.: Not determined.
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of individual promoters on the same vector, whereas in the other
two trials both proteins are expressed from individual vectors with
compatible origins (strategy 2). For the majority of purified com-
plexes, the relative amount of Geminin compared to that of puri-
fied his-Cdt1 is (slightly) lower than expected from the 1:2
stoichiometry (Table 3 and Fig. 3A), suggesting a minor excess of
his-Cdt1, which is not in complex with Geminin.

Together, these data suggest that the level of Geminin expres-
sion is a key determinant for obtaining large quantities of the com-
plex, and the choice of vectors could make the difference between
large amounts of soluble protein or little or no protein at all.
3.3. Co-expression of his-TFIIEa:TFIIEb complex (1:1)

The general human RNA polymerase II transcription factor TFIIE
is composed of two subunits, TFIIEa and TFIIEb and the complex
can be purified to homogeneity as a heterodimeric complex in a
1:1 stoichiometry (Jawhari et al., 2006). For all of the twelve con-
structs tested in our study, soluble his-TFIIEa:TFIIEb complex could
be purified in a 1:1 (±0.3) ratio (Figs. 2C and 3B and Table 4). There
is an approximate 10-fold difference in expression amount be-
tween the most- and least- optimal vector systems (trial 8 and 1,
respectively). Six experiments (3, 7, 8, 15, 16 and 17) that all in-
clude co-expression from multiple plasmids, produce large
amounts of soluble complex. In addition, co-expression from a sin-
gle vector (experiment 18, 21 and 23) also resulted in production
of relatively large amount of complex (Table 2, strategies 3 and
4). In conclusion, most – but not all – of the vectors studied are sui-
ted for production of the his-TFIIEa:TFIIEb complex, and expres-
sion yields would differ considerably depending on the exact
choice.
3.4. Co-expression of his-PB2:Importin a5 complex (1:1)

Co-expression of the PB2:Importin-a5 complex has not been re-
ported before, however the heterodimeric complex could be
formed after in vitro reconstitution of individually-expressed pro-
teins, and the crystal structure of this complex was determined
(Tarendeau et al., 2007). In our experiments, both proteins – and
in particular his-PB2 – can be produced in the soluble form
(Figs. 2E, F and 3C). Although the complex can be purified in most
of the trials, an excess of his-PB2 is always co-purified (typically
more than 5-fold compared to Importin a5), indicating that the
expression levels of Importin a5 is the key-determinant in obtain-
ing purified complex in high yields. This suggests that formation of
the complex itself is not essential for enhancing expression of the
individual components. This is compatible with previous data
showing that single expression of each protein results in multi-
milligram quantities of soluble protein (Tarendeau et al., 2007).

When using (untagged) Importin a5 as measure for the amount
of complex that is formed, vector systems 7, 8, 15 (all part of strat-
egy 2) and 21 (strategy 4) prove to be most successful. The pQLink
system (trial 21) appears to be the optimal system for expression
of this complex, since it produces the highest amount of Importin
a5, although the difference is only 2-fold compared to systems 7, 8
and 15. At least two systems (1, 26) practically fail to produce this
complex, while most other systems result in considerably lower
yields when compared with the best trials.
3.5. Co-expression of his-NFYC:NFYB:NFYA complex (1:1:1)

The ternary complex of the transcription factor NFYC:NFYB:
NFYA can be co-expressed and purified (Romier et al., 2006). NFYC
forms a tight dimer with the NFYB subunit (Romier et al., 2003), a
prerequisite for NFYA association. The resulting trimer binds with
high specificity and affinity to 50-CCAAT-30 DNA motifs in the pro-
moter region. Expression of ternary complexes is in general more
challenging compared to binary complexes because many co-
expression vectors only allow expression of two genes and co-
expression from multiple vectors requires incompatible origin of
replications and three different antibiotics. In our experiments
we were able to express the ternary complex from eight different
construct combinations (Table 6, Fig. 2G and H). It should be noted
that for all samples, the amount of NFYB that is quantified appears
to be lower than expected based on the intensity of the bands on
SDS–PAGE (Fig. 2G and H). NFYB migrates beyond the 14 kDa low-
er-limit range of the LabChip GXII gel and calculation of the protein
content may therefore be underestimated. The highest amount of
complex was obtained from the poly-cistronic pnEA-tH construct,
where only one promoter is present (trial 13). Remarkably, when
additional promoter sites are inserted before each individual gene
(ppEA-tH; trial 14), expression is significantly reduced. However,
this difference is not observed when NFYA is expressed from a sep-
arate vector (either pn-CS or pp-CS) and the NFY subunits B and C
are both expressed from a single construct under control of one
(trial 11) or two (trial 12) promoter sites (see also Diebold et al.,
submitted for publication). In this case, only about half of the vec-
tors tried produced any ternary complex at all, while within this
half the yields would differ within at least one order of magnitude.
4. Discussion

