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Abstract
In the effort to produce proteins coded by diverse genomes, structural genomics projects often
must express genes containing codons that are rare in the production strain. To address this
problem, genes expressing tRNAs corresponding to those codons are typically coexpressed from a
second plasmid in the host strain, or from genes incorporated into production plasmids. Here we
describe the modification of a series of LIC pMCSG vectors currently used in the high-throughput
production of proteins to include crucial tRNA genes covering rare codons for Arg (AGG/AGA)
and Ile (AUA). We also present variants of these new vectors that allow analysis of ligand binding
or co-expression of multiple proteins introduced through two independent LIC steps. Additionally,
to accommodate the cloning of multiple large proteins, the size of the plasmids was reduced by
approximately one kilobase through the removal of non-essential DNA from the base vector.
Production of proteins from core vectors of this series validated the desired enhanced capabilities:
higher yields of proteins expressed from genes with rare codons occurred in most cases,
biotinylated derivatives enabled detailed automated ligand binding analysis, and multiple proteins
introduced by dual LIC cloning were expressed successfully and in near balanced stoichiometry,
allowing tandem purification of interacting proteins.
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Introduction
The extensive genome sequence data made available through systematic sequencing of
individual and community genomes allows for global and integrated analysis of complex
biological systems. Structural Genomics programs, such as the Protein Structure Initiative
(PSI), have used this data to expand our understanding of protein structure/function
relationships by determining the structures of numerous novel proteins. Structures of
individual members of a protein sequence family provide structural and often functional
information for the whole family (1). To achieve this objective efficiently, several groups
have developed new technical approaches to accelerate protein structure determination (2-6).
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While the ‘pipelines’ developed by these groups are not optimized for individual proteins,
they work well and can be applied to many related proteins to obtain relevant structural
information. Current efforts in PSI:Biology within the established structural genomics
centers and collaboratively with Biology Partnerships and the biology community, however,
focus more specifically on proteins of known function that participate in important cellular
processes related to human health and disease (http://www.nigms.nih.gov/News/Reports/
PSIAC_Future_2009.htm). This approach places less emphasis on determining the structures
of proteins distantly related to the target. It also forces the use of salvage methods such as
alternative construct design, cloning, purification and crystallization strategies in order to
obtain the structure of the specifically desired target or its very close variant. That said,
modifications to existing high-throughput pipelines can diversify and expand the options for
producing these proteins. Target proteins that are large or form functional multicomponent
complexes with other proteins require alternative cloning strategies. Several approaches
have already been developed to allow coexpression of multiple proteins, either through
expression of separate genes or through cloning or construction of operons expressing a set
of proteins from a single promoter (7-11). The option to append removable purification
affinity tags to selected members of coexpressed proteins at either the N- or C-terminal
should improve the chances of creating constructs that fold and interact properly (12,13).
Additionally, crystallization can often be enhanced by binding of ligands to the purified
proteins, which can add considerable relevance to the determined structure (14-19). For
these purposes, proteins appended with appropriate affinity tags can allow for efficient
identification of interacting ligands and determination of their binding affinities.

To address the above mentioned challenges, we have constructed a series of new vectors
based on a previous vector set used extensively by the Midwest Center for Structural
Genomics (MCSG) in the high-throughput production of single proteins (12,13,20). The
core modifications of the vectors were the addition of two genes encoding tRNAs that are
rare in the expression host, E. coli, and the excision of an approximately 1 kilobase segment
not essential for plasmid maintenance or protein expression in order to maintain relatively
small overall size of the plasmids (Fig. 1, Table 1). The smaller size is intended to facilitate
cloning of larger genes, multiple genes, or operons without the possible effects on cloning
efficiency that the vectors’ larger size could cause (21). The added tRNA genes, in addition
to the well established value of allowing production of proteins whose genes include rare
codons (22,23), eliminates the need to provide those tRNAs on a second plasmid that is
resident in the host strain used in the MCSG expression pipeline (5,24). This allows the use
of a second plasmid instead to produce one or more companion proteins for production of
protein complexes (11). In addition, to aid ligand screening by target proteins, we
constructed a vector that appends a biotinylation site to the N-terminus of proteins and that
also contains the birA gene (25,26). The coexpression of the birA gene in vivo tags the target
protein with biotin. Analysis of ligand binding to the purified biotinylated proteins using
biolayer interferometry (BLI) (27,28) allows for rapid, semiautomated screening of many
potential ligands, facilitating crystallization and providing functional insights (14,15,17).

