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To establish high-throughput methods for protein
crystallography, all aspects of the production and anal-
ysis of protein crystals must be accelerated. Auto-
mated, plate-based methods for cloning, expression,
and evaluation of target proteins will help researchers
investigate the vast numbers of proteins now available
from sequenced genomes. Ligation-independent clon-
ing (LIC) is well suited to robotic cloning and expres-
sion, but few LIC vectors are available commercially.
We have developed a new LIC vector, pMCSG7, that
incorporates the tobacco etch virus (TEV) protease
cleavage site into the leader sequence. This protease
is highly specific and functions under a wide range of
conditions. The new vector incorporates an N-terminal
his-tag followed by the TEV protease recognition site
and a SspI restriction site used for LIC. The vector
functioned as expected, giving high cloning efficienc-
ies and strong expression of proteins. Purification and
cleavage of a target protein showed that the his-tag
and the TEV cleavage site function properly. The pro-
tein was purified and cleaved under different condi-
tions to simulate both plate-based screening methods
and large-scale purifications for crystal production.
The vector also includes a pair of adjacent, unique

restriction sites that will allow insertion of addi-
tional modules between the his-tag and the cleavage
site of the leader sequence to generate a family of vec-
tors suitable for high-throughput production of
proteins.
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The emerging field of structural genomics embraces
many diverse objectives, but in general depends on the
generation of protein structural information at a much
faster rate than occurs currently (1–3). To achieve this
objective, every step involved in determining a protein’s
structure must be accelerated, including the cloning,
expression, and purification of target proteins. Automa-
tion of labor-intensive steps, when possible, can dra-
matically increase throughput and reduce costs (4). The
Midwest Center for Structural Genomics2 (MCSG,
www.mcsg.anl.gov) has instituted robotic, microtiter
plate-based protocols for high-throughput cloning of
target proteins and analysis of their expression and
solubility. The protocols incorporate ligation-indepen-
dent cloning (LIC) of target genes (5, 6). LIC possesses
several advantages for automated cloning. It eliminates
the use of restriction endonuclease digestion and liga-
tion of PCR products, allowing any gene to be cloned
into the vector regardless of its sequence. In LIC, PCR
treatment with T4 DNA polymerase in the presence of
a single deoxyribonucleotide triphosphate, generate 12-
to 15-base-pair overhangs that are complementary to
overhangs generated in the vector. These overhangs
anneal sufficiently strongly to allow the transformation

2 Abbreviations used: MCSG, Midwest Center for Structural Geno-
mics; LIC, ligation-independent cloning; TEV, tobacco etch virus;
DTT, dithiothreitol; LB, Luria–Bertani medium; IPTG, isopropyl
b-galactose.
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of hosts without ligation of the fragments; host repair
enzymes ligate the introduced plasmid. Thus, LIC
allows the consistent design of PCR primers. LIC also
generates very high cloning efficiencies, increasing
greatly the probability of successfully cloning target
genes without labor-intensive screening. All procedures
from the initial PCR through the analysis of expression
can be automated and carried out in microtiter plates.

A serious bottleneck in high-throughput protein
structure determination is the purification of expressed
proteins. Typically, this effort is accelerated by attach-
ment of affinity tags to the N- or C-terminus of ex-
pressed proteins (7). Some tags also improve the solubil-
ity of expressed proteins (8) or reduce their toxicity (9).
Ideally, these tags are cleaved from the purified protein
by specific proteases at recognition sites incorporated
into the tags. Commercially available LIC vectors cur-
rently offer limited options with respect to affinity tags
and cleavage sites. The pET-based LIC vectors from
Novagen are dual tagged (polyhistidine plus S-peptide)
and require cleavage with either enterokinase or factor
Xa to remove both tags. A thrombin site allows removal
of the his-tag only. Stratagene provides a LIC vector
that combines the calmodulin binding peptide tag and
an enterokinase cleavage site. Other options would
be desirable.