We examined the effect of different co-expression systems on
the production of soluble protein complexes in E. coli. The



Fig. 3. Comparison of co-expression profiles. The amount of purified protein (in lM per gram cell mass) that is calculated from the LabChip GXII data is plotted for each
experiment. (A) his-Cdt1:Geminin; (B) his-TFIIEa:TFIIEb; (C) his-PB2:Importin a5; (D) his-NFYC:NFYB:NFYA. His-tagged proteins are always represented by the blue bars.
Numbers below the different columns represent the co-expression experiment number as described Table 2. ⁄This vector (combination) was not tried for this particular
complex. ^Protein concentrations were calculated using Image J software as described in Section 2.4.

166 D. Busso et al. / Journal of Structural Biology 175 (2011) 159–170
collection of vectors used provides a nice coverage of expression
strategies that are currently used in major European labs. Almost
all sites use customized commercial vectors, modified and opti-
mized for a particular strategy. In addition, many alternative meth-
ods for restriction-based cloning are implemented, including LIC,
Enzyme-Free, Restriction-Free, In-Fusion™ and Gateway™ cloning.
These technologies are beneficial for high-throughput cloning as
they bypass the screening for suitable restriction sites. Indeed,
many structural genomics centers have successfully applied these
methods for high-throughput protein production (Eschenfeldt
et al., 2010; Joachimiak, 2009; Savitsky et al., 2010; Xiao et al.,
2010).

Comparing the results obtained for the four complexes, differ-
ent co-expression profiles can be observed (Fig. 3). Production of
His-Cdt1:Geminin shows a rather ‘black-and-white’ pattern; either
the complex is virtually not produced at all, or the complex is ex-
pressed in decent amounts with relatively small – but still appre-
ciable – differences in expression levels between vector systems
(Fig. 3A). This can be explained by our observation that expression
of soluble his-Cdt1 relies on the expression of Geminin. The
expression profile of the ternary his-NFYC:NFYB:NFYA complex
also shows significant variation between the different co-
expression systems, indicative for the challenges that may arise
during production of multi-protein complexes containing more
than two components. First, protein expression from three individ-
ual constructs (e.g. experiments 9 and 10) may be complicated if
not all plasmids are amplified to the same level which may hamper
equal production levels, especially if the correct folding of one



Table 5
his-PB2:Importin a5 co-expression results.

Co-expression
number

Partner Construct Co-expression
Strategy

lg his-PB2/g
cellsa

lg Importin-a5/
g cellsa

Molar ratio his-
PB2:Importin a5

1 OPPF pOPINF his-PB2:Importin a5 3 12 5 1 : 0.1
2 IGBMC pCoGWA his-PB2:Importin a5 4 187 149 1 : 0.2
3 IGBMC pHGWA-his-PB2 + pCo0GWS-Importin a5 2 168 99 1 : 0.1
7 IGBMC pnEA-tH-his-PB2 + pnCS-Importin a5 2 624 273 1 : 0.1
8 IGBMC ppEA-tH-his-PB2 + ppCS-Importin a5 2 521 212 1 : 0.1

15 EMBL pETM-11-his-PB2 + pCDF-13-Importin a5 2 626 240 1 : 0.1
16 EMBL pCDF-11-his-PB2 + pETM-13-Importin a5 2 337 153 1 : 0.1
17 ISPC pET28-his-PB2 + pACYCDuet-Importin a5 2 179 17 1 : < 0.1
18 ISPC pACYCDuet-his-PB2:Importin a5 4 121 51 1 : 0.1
20 Bijvoet