Ten new pMCSG LIC vectors were constructed. LIC vectors expressing rare tRNAs were
created by the introduction of the genes ileX and argU from E. coli BL21 DE3, encoding
tRNAs for arginine and isoleucine, into the Sph I and SgrA I restriction sites, respectively, of
the parental vector pMCSG7. These tRNAs cover three rare codons in E. coli for Arg (AGG/
AGA) and Ile (AUA). Subsequent excision of approximately 1 kb of DNA by digestion with
PshA I and Tth111 I completed the construction of pMCSG53. Replacement of the region
between Xba I and Bgl I of pMCSG53 with expression cassettes from established production
vectors allowed production of proteins with a variety of tags and cleavage sites (Table 1).
Addition of a biotinylation site to the pMCSG7 LIC region and the birA gene outside the
expression region allowed for construction of pMCSG62 through a similar truncation and
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tRNA gene addition. For coexpression of multiple proteins, a second different LIC site was
introduced at a Sma I site to give pMCSG63. Variants of pMCSG63 with different origins of
replication were constructed by insertion of the tRNA and LIC regions from pMCSG63 into
plasmids with the p15A and pCDF origins (Materials and Methods).

Materials and Methods
Truncated LIC vector

A smaller version of our standard LIC vector was constructed from pMCSG7 (20). Vector
pMCSG7 was digested with the restriction enzymes BsaA I and PshA I, removing a
fragment of DNA about 1 kb in length containing the rop repressor coding sequence and
flanking sequences from the pBR322 origin of replication. The plasmid fragments were
separated by agarose gel electrophoresis and the larger fragment was extracted with the
QIAEX II Gel Extraction Kit (Qiagen, Inc., Valencia, CA) following the manufacturer’s
instructions. The purified linear plasmid was re-circularized by ligation with T4 DNA
Ligase (Invitrogen Life Technologies, Grand Island, NY). The resulting plasmid was
designated pMCSG49 and is 4278 bp in length.

LIC vector containing rare tRNAs
The ileX tRNA gene that encodes the tRNA recognizing the AUA codon for Ile, along with
the endogenous promoter and terminator sequences (22) was synthesized by PCR of E. coli
BL21 genomic DNA using Platinum Pfx DNA Polymerase (Invitrogen) with primers that
incorporated the Sph I restriction site at each end. The purified PCR product was ligated into
the Sph I site of vector pMCSG7. The E. coli argU tRNA gene that encodes the tRNA
recognizing AGA and AGG for Arg with its endogenous promoter and terminator (23,29)
was synthesized by PCR of E. coli BL21 genomic DNA with primers containing the SgrA I
restriction site. The purified fragment was ligated into the SgrA I site of the pMCSG7
plasmid already containing the ileX gene. The resulting vector was digested with PshA I and
Tth111 I to remove the rop repressor and flanking sequences, followed by treatment with the
Klenow fragment of DNA polymerase and dNTPs to create flush ends. The re-circularized
plasmid (pMCSG53) is 4808 bp in length and contains both tRNA genes in the counter-
clockwise orientation (Fig. 1).