The tobacco etch virus (TEV) protease is a highly
specific protease that offers several advantages over the
mammalian proteases currently used in LIC vectors. It
is highly specific, cleaving a seven-amino-acid recogni-
tion sequence, and is active under a wide range of condi-
tions including low temperature and high ionic strength
(10–12). It is also insensitive or only mildly sensitive
to many of the protease inhibitors commonly used to
prevent spurious degradation of expressed proteins by
host proteases (13). Its optimal recognition sequence is
ENLYFQ followed by either S or G. Cleavage occurs
after the Q residue. Some residues may be altered, but
changes in the positions occupied by E, Y, or Q drasti-
cally reduce the efficiency of cleavage.

We have modified the commercial vector pET-30 Xa/
LIC to generate a LIC vector that incorporates the TEV
protease site. The modified vector encodes a leader se-
quence that consists of a polyhistidine affinity tag fol-
lowed by an eight-amino-acid spacer and the TEV prote-
ase recognition sequence. An SspI restriction site
downstream from the TEV recognition sequence allows
LIC manipulations of the vector. In the path to the
preparation of this vector, we also created a variant of
pET-30 Xa/LIC lacking the S-peptide tag but retaining
the factor Xa site. The leader sequence encoding regions

of both vectors were transferred into the closely related
vector pET-21a to give ampicillin-resistant vectors. Ex-
periments with the new LIC–TEV vector showed that
it functioned effectively in all aspects—cloning, expres-
sion, purification, and cleavage.
-INDEPENDENT CLONING 9

MATERIALS AND METHODS

Construction of pMCSG3

Vectors pMCSG3 and pMCSG7 were constructed by
replacing portions of the leader sequence-encoding re-
gion of pET-30 Xa/LIC with nucleotide linkers that en-
coded the new leader sequences (Fig. 1). For pMCSG3,
the entire region encoding the his-tag, thrombin site,
and S-tag of pET-30 Xa/LIC was excised by treatment
with NdeI and BglII. The vector was dephosphorylated
with calf intestinal phosphatase and purified by electro-
phoresis in an agarose gel and extracted using the Qi-
aEx gel extraction kit (Qiagen). The synthetic oligonu-
cleotides TATGCACCATCATCATCATCATTCTTCTG-
GTGTA and GATCTACACCAGAAGAATGATGATGA-
TGATGGTGCA, encoding a six-histidine his-tag, a
small spacer sequence, and the appropriate overhangs,
were hybridized and phosphorylated with T4 DNA ki-
nase. The phosphorylated linker was ligated into the
modified pET-30 Xa/LIC with T4 DNA ligase and trans-
formed into library competent DH5a cells (Gibco).
Clones were screened by restriction endonucleases for
the presence of the shorter leader sequence-encoding
region. To create an ampicillin-resistant vector, the re-
gion between SphI and XhoI, which contains the leader
sequence and is nearly identical in pET-30 Xa/LIC and
pET-21a, was transferred into pET-21a using standard
methods. The resulting vector was named pMCSG3.

Construction of pMCSG7

Elimination of SspI sites. The vector pET-21a con-
tains two SspI sites, one located in the f1 replication
origin and the other between the f1 origin and the ampi-
cillin resistance-encoding gene. These sites were elimi-
nated by cutting pMCSG3 with SspI and DraIII (located
within the f1 origin), treating the linearized vector with
T4 polymerase in the absence of dNTP’s to generate
a blunt end from the DraIII cleavage overhang, and
circularizing the vector with T4 DNA ligase. The re-
sulting vector was cloned and screened for resistance
to ampicillin and the absence of SspI and DraIII sites.
To insure that the modification had not damaged the
vector’s ability to express proteins efficiently, the gene
encoding APC236 was transferred from pET-30 Xa/LIC
into the modified vector and induced. Comparably
strong expression occurred in both vectors.