Center
pCDFLIC-his-PB2 + pLIC-Importin a5 2 412 183 1 : 0.1

21 PSPF pQLink-his-PB2:Importin a5 4 408 398 1 : 0.2
22 PPL pET-YSBLIC3C-his-PB2:Importin a5 4 141 11 1 : < 0.1
26 NKI pETNKI-his3C-LIC-his-PB2 + pETNKIc-LIC-

Importin a5
1 25b <0.1b n.d.c

a Protein concentrations were determined from the LabChip GXII gelelectrophoresis experiments (Fig. 2F) unless stated otherwise.
b Intensity of protein band on SDS–PAGE was determined using Image J software and the protein concentration was calculated using corresponding bands that have been

quantified using the Labchip GXII software (see Section 2.4).
c n.d.: Not determined.

Table 4
His-TFIIEa:TFIIEb co-expression results.

Co-expression
number

Partner Construct Co-expression
strategy

lg his-TFIIEa/
g cellsa

lg TFIIEb/g
cellsa

Molar Ratio
his-TFIIEa:TFIIEb

1 Oxford pOPINF his-TFIIEa:TFIIEb 3 67 30 1 : 0.7
2 IGBMC pCoGWA his-TFIIEa:TFIIEb 4 108 81 1 : 1.1
3 IGBMC pHGWA-his-TFIIEa + pCo0GWS-TFIIEb 2 232 104 1 : 0.7
7 IGBMC pnEA-tH-his-TFIIEa + pnCS-TFIIEb 2 366 254 1 : 1.1
8 IGBMC ppEA-tH-his-TFIIEa + ppCS-TFIIEb 2 411 280 1 : 1.0

15 EMBL pETM-11-his-TFIIEa + pCDF-13-TFIIEb 2 361 259 1 : 1.1
16 EMBL pCDF-11-his-TFIIEa + pETM-13-TFIIEb 2 334 211 1 : 1.0
17 ISPC pET28-his-TFIIEa + pACYCDuet-TFIIEb 2 244 172 1 : 1.1
18 ISPC pACYCDuet-his-TFIIEa:TFIIEb 4 175 125 1 : 1.1
23 PPL pET21d_LIC3C-his-TFIIEa:TFIIEb 4 311 167 1 : 0.8
21 PSPF pQLink-his-TFIIEa:TFIIEb 4 402 204 1 : 0.8
26 NKI pETNKI-his3C-LIC-his-TFIIEa + pETNKIc LIC-TFIIEb 1 105 73 1 : 1.1

a Protein concentrations were determined from the LabChip GXII gelelectrophoresis experiments (Fig. 2D).
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subunit is a prerequisite for correct folding of the complex. Second,
for poli-cystronic expression from a single construct, the order in
which the genes are aligned could be an important factor (compare
trials 5 and 6) (Diebold et al., submitted for publication) and third,
there is a sequential order in complex assembly: the binary
NFYB:NFYC complex should be formed before NFYA can associate
to form a ternary assembly (Romier et al., 2006).

For both his-TFIIEa:TFIIEb and his-PB2:Importin a5 a more ro-
bust expression profile is observed. In these cases, expression of
the individual components is less dependent on the presence of
their respective partners as each of the components can be individ-
ually expressed as soluble proteins in E. coli (Jawhari et al., 2006;
Tarendeau et al., 2007). For both his-TFIIEa:TFIIEb and his-
PB2:Importin a5, the amount of isolated complex varies only up
to 3-fold between the ‘top-8’ most producing constructs, illustrat-
ing that multiple strategies can be used for expression of these sol-
uble complexes.

From the results that we obtained for the different complexes,
there is no particular strategy that clearly stands out from the oth-
ers. A valid comparison between the multi-vector systems with
either incompatible (strategy 1) or compatible (strategy 2) cannot
be made due to the limited number of experiments performed
according to strategy 1 (only trials 25 and 26). The majority of tri-
als are based on strategy 2, which therefore dominate the profiles
and produce a bias towards this strategy, which nevertheless,
appears quite successful for all the binary complexes (Fig. 3A–C).
Comparison between co-expression from multiple-gene per vector
constructs, comprising either one promoter per vector (strategy 3)
or one promoter per gene (strategy 4) is also limited because strat-
egy 3 is significantly under-represented, in particular for expres-
sion of the binary complexes. Vectors 21, 22 and 23 (strategy 4)
performed quite well, as they all appear at least once in the top-
5 of the co-expression profiles of a particular complex.