Dual LIC vector
An expression vector containing two LIC sites with associated ribosome-binding sites (rbs)
and controlled by a single T7 promoter was constructed from pMCSG7. Two 71-mer
synthetic oligonucleotides that contain the single-stranded Ssp I LIC overhangs when
annealed were cloned into pMCSG7 by the standard LIC procedure (24). The resulting
plasmid (pMCSG60) contained the original pMCSG7 LIC region followed by the rbs and
LIC region from pMCSG26 without the complete 3′ His-tag. (12). This allows the cloning of
a second protein coding sequence using the standard pMCSG26 primers with the inclusion
of a termination codon. This gene will be expressed without an affinity tag as a part of an
artificial operon. A shortened version of pMCSG60 containing the two rare tRNA genes was
also constructed. The LIC region and a portion of the β-lactamase coding region from
pMCSG60 were removed by digestion with Bgl I and Xba I. This fragment was ligated into
pMCSG53 between the same restriction sites. The resulting 4864 bp plasmid (pMCSG63)
contains the dual LIC cloning region along with the two rare tRNA genes. Variants of
pMCSG63 with different origins of replication (30) were also constructed to allow co-
transformation with our standard pBR322-based plasmids. The tRNA and dual LIC region
from pMCSG63 was synthesized by PCR with primers that added the restriction sites EcoN
I and Tth111 I at opposite ends. After digesting with these enzymes, the PCR product was
ligated into the plasmid pMCSG21 (10) digested with the same enzymes. The resulting
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plasmid (pMCSG76) contains the Clo DF13 origin of replication and streptomycin/
spectinomycin resistance. A related plasmid (pMCSG77) was constructed with the
pACYC177-based vector pMGK (5,24) as the vector backbone. The dual LIC region with
tRNA genes from pMCSG63 was synthesized by PCR with primers that added the
restriction site BsrG I at the 3′ end. After digestion with BsrG I the DNA was ligated into
pMGK digested with BsrG I and Sca I. It was first necessary to remove a Sma I site and an
Ssp I site from the Tn903 kanamycin resistance gene in pMGK. This was done by
introducing two point mutations through a two-step PCR. The PCR product was digested
with Xho I and Hind III, then ligated into pMGK between the same two sites. The resulting
vectors, pMCSG76 and pMCSG77, are compatible with each other and pMCSG53.

Vector for producing biotinylated proteins
A vector containing a 15 residue biotinylation site (31) between the His-tag and the TEV
protease recognition sequence along with the E. coli birA biotin ligase gene was constructed
by modifying the dual LIC plasmid pMCSG60. The birA gene was synthesized by a two-
step PCR of E. coli BL21 genomic DNA in order to remove an Ssp I restriction site by point
mutation. The first round of PCR produced two DNA fragments with overlapping sequences
at one end. After gel purification the fragments were combined in a second PCR reaction
and amplified. The DNA was purified by agarose gel electrophoresis, treated with T4 DNA
Polymerase (EMD Millipore, Billerica, MA) and dTTP, then inserted into the second LIC
site of pMCSG60 by the standard LIC procedure (12). A complementary pair of synthetic
oligonucleotides encoding the His6-tag and the biotinylation site were annealed, resulting in
single-strand overhangs for the Nde I and Acc65 I restriction sites. This double-stranded
oligonucleotide was ligated into the birA gene-containing vector that had been digested with
the same two enzymes. The resulting plasmid was designated pMCSG50. An approximately
1 kb region of pMCSG50 was removed by digestion with PshA I and Tth111 I followed by
treatment with the Klenow fragment of DNA polymerase and dNTPs, and re-circularization
with T4 DNA ligase. The LIC region, BirA coding region and a portion of the β-lactamase
gene was removed by digestion with Xba I and Bgl I and then ligated into pMCSG53 that
had been digested with the same two enzymes. The resulting vector is a shortened version of
pMCSG50 containing the two rare tRNA genes from pMCSG53. This new plasmid was
designated pMCSG62.

Analytical procedures
Plasmids were purified by a modification of the alkaline lysis method (32) and analyzed by
agarose gel electrophoresis after digestion with restriction endonucleases. Potential
successful constructs were verified by partial sequencing using primers that spanned the
modified portion of the vectors at the DNA Sequencing & Genotyping Facility, University
of Chicago. All restriction enzymes and their respective 10× buffers were obtained from
New England BioLabs, Inc., Ipswich, MA. Function of the vectors was evaluated by high-
throughput, automated LIC or manual LIC of target genes into the vectors using previously
described procedures (10,33). For the dual LIC vectors, a gene or genes were first
introduced into LIC1, followed by addition of a gene or genes to the LIC2 site in the
resulting construct by standard LIC protocols (10,12). Following induction of constructs
introduced into BL21(DE3) hosts, expressed proteins were analyzed by polyacrylamide gel
electrophoresis (PAGE) under denaturing conditions.