Introduction of the TEV protease recognition sequence
and the SspI LIC site. The region of the resulting vec-
tor between KpnI and BamHI, which encodes the factor
Xa recognition site and the BseRI LIC site of pET-30
Xa/LIC, was excised and the vector was dephosphory-
lated and purified by agarose gel electrophoresis as

described above. The synthetic oligonucleotides CGA-
GAACCTGTACTTCCAATCCAATATTGGAAGTGGA-
TAACG and GATCCGTTATCCACTTCCAATATTGGA-
TTGGAAGTACAGGTTCTCGGTAC, encoding the TEV



FIG. 1. Schematic illustration of the leader sequence encoding regions of LIC vectors. The commercial vector pET-30 Xa/LIC was modified
a
7
d

by replacing the sequence between the NdeI and BglII sites to gener
of the sequence between the KpnI and BamHI sites to give pMCSG
purification tag; thrombin, thrombin recognition site; S-tag, S-pepti
recognition site; LIC, ligation-independent cloning restriction site.

recognition sequence, an SspI restriction site, and the
appropriate overhangs, were hybridized, phosphory-
lated, ligated into the linearized pMCSG3, and trans-
formed into DH5a cells as described above.

Analysis. The final vector, pMCSG7, was sequenced
with a T7 terminator primer (GCTAGTTATTGCT-
CAGCGG) using the ABI Prism BigDye Terminator
Cycle Sequencing Ready Reaction kit and an ABI Prism
377 DNA Sequencer (PE Applied Biosystems, Foster
City, CA).

LIC Processing and Cloning Efficiencies

Processing of pMCSG3, pMCSG7, and PCR products.
Preparation of pMCSG3 was the same as that described
for the commercial vector pET-30 Xa/LIC (Novagen).
Briefly, the vector was hydrolyzed with BseRI and
treated with T4 DNA polymerase in the presence of
only dCTP to generate the LIC overhang. LIC quality
vectors (low background of clones lacking inserted
genes) were prepared by two cycles of digestion with a
five-fold excess of BseRI (5 units/mg DNA) for 1 h fol-
lowed by ethanol precipitation. The linearized vectors
were treated with T4 DNA polymerase (2 unit/mg DNA)
in a reaction buffer containing 0.33 M Tris acetate,
pH 8.0, 0.66 M potassium acetate, 0.1 M magnesium
acetate, 5 mM dithiothreitol (DTT), and 2.5 mM dCTP.
The final vector stock was diluted to 50 mg/ml and stored
at 270 or 21808C. The LIC extensions on PCR products
targeted for introduction into pET-30 Xa/LIC were com-
patible with pMCSG3. Treatment of these PCR prod-
ucts with T4 DNA polymerase (as described above) in
the presence of 2.5 mM dGTP generated the comple-
mentary LIC overhangs.

Because of the DNA sequence required by the TEV
protease site, the preparation of pMCSG7 was different.
This vector was first cut with SspI and then treated

with T4 DNA polymerase in the presence of only dGTP
(as opposed to dCTP). To attain low backgrounds in
LIC cloning, pMCSG7 was either digested with a high
concentration of SspI, 20 units of enzyme/mg DNA, for
te pMCSG3. This vector was subsequently modified by replacement
. Functional modules, indicated by boxes, are his-tag, six histidine
e detection tag; Xa, factor Xa recognition site; TEV, TEV protease

3 h (60-fold greater than the standard conditions of 1
unit/mg for 1 h) followed by ethanol precipitation, or
purified by electrophoresis in agarose gels after linear-
ization with 10 units of enzyme/mg DNA for 4 h (40-
fold greater than standard conditions).

Because the LIC overhang of pMCSG7 is different,
different cloning handles were incorporated into the
design of the PCR primers. The sense primers began
with the sequence TACTTCCAATCCAATGCX followed
by the nucleotides encoding the target protein. Anti-
sense primers began with the sequence TTATCCACTT-
CCAATG followed by the complement of a stop codon
and the C-terminus of the target protein. Products were
then treated with T4 DNA polymerase in the presence
of dCTP to generate complementary overhangs.