For the expression of the ternary NFY complex, our data are
even less conclusive, as a combination of different strategies (i.e.
2 and 3 or 2 and 4) is used in a substantial number of trials. How-
ever, one remarkable observation is that neither of the expressions
using three separate plasmids (experiments 9 and 10) produced
soluble complex. This could either be because co-expression from
two separate vectors is more effective due to plasmid stability/
amplification issues or that multi-gene constructs expressing both
NFYC and NFYB (trial 1, 5, 11, 12, 13, 14 and 21) enable more effi-
cient formation of the NFYB:NFYC pre-complex, maybe at the
translation level. Additionally, co-existence of three expression
vectors in the same cell, harboring each a different antibiotic resis-
tance, may cause a substantial increase in burden on the cell, com-
pared to trials were only two expression vectors are being used.

Although it is tempting to search for the best co-expression sys-
tem within our collection, this should be done with caution. At
least three strategies appear most promising: Number 7 and 11



Table 6
his-NFYC:NFYB:NFYA co-expression results.

Co-expression
experiment

Partner Construct Co-expression
strategy

lg his-NFYC/
g cellsa

lg NFYB/
g cellsa

lg NFYA/g
cellsa

Molar ratio his-
NFYC:NFYB:NFYA

1 OPPF pOPINF his-NFYC:NFYA:NFYB 3 50 22 19 1:0.4:0.4
4A IGBMC pHGWA-his-NFYC + pCo0GWS-

NFYB:NFYA
2/4 <1 <1 <1 n.d.c

4B IGBMC pHGWA-his-NFYC + pCo0GWS-
NFYA:NFYB

2/4 <1 <1 <1 n.d.

5 IGBMC pCoGWA-his-NFYC:NFYB
+ pCo0GWC-NFYA

2/4 41 17 12 1:0.4:0.3

6 IGBMC pCoGWA-his-
NFYC:NFYA + pCo0GWS-NFYB

2/4 <1 <1 <1 n.d.

9 IGBMC pnEK-NFYA + pnCS-NFYB + pnEA-
tH-his-NFYC

2 <1 <1 <1 n.d.

10 IGBMC ppEK-NFYA + ppCS-NFYB + ppEA-
tH-his-NFYC

2 <1 <1 <1 n.d.

11 IGBMC pnCS-NFYA + pnEA-tH-NFYB:his-
NFYC

2/3 121b 109b 107b 1:0.8:0.9

12 IGBMC ppCS-NFYA + ppEA-tH-NFYB:his-
NFYC

2/4 129b 111b 125b 1:0.8:1.0

13 IGBMC pnEA-tH-his-NFYC:NFYA:NFYB 3 284 150 260 1:0.3:1.2
14 IGBMC ppEA-tH-his-NFYC:NFYA:NFYB 4 31 18 35 1:0.6:0.9
19 ISPC pET28 his-NFYC + pACYCDuet-

NFYB:NFYA
2/4 121 74 103 1 : 0.6 : 0.9

21 PSPF pQLink-his-NFYC:NFYA:NFYB 4 56 <1 4.2 1 :<0.1 : 0.1
24 PPL pET21d_LIC3C-his-NFYC:NFYA

+ pRSF-NFYB
2/4 128 79 120 1 : 0.6 : 0.5

a Protein concentrations were determined from the LabChip GXII gelelectrophoresis experiments (Fig. 2H) unless stated otherwise.
b Intensity of protein band on SDS–PAGE was determined using Image J software and the protein concentration was calculated using corresponding bands that have been

quantified using the Labchip GXII software (see Section 2.4).
c n.d.: Not determined.
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(both pnEA-tH + pnCS), 8 and 12 (both ppEA-tH + ppCS) and 16
(pCDF-11 + pETM-13) all perform above average for at least three
complexes. Interestingly, all three systems comprise a combination
of a pCDF-Ib-based and a pET-based vector. Within these combina-
tions, each vector contains a different origin of replication with sim-
ilar copy numbers (CloDF13 and ColE1, respectively) and a different
resistance marker. However, some of the other systems prove at
least successful for two complexes (nr. 17 and 19; pET28b +
pACYCDuet-1 and nr. 21; pQLink). Also, systems that were less
frequently used in our trials show good results (e.g. nr. 15, pCDF-
13 + pETM-11; nr. 22, pET-YSBLIC3C and 23, pET21d_LIC3C).