Purification of biotinylated protein
Inosine 5′-monophosphate dehydrogenase from B. anthracis (BaIMPDH) was chosen as a
test protein for the biotinylated vector system. BaIMPDH was purified according to a
standard protocol (15) that was modified to include only a single IMAC purification step.
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Specifically, lysis was performed as described previously (15), the lysate was clarified by
centrifugation at 36,000g for 1 h and filtered through a 0.44 μm membrane. Clarified lysate
was applied to a 5 mL HiTrap Ni-NTA column (GE Healthcare Life Sciences, Piscataway,
NJ) on an ÄKTAxpress system (GE Healthcare Life Sciences). The column was washed
with lysis buffer (50 mM HEPES pH 8.0, 500 mM KCl, 5% glycerol, 10 mM β-
mercaptoethanol) containing 20 mM imidazole, and the protein was eluted with the same
buffer containing 250 mM imidazole. Fractions containing target protein were pooled,
concentrated, and loaded onto a Superdex 300 16/60 size exclusion chromatography column
equilibrated with buffer containing 50 mM Tris-HCl (pH 8.0), 100 mM KCl, 1 mM DTT, 3
mM EDTA, and 10% glycerol.

Analysis of biotinylated protein-inhibitor interactions using biolayer interferometry
Analysis of the binding of inhibitors to IMPDH proteins was performed using BLI (27,28)
on the Octet RED (ForteBio, Menlo Park, CA). Assays were performed in 96-well black
microplates (Fisher Scientific, Pittsburgh, PA) at 25 °C. All volumes were 300 μL.
Biotinylated IMPDH was loaded onto Super Streptavidin (SSA) Biosensors (ForteBio,
Menlo Park, CA) at a concentration of 50 μg/mL in phosphate-buffered saline (PBS).
Reference SSA Biosensors were blocked with biocytin at 10 μg/mL in PBS buffer. IMPDH
inhibitors A110 and C91 (obtained as a gift from Dr. Lizbeth Hedstrom) (16) were titrated in
triplicates from 0.2 nM to 10 μM in running buffer containing 50 mM Tris-HCl (pH 8), 100
mM KCl, 1 mM DTT, 3 mM EDTA, 0.1 mg/mL BSA, 5% DMSO, 1 mM IMP, and 1.2 mM
NAD+. Inhibitor association and dissociation events were measured for 240 and 120
seconds, respectively. Assays were run first using the protein biosensors, followed by the
reference biosensors using the same protocol to remove system artifacts and minor buffer
inconsistencies. To correct for signal drift associated with the target protein, one or two
reference biosensors exposed to running buffer were analyzed in parallel with the biosensors
undergoing sample analysis. The reference data were then subtracted from the protein-
inhibitor data. The association and dissociation curves were fit using a single-exponential
fitting model using analysis software provided by the manufacturer.

Results
Truncated vectors encoding rare tRNAs

Ten new vectors based on the production vector pMCSG7 and its derivatives were
constructed by removal of approximately 1 kb of non-essential DNA and addition of genes
encoding two tRNAs (Table 1). The first six vectors listed express individual proteins in
various configurations to allow high-throughput purification by appending polyhistidine tags
of various lengths (His6 or His10), with or without maltose-binding protein (MBP), either
cleavable or not, to either the N- or C-termini of target proteins. Vector pMCSG62 and its
precursor pMSCG50 produce proteins labeled with the affinity tag biotin (in addition to the
polyhistidine tag) for automated evaluation of ligand binding (27,28). The final three vectors
combine elements of both the N- and C-terminal tagging vectors, which use different LIC
sites, to allow coexpression of multiple proteins introduced by sequential LIC reactions into
the two sites. The presence of this expression region in three vectors with different origins of
replications in principle allows expression of up to six transcripts simultaneously (11), each
potentially encoding one or more proteins.