The cloning efficiencies of the vector were evaluated
by determining the frequency of expression of target
proteins in individual clones generated by LIC. For
these experiments we used a set of four target proteins
of various size that spanned a range of cloning efficiency
when introduced into commercially available LIC vec-
tors (15). Good correspondence was observed between
cloning efficiencies measured using these control frag-
ments and results obtained with plates of many diverse
targets proteins. Details of protocols for robotic cloning
in 96-well microtiter plates are described elsewhere
(15). Cultures were grown in 2 ml of Luria–Bertani
(LB)/ampicillin medium at 378C to an OD600 5 0.5 and
then induced with 1 mM isopropyl b-galactoside (IPTG).
Cells were harvested after 3 h and lysed with a mixture
of 2% SDS, 50 mM Tris (pH 6.8), 100 mM DTT, 10%
glycerol, and 0.1% bromphenol blue dye. Expression
was evaluated by denaturing polyacrylamide gel elec-
trophoresis.
10 STOLS ET AL.
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The functionality of the leader sequence was evalu-
ated by purifying and cleaving one of the target proteins
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NaCl. The his-tagged TEV protease was then removed
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cloned in the efficiency evaluation experiments. Over-
night cultures of cells containing APC331 cloned into
pMCSG7 were subcultured into 40 ml of LB medium
containing ampicillin and kanamycin and induced and
harvested as above. Cells were stored at 2808C until
lysed. APC331 was purified in two manners: first
batchwise, using an affinity adsorbent designed for
high-throughput analyses in microtiter plates, and sec-
ond by column chromatography. For the first experi-
ment, APC311 was purified using a Swell-Gel nickel-
chelating disk (Pierce Chemical, product No. 20147)
that had been removed from the commercial 96-well
microtiter plate. Steps were designed to simulate the
steps recommended for purification in the microtiter
plates. Cells were suspended in 2.5 ml of 50 mM sodium
phosphate buffer, pH 8.0, containing 300 mM NaCl and
the protease inhibitor mixture P-8849 from Sigma,
which is designed for use with IMAC affinity chroma-
tography. Cells were lysed in the French press and cen-
trifuged at 11kg for 15 min, and 500 ml of the resulting
supernatant was incubated with the Swell Gel disk in
a 1.5-ml Eppendorf tube for 30 min at room tempera-
ture. The resin was transferred to an empty P6 Biospin
column (Bio-Rad) and washed three times by centrifug-
ing 200-ml aliquots of 50 mM phosphate buffer, pH 8.0,
containing 300 mM NaCl and 40 mM imidazole through
the disk. The protein was eluted with three 200-ml ali-
quots of the same buffer containing 250 mM imidazole
and dialyzed overnight against 50 mM Tris buffer, pH
8.0, containing 0.5 mM EDTA and 1 mM DTT. The
eluted protein was then cleaved with 10 U of commer-
cial TEV protease (Gibco) in keeping with the manufac-
turer’s instructions, for 6 min, 1 h, and 4 h at room
temperature.

In a separate experiment, APC331 was purified on a
1-ml column of Ni–NTA agarose resin (Qiagen). Cells
were grown and induced as above, but suspended in
2.5 ml of 50 mM phosphate buffer, pH 8.0, containing
300 mM NaCl and 10 mM imidazole. Following lysis
and centrifugation as above, the supernatant was ap-
plied to the Ni–NTA agarose column and the column
was washed with buffer containing first 20 mM, then 60
mM, and finally 250 mM of imidazole. APC331 protein
FIG. 2. Sequence of pMCSG7 leader sequence encoding region. The
acid sequence of the leader encoded by pMCSG7 are shown. The leade
tag, an eight-amino-acid spacer, and the TEV protease site (underline
the glutamine and serine residues (QS). Restriction sites are italicize
-INDEPENDENT CLONING 11

homogeneity (a generous gift from Ruiying Xu, Argonne
National Laboratory). The protease was added to the
undialyzed fraction at an approximate ratio of 1 mg
protease per 20 mg APC331 and incubated at 48C for
1, 4, and 16 h. The utility of the his-tagged TEV protease
was confirmed in a separate digestion. In this case,
the protease was added to the eluted sample and the
mixture (1 ml) was dialyzed overnight against 50 mM
sodium phosphate buffer, pH 8, containing 300 mM
d

by batch treatment of the dialyzed mixture with 1 ml
of Ni–NTA agarose resin equilibrated with the same
buffer supplemented with 2 mM imidazole. Samples
were analyzed by denaturing gel electrophoresis.