Although many factors contribute to the level of protein expres-
sion, we aimed to only vary the expression vectors and keep all
other variables constant in our experiments (cell-type, tempera-
ture, growth medium etc.), to get the best possible comparison of
the different strategies and how these are affected by the exact
choice of vectors. It should be noted that for some of the constructs
that have been expressed at NKI, a higher yield of protein complex
was obtained at the respective partner site (data not shown). How-
ever, these results were sometimes obtained with modified condi-
tions. Therefore the results obtained in this study provide a better
basis for comparison of the data but may not necessarily reflect the
optimal expression conditions for each complex, while emphasiz-
ing the need for optimization. In addition, some constructs that
were designed by the partners but were not included in our series,
proved more successful when tested at the respective site. For in-
stance, when two different pOPIN vectors with incompatible origin
of replication were used, much higher levels of co-expression were
seen compared to that of our results with the pOPINF vector (data
not shown).

Experimental variations like E. coli strain, growth temperature
and culture media should also be applied to decipher the optimal
conditions for obtaining a particular protein complex. In addition,
there are of course many other factors that could contribute to im-
proved complex formation that are beyond the scope of our study,
including bioinformatics analysis for selection of stable protein
fragments (He et al., 2009 and references therein; Pirovano and
Heringa, 2010 and references therein), the choice of solubility-
and/or affinity tags and usage of codon-optimized genes
(Burgess-Brown et al., 2008; Welch et al., 2009). An important
factor in protein expression that may be underestimated is the
ribosomal binding site (RBS). Recently, a thermodynamic model
for the prediction of translation initiation as a marker for protein
expression efficiency has been proposed (Salis et al., 2009). The
model is based on the RBS sequence and takes into account the
energy associated with hybridization of the start codon to the ini-
tiating tRNA anticodon loop (30-UAC-50), the energy penalty for
non-optimal spacing between the 16S rRNA binding site and the
start codon and energies related to mRNA (un)folding of secondary
structure elements. For most vectors containing an N-terminal tag,
the RBS sequence is already optimized and does not alter upon
insertion of the gene. However, for expression of non-tagged pro-
teins the initial codons of the mRNA transcript could influence
translation initiation and hence protein expression and complex
formation. This can be exemplified by the pETNKIc-LIC vector,
which is used in trial 26. This vector shows virtually no expression
of Geminin (Fig. 2A and B) and Importin a5 (Fig. 2E and F) and
according to the thermodynamic calculation (http://voigtlab.
ucsf.edu/software/) (Salis et al., 2009), the translation initiation
from this construct is rather poor due to sub-optimal RBS se-
quence. Therefore, improved LIC vectors have been designed at
NKI to overcome this problem (Luna-Vargas et al., submitted for
publication).

Together our results indicate that different co-expression vec-
tors and strategies can be successfully applied for production of
protein complexes in high yield. Selection of a particular system
depends on the preferred cloning strategy and available informa-
tion about the complex. For instance, when the individual compo-
nents can be expressed as single, soluble proteins, the selection of
vector system may be less important compared to that of com-
plexes of which the partners are mutually dependent on their
expression. In the latter situation, creation of different constructs

http://voigtlab.ucsf.edu
http://voigtlab.ucsf.edu
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will increase the chance of finding a suitable system that may give
rise to high-yield complex formation in E. coli. The lack of a clear
conclusion, even when using a rather limited test set, emphasizes
the need to implement efficient high-throughput trial and error
cloning and expression testing strategies. However, the current
diversity of choices in cloning methods between laboratories dis-
courages the use of many vectors and strategies, since each group
of vectors would require different PCR products. A likely challenge
for the centers in the INSTRUCT initiative for Structural Biology in
Europe (or the PSI centers in the US) will be to streamline cloning
strategies to a highly divergent set of expression vectors, to offer
truly high throughput trials across many vector systems and co-
expression strategies.
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