Production of single proteins for his-tag purification
Expression vectors designed for the high-throughput production of single proteins,
pMCSG53, pMCSG58, pMCSG59, pMCSG69, pMCSG70, and pMCSG71, were verified
by DNA sequence analysis to contain all designed modifications. To evaluate the effect of
the introduction of the tRNA genes, six protein genes containing a high proportion of rare
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codons and one with few rare codons were selected (Table 2) and introduced into
pMCSG49, the truncated intermediate vector lacking tRNA genes, and pMCSG53, which
contained the rare tRNA genes. Following induction, protein expression level was analyzed
by PAGE (Table 2). The gels were loaded with protein extracted from a fixed volume of
culture to insure protein bands reflect the total productivity of the construct. As a
consequence, bands from highly expressed genes are overloaded slightly. The gene encoding
protein APC100724 was included as a control because it contained only three rare codons
(less than 8% of the total Arg and Ile codons). Its expression was not improved by
expression in the tRNA vector; in fact, less protein was observed than in the parental vector.
However, expression of all six genes containing rare tRNA codons (range 10-34 rare
codons, corresponding to 40-64% of Arg and Ile codons) clearly improved with inclusion of
the tRNA genes.

Biotinylation of target proteins and analysis of ligand binding
To allow analysis of ligand binding, sequences appending a biotinylation peptide and the
gene encoding the biotinylating enzyme, BirA, were introduced into pMCSG7 to give the
vectors, pMSCG50 and pMCSG62. The changes were verified by sequence analysis (Fig.
2).

The birA gene from E. coli BL21 was synthesized by PCR and cloned into the second LIC
site of pMCSG60 by the standard procedure. A pair of synthetic oligonucleotides encoding
the 15-amino acid biotinylation site was inserted upstream of the TEV recognition sequence
by ligation. T7 Prom, T7 promoter; rbs, ribosome binding site: His6, N-terminal his6-tag;
TEV Site, tobacco etch virus protease cleavage site; LIC, ligation independent cloning site;
BirA cds, coding sequence for BirA protein; T7 Term, T7 terminator.

The utility of this construct was established by introduction of the gene encoding IMPDH
from Bacillus anthracis and analysis of the interaction of the protein and two known
IMPDH noncompetitive inhibitors, compounds A110 and C91 (16). Binding of the
inhibitors was monitored utilizing BLI (27,28) on an Octet RED instrument (ForteBio). The
BLI technique generates an interference pattern by monitoring visible light reflected from
two surfaces within the fiber-optic biosensor. When a biological molecule binds to the
biosensor tip surface, a shift in the interference pattern can be measured and reported as a
change in wavelength as a function of time. This wavelength shift is reported in relative
intensity units, nm. Biotinylated BaIMPDH was overexpressed from vector pMSCG50 and
purified as described in Materials and Methods. Manufacturer recommended amounts (5-8
nM) of biotinylated BaIMPDH were loaded onto super-streptavidin (SSA) biosensors (Fig.
3).

Compounds A110 and C91 were titrated from 0.2 nM to 10 μM in the running buffer.
Loaded protein biosensors were then used to obtain binding responses from the prepared
inhibitor dilution series (Fig. 4A). The association and dissociation curves were fitted using
a single-exponential fitting model to determine the apparent dissociation constant, KD.
Binding of A110 and C91 to BaIMPDH produced KD values of 150 ±20 and 150 ±40 nM,
respectively (Fig. 4B). The KD values obtained using BLI agree within three-fold with the
IC50 values obtained spectrometrically (57 ±7 and 57 ±1 nM for A110 and C91,
respectively, personal information). The IC50 value can be used as an approximation of the
KD value for a noncompetitive inhibition (37), the type of inhibition observed for the case
presented here. Confirmation of A110 and C91 binding allowed for successful co-
crystallization experiments.
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Coexpression of multiple proteins via dual LIC sites
For coexpression of multiple protein genes, a second LIC site was introduced into pMCSG7
to give the vector pMCSG60. The expression region of this vector combines the distinct LIC
regions of pMCSG7 and pMCSG26 (Fig. 5). Sequencing indicated the expected changes.
The entire LIC region with the tRNA genes was transferred into vectors with alternative
replication origins to give pMCSG76 and pMCSG77 (Materials and Methods).