RESULTS

Characterization of pMCSG7

A LIC vector incorporating a TEV protease site was
constructed by replacing part of the leader sequence
encoding region of pET-30 LIC/Xa with DNA that en-
coded a TEV recognition site and an alternative LIC
restriction site. Partial sequencing of the resulting vec-
tor, pMCSG7, showed that the desired DNA sequence
was obtained (Fig. 2). The vector encodes expression of a
leader sequence consisting of an N-terminal methionine
followed by a six-histidine affinity tag, an eight-amino-
acid spacer, and the seven-amino-acid TEV protease
recognition site, ENLYFQS. The LIC restriction site,
SspI, is located immediately after the recognition site.
The recognition sequence matches one of the two pre-
ferred consensus sequences found in the viral capsid
proteins that are processed by TEV protease in nature
(10). This sequence has been shown to be a readily
cleavable protease site. Following the protease recogni-
tion site is the LIC restriction endonuclease site, SspI.

For LIC processing, cleavage of the vector at the
unique SspI site (AATATT) followed by treatment with
T4 DNA polymerase in the presence of dGTP will gener-
ate a 15-base, single-stranded overhang (Fig. 3A). To
introduce a target gene, PCR primers must encode com-
plementary ends so that treatment with the polymerase
in the presence of dCTP will generate complementary

single-stranded overhangs (Fig. 3B). The expressed pro-eluted in the 250 mM imidazole fraction. Cleavage anal-

yses were performed on the 250 mM imidazole fraction tein will include the leader sequence encoded by the
vector up to the SspI site (Fig. 2). Cleavage of an ex-using purified recombinant his-tagged TEV protease

expressed from the vector pRK508 (8) and purified to pressed protein by TEV protease occurs between the
experimentally determined nucleotide sequence and predicted amino
r consists of a methionine residue followed by a six-histidine affinity
d). Cleavage of expressed proteins by TEV protease occurs between
in the nucleotide sequence. The SspI site is the LIC cleavage site.
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APC331 H. influenzae nifS protein homolog

gine residue (N) derived from the SspI site and an alanine residue

(A) determined by the PCR product. Subsequent amino acids are
the target protein. Dashes indicate continuation of the nucleotide or
amino acid sequences. Cleavage with TEV protease occurs between
residues Q and S to generate a protein with the N-terminal sequence
SNA appended to the target protein.

glutamine and serine residues of the recognition site
and will generate a protein starting with ser-asn fol-
lowed by amino acids determined by the PCR product.

Plasmid pMCSG3, a precursor of pMCSG7, was se-
quenced and verified to encode the same his-tag/spacer
sequence, followed by the unaltered factor Xa cleavage
site of pET-30 Xa/LIC (data not shown). Both vectors
include the BglII and KpnI sites originally present in
Figs. 1 and 2 which can allow insertion of additional
modules into the leader sequence.

Cloning and Expression
Primers were designed to amplify four target proteins
(Table 1) and append the appropriate sequences to the
ends of the PCR products to allow their introduction
by LIC into pET-30 Xa/LIC, pMCSG3, and pMCSG7.
The cloning efficiency of each vector, defined as the
APC385 H. influenzae Hypothetical protein HI0033

a Additional information on APC target proteins can be obtained
at the Midwest Center for Structural Genomics web site,
www.mcsg.anl.gov.

percentage of colonies arising from LIC that expressed
the target protein, was evaluated. For the two BseRI -
based vectors, pET-30 Xa/LIC and pMCSG3, cleavage
followed by ethanol precipitation prior to T4 DNA poly-
merase treatment gave efficiencies of 90 and 75% re-
spectively (Table 2). For pMCSG7, which uses SspI as
the LIC restriction site, poor efficiency was obtained by
this procedure, and extensive digestion with high levels
of SspI or purification by agarose gel electrophoresis
was required to reduce the background sufficiently. The
final efficiencies for all three vectors were at least 75%
sufficient to give over 90% accuracy in screening expres-
sion of target proteins using a pair of replicate microti-
ter plates. Consistent expression efficiencies for each
vector have been observed for different vector lots (re-
sults not shown). As expected for vectors based on T7
polymerase, pMCSG7 generated very strong overex-
pression of cloned proteins (Fig. 4). Similar strong over-
expression of these proteins was obtained with pET-30
Xa/LIC and pMCSG3 (data not shown).
12 STOLS

FIG. 3. LIC processing of pMCSG7 and PCR products. (A) Cleavage
of pMCSG7 with SspI followed by treatment with T4 polymerase in
the presence of dGTP generates 15-base LIC overhangs. (B) Treat-
ment of PCR products with complementary termini (incorporated
into the primers used to amplify target genes) with T4 polymerase
in the presence of dCTP generates complementary LIC overhangs.
(C) Annealing of the overhangs generates a product encoding a leader
sequence with the TEV protease recognition site (residues LYFQS of
the seven-residue recognition site are shown) followed by an aspara-
T AL.