Insertion of the rbs and LIC region from pMCSG26 into pMCSG7 generated the dual-
expression vector pMCSG60. Abbreviations are as in Fig. 2. The pMCSG7 LIC site appends
an N-terminal his6-tag, whereas the pMCSG26 LIC region generates an untagged product
(12). Insertion of the pMCSG60 LIC region into pMCSG53 generated the dual-expression
plus rare tRNA vector pMCSG63. Dual-expression plus rare tRNA co-transformation
vectors pMCSG76 and pMCSG77 were constructed by inserting the LIC and tRNA regions
from pMCSG63 into vectors containing the Clo DF13 and p15A origin of replication,
respectively, to generate the family of vectors, pMCSG63 (pBR322, AmpR), pMCSG76
(Clo DF13, SpecR), and pMCSG77 (p15A, KanR).

Multi-gene expression from the dual LIC sites was demonstrated in pMCSG60. The GroES/
GroEL operon from 72 bacterial species was inserted into the second LIC site of pMCSG60
by high-throughput cloning, and demonstrated to produce the chaperone pair (manuscript in
preparation). To the resulting clone carrying the operon GroES/GroEL from B. cereus, the
approximately 7.1 kbp six-gene petrobactin operon from B. cereus was synthesized by PCR
and inserted into the first LIC. After induction of protein synthesis in E. coli BL21 DE3,
total protein and Nickel NTI bound and unbound fractions (Maxwell 16, Promega
Corporation, Madison, WI) were analyzed by polyacrylamide gel electrophoresis. Bands
corresponding to six of the eight B. cereus proteins were identified by Mass Spectrometry
(Fig. 6). GroES and AsbD, the two smallest proteins, were not identified. The presence of
the other six proteins demonstrates protein synthesis from both LIC sites as well as protein
synthesis from the native B. cereus ribosome binding sites.

Discussion
In PSI:Biology, often desired target proteins are encoded by genes which employ codons
that are rare in E. coli, the standard host for HTP protein production. Expression of such
genes is well known to lead to translational problems in high-level production of the
proteins (38,39). Typically, addition of a helper plasmid encoding two or three rare tRNAs
alleviates this problem (22,38,40). However, the presence of an additional plasmid places
restrictions on cloning and expression strategies, in particular where a decreased metabolic
burden on the host cells is desired or when coexpression of proteins from multiple plasmids
is required. These restrictions can be removed by adding tRNA encoding genes into the
expression plasmid, thereby providing the needed tRNAs and the message for the target
protein from a single plasmid (41,42). To this end, we added the native E. coli tRNA genes,
ileX and argU, under control of their native promoter and terminator, to the standard
production plasmid pMCSG7. To address the potential detrimental effect of the increased
size of the basic plasmid (43), we also eliminated 1 kb of non-essential DNA from the
plasmid so that the resulting vector, pMCSG53, was approximately the same size as
pMCSG7. Analysis of the expression of genes containing rare codons showed that the
increased copy number of these genes resulting from their presence on the resulting plasmid
provided sufficient rare tRNAs to improve the production of proteins encoded by rare
codons (Table 2). The new vectors are fully compatible with the well-established HTP
protocols used at the MCSG and accept the same PCR products (33).
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Many protein targets of PSI:Biology, selected based on their importance to fundamental
biological studies or their known roles in health-related processes, function in the cell as
heterooligomers composed of different proteins. Here we use the asb operon as an example
(44). This operon is responsible for biosynthesis of the bacterial siderophore, petrobactin, an
important virulence factor in B. anthracis (45,46). Whereas it is sometimes possible to mix
proteins overexpressed separately to achieve the native heteroligomer, proper folding and
association of the proteins may require coexpression (7-10). Commercially available
expression vectors allow cloning of multiple genes into single plasmids, as well as
introduction of multiple expression vectors with different origins of replication into a single
host cell (11). However, these vectors are not compatible with HTP protocols, in particular
those using LIC to introduce the genes. Here we describe a set of vectors containing two
independent LIC sites compatible with established HTP protocols. The number of genes
expressed by a single vector can be increased by introducing operons instead of single
genes, and we have demonstrated this approach by sequential introduction of the B. cereus
groEL/ES operon and the B. cereus asb operon into the dual LIC vector pMCSG60.
Expression of these genes resulted in the production of at least six proteins from this single
vector (Fig. 6). In this particular configuration, only one of these proteins was tagged with
an N-terminal his6-tag. Following automated purification by HTP protocols, the six proteins
were partially purified and their identities verified by MS. Two companion vectors to
pMCSG60 have the identical cloning regions in vectors with different origins of replication,
allowing the introduction of up to six fragments of DNA cloned by LIC into a single host.
The sequential introduction of multiple compatible expression vectors and coexpression of
multiple proteins have been demonstrated previously (10,11).