TABLE 1

Genes Expressed in LIC Vectors

Proteina Source Identity

APC236 B. subtilis iolI protein
APC327 H. influenzae Ribosomal large subunit pseudouridine

synthase D
Functionality of the Leader Sequence of pMCSG7

The functionality of the his-tag and TEV cleavage
site of pMCSG7 was demonstrated by purifying one of

TABLE 2

Expression Efficiencies in the LIC Vectors

Vector Processinga Efficiencyb

pET-30 Xa/LICc 5-fold digestion 1 precipitation 0.90
pMCSG3 5-fold digestion 1 precipitation 0.75
pMCSG7 17-fold digestion 1 precipitation 0.17
pMCSG7 60-fold digestion 1 precipitation 0.75
pMCSG7 40-fold digestion 1 gel purification 0.75

a Vectors pET-30 Xa/LIC and pMCSG3 were treated by a 5-fold
excess digestion with BseRI (fold refers to the product of units/mg
DNA times hours, relative to a standard digestion with 1 unit/mg for
1 h) and purified by ethanol precipitation prior to treating with T4

DNA polymerase to create LIC overhangs. Vector pMCSG7 was
treated by various fold excess digestions with SspI and purified by
ethanol precipitation or agarose gel electrophoresis.

b Efficiency equals the fraction of colonies that expressed the
target protein.

c Commercial LIC vector from Novagen.
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mixture was dialyzed overnight into optimal proteolysis

of colonies generated by LIC into pMCSG7 were grown at 378C, in-

duced with 0.5 mM IPTG at OD600 5 0.5, harvested after 3 h, and
lysed. Lane 1, APC236; lane 2, APC327; lane 3, APC331; lane 4,
APC385. Identities of the proteins are given in Table 1. Prestained
molecular weight markers (New England Biolabs) run with apparent
masses of 175, 83, 62, 47.5, 32.5, 25, and 16.5 kDa.

the proteins, APC331. The protein was processed under
two contrasting protocols, one to assess the potential to
extend the robotic microtiter plate analyses to include
binding, release, and cleavage of target proteins and
the other to mimic large-scale purification for crystalli-
zation. In the first case, APC331 was purified using
Pierce’s Swell-Gel nickel IMAC disks in a process that
replicated in a microfuge tube the manufacturer’s rec-
ommended steps for purification in microtiter plates.
Highly purified protein was easily obtained in less than
1 h. Dialysis of the purified protein followed by treat-
ment with commercial TEV protease (Gibco) at room
temperature resulted in nearly complete hydrolysis in
The protein was eluted with 250 mM imidazole, dialyzed into 50 mM
Tris, pH 8.0, containing 5 mM EDTA, and 1 mM DTT and treated with
10 units of commercial TEV protease (Gibco) at room temperature for:
lane 1, 6 min; lane 2, 1 h; and lane 3, 4 h. Prestained molecular
weight markers (New England Biolabs) shown run with apparent
masses of 62 and 47.5 kDa.
-INDEPENDENT CLONING 13

cleaved under two conditions. In the first case, purified
protein was cleaved with commercial TEV protease at
48C directly in the elution buffer, which contained 250
mM imidazole and 300 mM NaCl (Fig. 6A). Cleavage
was nearly complete in 18 h, reflecting the ability of
TEV protease to function under a wide range of condi-
tions. In the second test, his-tagged TEV protease that
had been expressed and purified from the vector
pRK508 (8) was added to the purified protein and the
NEW VECTOR FOR LIGATIO

FIG. 4. Expression of target proteins cloned into pMCSG7. Cultures
4 h (Fig. 5).
For evaluation of conditions used for large-scale proc-

essing of his-tagged proteins, APC331 was purified on
a Ni–NTA column (Qiagen) and eluted stepwise with
imidazole. The nearly homogeneous protein was

FIG. 5. Cleavage of APC331 purified with Swell-Gel disks. Lysates
prepared from 2 ml of induced cells were incubated with Swell-Gel
matrix removed from commercial 96-well microtiter plates (Pierce).
buffer free of imidazole and NaCl. The his-tagged prote-
ase (noncleavable) was removed by batchwise incuba-
tion with Ni–NTA agarose (Fig. 6B).

DISCUSSION

Successful automation of LIC-based cloning promises
to provide a steady stream of proteins for crystallo-
graphic studies, but could lead to a serious bottleneck in
the purification of the proteins. Affinity tags associated
with proteins help greatly in automating their purifica-
tion, but ideally one should be able to remove these
tags quickly under mild conditions with no hydrolysis of
the target protein. Commercially available LIC vectors
incorporate cleavage sites for factor Xa, enterokinase,
and thrombin. While reasonably effective, none of these
proteases is ideal, often requiring extended incubation

at 30–378C to obtain complete hydrolysis of the tag.
Some degradation of the target protein frequently oc-
curs, rendering the previously pure protein impure. The
capsid protease of the tobacco etch virus (TEV protease)

FIG. 6. Cleavage of APC331 purified by column chromatography.
(A) APC331 was purified on Ni–NTA agarose (Qiagen), eluted with
buffer containing 250 mM imidazole, and treated with purified his-
tagged TEV protease at 48C. Lane 1, untreated; lane 2, 1 h; lane 3,
4 h; lane 4, 18 h. The bands around 28 kDa in lanes 2 through 4 are

the TEV protease. (B) TEV protease was added to the same sample
and the mixture was dialyzed overnight into phosphate buffer free
of imidazole. Batch treatment of the dialysate with Ni–NTA agarose
removed the his-tagged protease. Prestained molecular weight mark-
ers (New England Biolabs) run with apparent masses of 175, 83, 62,
47.5, 32.5, 25, 16.5, and 6.5 kDa.
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is highly specific because of its seven-amino-acid recog-
nition sequence (12). Degradation of the target protein
occurs only rarely. The enzyme is also active under a
wide range of conditions, allowing efficient cleavage of
appended tags even at 48C without dialysis into an
optimal buffer (14). Currently, no LIC-based vector in-
corporates the TEV protease site. This report describes
the construction and use of such a vector.

The mechanism of preparation of LIC vectors and
compatible PCR product inserts for cloning imposes
considerable limitations on vector design. Both the lin-
earized vector and the PCR product containing the gene
to be cloned are treated with T4 polymerase in the
presence of a single dNTP to generate complimentary
overhangs. The 38-endonuclease activity of the polymer-
ase removes bases from the 38-end of each duplex DNA
until it encounters the nucleotide matching the single
added dNTP. At that point, polymerase activity domi-
nates, stopping the endonuclease reaction and leaving
a 58 single-stranded overhang. To create a 12- to 15-
base-pair overhang in the linearized vector, the 38-se-
quence of both ends must lack one of the four bases,
for example, G, as occurs in pMCSG7. In the presence
of dGTP (only) the 38–58-exonuclease activity of T4 poly-
merase hydrolyzes 38-bases until it encounters a G,
thereby generating the desired overhang (Fig. 3A). To
be compatible, PCR products must have complementary
termini so that treatment with polymerase and the com-
plementary dNTP will generate compatible overhangs
(Fig. 3B). Because of these restraints, only a limited
number of LIC vectors are available commercially.