Analysis of the functional role of proteins often entails characterization of the binding
parameters of known ligands, such as substrates, products and effectors, and also includes
the identification of novel ligands. Addition of peptide sequences containing a biotinylation
site to recombinant proteins can allow semi-automated analysis of ligand binding by
biolayer interferometry (18,19). In addition to providing functional insights, the
characterization of ligand binding provides an additional tool for improving protein
crystallization by guiding the crystallization of alternative forms of a protein or reducing
conformational heterogeneity by locking the protein into a single conformation, thereby both
increasing the success rate and providing higher resolution data (14,17). Accordingly, the
base vector of the MCSG was modified to allow LIC of standard PCR products to link the
cloned genes to a leader sequence encoding a His6-tag followed by a biotinylation site and
the TEV protease recognition sequence. Following purification by HTP methods, proteins
were analyzed by biolayer interferometry (27,28) to provide binding constants (Figs. 3 and
4). The two approaches coupled in this vector, HTP cloning/purification and semiautomated
binding analysis, allowed for rapid comparison of the binding of a set of inhibitors to a
series of IMPDH enzymes from different bacteria to generate detailed insight into the
function of this important enzyme (16).

All new pMCSG expression vectors described in this manuscript are available via PSI
Material Repository (http://psimr.asu.edu/).
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Fig. 1.
Design of tRNA producing LIC vectors.

Eschenfeldt et al. Page 11

J Struct Funct Genomics. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Vectors producing a biotinylation site in the leader sequence of proteins.
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Figure 3.
Real-time binding of biotinylated BaIMPDH to super-streptavidin biosensors. Biosensors
A1-H1 were loaded with the BaIMPDH enzyme. Biosensor H2 was loaded with biocytin
and was used as a negative control. Region 0-900 seconds indicates protein loading in PBS
buffer, region 901-1020 seconds shows blocking of the unused streptavidin sites with
biocytin, and region 1021-2021 seconds show equilibration of loaded biosensors in the
running buffer.
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Figure 4.
Binding of inhibitors to biotinylated BaIMPDH. A. Association and dissociation responses
for serial diltions of inhibitors A110 and C91. Values associated with lines are
concentrations of the inhibitors in μM. B. Steady-state analysis plots used to determine KD.
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Figure 5.
Diagrammatic representation of the LIC region of dual-expression vectors.
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Figure 6.
Coexpression of the asb and groES/groEL operons from B. cereus in pMCSG60. A.
Graphical map of the pMCSG60 plasmid with the ~2 kbp B. cereus groES/groEL operon
inserted into the second LIC site and the ~7.1 kbp six-gene B. cereus petrobactin operon
inserted into the first LIC site. B. PAGE analysis of synthesized protein. Total: total protein
synthesized. Unbound: protein not bound to Nickel NTI. Eluted: protein eluted from Nickel
NTI beads. The identities of the labeled proteins (AsbA, AsbB, AsbC, AsbE and AsbF and
GroEL) were confirmed by mass spectrometry of bands excised from the gel.
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Table 1

Truncated vectors expressing tRNA genes1.

Parental Vector3 Protein Product2 Final Vector

pMCSG7 His6-TEV-PROTEIN pMCSG53

pMCSG19 MBP -TVMV- His6-TEV- PROTEIN pMCSG69

pMCSG26 PROTEIN -His6 pMCSG58

pMCSG28 PROTEIN -TEV- His6 pMCSG59

pMCSG29 PROTEIN -TEV-His10TVMV-MBP pMCSG70

pMCSG32 MBP -TVMV- PROTEIN -TEV-His6 pMCSG71

pMCSG50 His6-biotin-TEV- PROTEIN pMCSG62

pMCSG60 His6-TEV- PROTEIN 1, PROTEIN 2 pMCSG63

pMCSG63 His6-TEV- PROTEIN 1, PROTEIN 2 (pCDF ori) pMCSG76

pMCSG63 His6-TEV- PROTEIN 1, PROTEIN 2 (p15A ori) pMCSG77

1
Nonessential region of approximately 1 kb excised and genes and promotors encoding ileX and argU tRNAs added to parental vector (see

materials and methods).

2
Target proteins (PROTEIN) encoded into the vector are made with appended sequences to aid in purification or analysis. Tag, listed from N- to C-

terminus, were His6, hexahistidine; TEV, tobacco etch virus protease recognition sequence (34); MBP, maltose binding protein; TVMV, tobacco

vein mottling virus protease recognition sequence (35); biotin, biotinylation sequence, which in the presence of coexpressed BirA ligase adds
covalently linked biotin. For vectors 63, 76, and 77 PROTEIN 1 is the protein produced after cloning into LIC site 1, PROTEIN 2 the tag-less

protein expressed on cloning into LIC site 2 (see text). All vectors are pBR322-based (AmpR) except pMCSG76 (Clo DF13, SpecR) and

pMCSG77 (p15A, KanR).

3
Parental vectors pMCSG7, pMCSG19, pMCSG28, pMCSG29 and pMCSG32 have been described previously (12,20,36). Vectors pMCSG50,

pMCSG60 and pMCSG63; this work.
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Table 2

Expression of genes containing rare tRNA codons.

Protein1 Size (kDa)2 Arg Codons3 Ile Codons3 pMCSG49 pMCSG53

100724 40.5 3/17 0/22

101279 20.7 7/16 3/9

100441 29.6 9/19 4/10

100385 36.6 17/17 9/28

100395 40.8 17/17 12/40

100375 45.5 22/22 17/39

100369 29.6 12/12 14/25

Seven genes containing varying numbers of rare codons for isoleucine and arginine were cloned into the LIC site of pMCSG49 and pMCSG53,
expressed and analyzed by standard procedures (33). Extracts of total protein were separated on polyacrylamide gels. Individual bands
corresponding to the overexpressed proteins from the scanned gel image are displayed.

1
Protein number is the APC number in the MCSG database (http://olenka.med.virginia.edu/mcsg/) and corresponds to the following proteins

(100724 - subunit II of cytochrome C oxidase from Sphaerobacter thermophilus, 101279 - response regulator receiver domain-containing protein
from Planctomyces limnophilus, 100441 - CobB/CobQ domain protein glutamine amidotransferase from Desulfotomaculum acetoxidans, 100385 -
Ppx/GppA phosphatase from Anaerococcus prevotii, 100395 - heat-inducible transcription repressor HrcA from A. prevotii , 100369 - 4-
diphosphocytidyl-2C-methyl-Derythritolsynthase from A. prevotii and 100375 - glycogen biosynthesis protein from A. prevotii).

2
Predicted molecular weight based on expressed protein plus N-terminal His6-tag.

3
Rare/total codons. For Arg, values are AGA + AGG over total; for Ile, AUA over total.
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