Additional factors dictated the design of the TEV/LIC
vector. To place the protease cleavage site adjacent to
the target protein, its sequence must be included in the
N-terminal overhang (Figs. 2 and 3). The optimal TEV
recognition sequence is ENLYFQ followed by either S
or G, with cleavage occurring after the Q residue (11).
The E, Y, and Q residues are required for efficient
hydrolysis. Because glutamine (Q) is encoded only by
codons beginning CA and tyrosine (Y) only by codons
beginning TA, the only option for the nucleotide missing
from the overhang is G. Consequences of this restriction
were that (1) T4 polymerase processing of linearized
vector must be done in the presence of dGTP, (2) glycine
(encoded by GGX) cannot be the 11 amino acid of the
recognition site, and (3) an alternative LIC restriction
site to BseRI must be used. We were able to design such
a sequence by use of SspI as the LIC restriction site
and serine as the 11 residue of the recognition site
(Fig. 2). SspI cleaves its recognition site AATTTA in the
middle to generate a blunt end terminating in AAT,

which encodes asparagine. Treatment of linearized
pMCSG7 with T4 polymerase in the presence of dGTP
will generate 15-base overhangs (Fig. 3A). Complemen-
tary PCR products must be processed in the presence
of the complementary dNTP, in this case dCTP. The
ET AL.

required use of dCTP imposes an additional restriction,
that the first base after the overhang in the PCR prod-
uct must be G, complementary to the C that must be
present to terminate the action of the polymerase (Fig.
3B). This requirement places a G at the start of the next
codon and limits the possible amino acids to glycine,
alanine, valine, aspartate, or glutamate. For cloning
into pMCSG7, alanine (GCX) is recommended because
of its small size and lack of charge. Glycine is not recom-
mended because of the instability of the asparagine–
glycine peptide bond it would generate. The annealed
product (Fig. 3C) encodes a leader sequence with the
TEV protease site followed by the amino acids aspara-
gine–alanine. Processing of expressed proteins gener-
ates a product beginning with the sequence serine–
asparagine–alanine followed by the amplified protein
sequence.

The results reported here show that the new TEV/
LIC vector functions as intended. The vector allows
the high cloning efficiency needed for high-throughput
applications. We found, however, that in contrast to the
BseRI-based LIC vectors, preparation of pMCSG7 for
LIC requires additional treatment. Apparently, traces
of uncut vector remain after treatment with SspI and
T4 polymerase that generate an unacceptably high
background of transformants lacking an inserted gene.
Intensive digestion or gel purification of the processed
plasmid reduced the background sufficiently. Expres-
sion of proteins cloned into pMCSG7 was strong, as
expected for T7 promoter based expression systems,
and comparable to that obtained in pET-30 Xa/LIC and
in pMCSG3, a derivative of pET-30 Xa/LIC that, like
pMCSG7, only encodes a his-tag.

Purification trials demonstrated that the his-tag and
the TEV protease cleavage site function properly. A
representative protein, APC331, was purified by stand-
ard, vendor prescribed protocols both on small Swell-
Gel disks containing chelated Ni (simulating purifica-
tion in microtiter plates, for which the disks were de-
signed) and on a Ni–NTA agarose resin (simulating
large-scale purification for crystallization of target pro-
teins). The purified protein was cleaved efficiently with
TEV protease under various conditions using two differ-
ent forms of the protease. In one experiment, commer-
cial TEV protease cleaved the target protein completely
in fewer than 4 h at room temperature. In the second
case, his-tagged TEV protease purified locally cleaved
the target efficiently at 48C overnight either in the pres-
ence of 250 mM imidazole or during dialysis into buffer
lacking imidazole. Treatment of the dialyzed, cleaved

target with Ni–NTA agarose effectively removed the
his-tagged protease.

The results presented show that pMCSG7 provides
an alternative LIC vector suitable for high-throughput
cloning. The incorporation of the TEV protease cleavage
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ried out under a wider range of conditions—will allow
greater flexibility in the design of purification protocols,
potentially allowing greater automation of those steps
and eliminating possible bottlenecks. Because of the
variability of biological materials, no one vector is ideal
for all proteins. pMCSG7 is intended to serve as a plat-
form for the development of a series of vectors. The
adjacent BglII and KpnI sites, located between the his-
tag and cleavage site, should allow easy introduction
of additional modules into the leader sequence of ex-
pressed proteins to improve expression, solubility, or
purification. Because the LIC overhangs would be unaf-
fected by such additions, a single PCR product could
be introduced by LIC into a series of vectors. Robotic
screening could then include evaluation of the preferred
vector for each target, determining which would be most
likely to generate sufficient soluble material for purifi-
cation and crystallization.
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