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Abstract

Affinity tags are widely used as vehicles for the production of recombinant proteins. Yet, because of concerns about their poten-
tial to interfere with the activity or structure of proteins, it is almost always desirable to remove them from the target protein. The
proteases that are most often used to cleave fusion proteins are factor Xa, enterokinase, and thrombin, yet the literature is replete
with reports of fusion proteins that were cleaved by these proteases at locations other than the designed site. It is becoming increas-
ingly evident that certain viral proteases have more stringent sequence specificity. These proteases adopt a trypsin-like fold but pos-
sess an unconventional catalytic triad in which Cys replaces Ser. The tobacco etch virus (TEV) protease is the best-characterized
enzyme of this type. TEV protease cleaves the sequence ENLYFQG/S between QG or QS with high specificity. The tobacco vein
mottling virus (TVMYV) protease is a close relative of TEV protease with a distinct sequence specificity (ETVRFQG/S). We show
that, like TEV protease, TVMYV protease can be used to cleave fusion proteins with high specificity in vitro and in vivo. We compared
the catalytic activity of the two enzymes as a function of temperature and ionic strength, using an MBP-NusG fusion protein as a
model substrate. The behavior of TVMYV protease was very similar to that of TEV protease. Its catalytic activity was greatest in the
absence of NaCl, but diminished only threefold with increasing salt up to 200 mM. We found that the optimum temperatures of the
two enzymes are nearly the same and that they differ only two-fold in catalytic efficiency, both at room temperature and 4 °C. Hence,
TVMYV protease may be a useful alternative to TEV protease when a recombinant protein happens to contain a sequence that is sim-
ilar to a TEV protease recognition site or for protein expression strategies that involve the use of more than one protease.
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A major benefit resulting from the advent of recombi-
nant DNA technology has been the large-scale produc-
tion of proteins of medical or industrial importance. It is
common practice to express recombinant proteins in
Escherichia coli as fusions to highly soluble affinity
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partners such as maltose-binding protein (MBP) [1] and
glutathione S-transferase (GST) [2]. This strategy allows
for enhanced protein expression levels, greater stability
and solubility of the recombinant protein, and provides
a convenient affinity handle for protein purification [3,4].
Yet, if these tags remain associated with the protein of
interest after purification, they may interfere with pro-
tein function, structural analysis, or be immunogenic if
the protein is administered in vivo [5]. Removal of the
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tag is therefore desirable. Frequently used proteases such
as thrombin, enteropeptidase, and factor Xa have all
been shown to cleave proteins at noncanonical sites [1,6—
9]. Consequently, endoproteases with stringent sequence
specificity have become important tools [10].

The 3C-like proteases encoded by certain picornavi-
ruses have proven to be the most generally useful
reagents. The best-characterized enzymes of this type are
rhinovirus 3C protease (also known as PreScission pro-
tease) and the nuclear inclusion protease encoded by the
tobacco etch virus (TEV), both of which are commer-
cially available [11]. Although these proteases are very
sequence specific and rarely, if ever, cleave proteins at
noncanonical sites, neither is without drawbacks. Pre-
Scission protease has a strict requirement for a Gly—Pro
dipeptide in the P1’ and P2’ positions, and so after diges-
tion of a fusion protein with an N-terminal tag a mini-
mum of two nonnative residues will remain on the target
protein. TEV protease, on the other hand, has no P2’
specificity (except that Pro is inhibitory in this position)
and can tolerate a variety of amino acids in the P1’ posi-
tion [12]. Yet, TEV protease cleaves itself and autoinacti-
vates [13]. Mutants of TEV protease with greater
resistance to autolysis have been described [14,15], but
the only mutant that is completely impervious to autoin-
activation is also less catalytically active than the wild-
type enzyme.

The tobacco vein mottling virus protease (TVMV
protease) is closely related to TEV protease (Fig. 1).
However, in constrast to the latter enzyme, TVMV pro-
tease reportedly does not cleave itself even at high con-
centrations in solution [16]. Moreover, because its
specificity is distinct from that of TEV protease, TVMV
protease may be a useful alternative in rare cases when
target proteins contain a sequence that happens to
resemble the TEV protease recognition site. In the pres-
ent report, we show that, like TEV protease, TVMYV pro-
tease can be used to cleave fusion protein substrates with
high specificity in vitro and in vivo. The catalytic
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Fig. 1. Sequence alignment of TEV and TVMV proteases. The
sequence alignment was made by the program ClustalW. The catalytic
triad residues are underlined. Autoproteolysis of TEV protease occurs
between Met219 and Ser220.

efficiency and dependence of TVMYV and TEV protease
activities on monovalent salt concentration and temper-
ature were also compared and found to be similar.

Material and methods
Construction of plasmid expression vectors

PpRKI1035

A PCR amplicon carrying an open reading frame
(ORF) encoding residues 1-235 of the TVMYV protease
catalytic domain [16] was constructed from synthetic
oligodeoxyribonucleotides, using the program DNA
Works [17]. The codon usage was optimized for E. coli.
In the process, a canonical recognition site for TVMV
protease and a His,-tag (ETVRFQSHHHHHH) were
added to the N-terminus of the synthetic TVMV prote-
ase ORF. This PCR amplicon was subsequently used as
the template for a second PCR with forward and reverse
primers that added attB1 and attB2 sites to its N- and C-
terminal ends, respectively. The final PCR amplicon was
recombined into the destination vector pRK596 [18] to
construct the MBP-His,-TVMYV protease fusion vector
pRK1035. The complete nucleotide sequence of
pRK1035 and additional descriptive information about
this plasmid can be obtained at http://mcll.ncifcrf.gov/
waugh_prk1035.html. The MBP-His,-TVMV protease
fusion protein produced by pRK1035 cleaves itself at
the designed TVMYV recognition site in vivo to yield an
N-terminally Hisg-tagged TVMYV protease that is free of
MBP.

PpRKI1037

The synthetic ORF encoding residues 1-235 of the
TVMV protease catalytic domain was amplified from
pRK1035 by PCR, using the following oligodeoxyribo-
nucleotide primers: 5'-TCC TCT CAA TTG ATT TAA
GGA GGT AAC ATA TGT CTA AAG CTT TGC
TGA AGG GC-3' and 5'-TCT CCT AGA TCT TTA
TTA GTC CAT GAT GGC GG-3'. The PCR amplicon
was cleaved with Mfel and Bg/Il, and then ligated with
the EcoR1/BamHI vector backbone of pRK603 [19] to
construct pRK 1037, which produces TVMYV protease in
response to anhydrotetracycline (aTet). The complete
nucleotide sequence of pPRK 1037 and additional descrip-
tive information about this plasmid can be obtained at
http://mcll.nciferf.gov/iwaugh_prk1037.html

Fusion protein expression vectors

The construction of a Gateway entry clone carrying
the Aquifex aeolicus NusG-His, ORF preceded by a
canonical TEV protease recognition site was described
previously [12]. An analogous entry clone (pRK1108) in
which the NusG—Hisy ORF is preceded by a canonical
TVMYV protease recognition site (ETVRFQS) instead
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was constructed in the same manner. The NusG-His,
ORF from pRK1108 was recombined into the destina-
tion vector pKM596 [18] to construct the MBP-NusG-—
His, fusion protein expression vector pRK1036. The
GST-NusG-Hisg fusion vector pRK1109 was con-
structed by recombining the NusG-His, ORF from
pRK1108 into the destination vector pDEST3 (Invitro-
gen). The thioredoxin-NusG-His; (TRX-NusG-Hisy)
fusion vector pSN1606 was constructed in the same
fashion, except that the destination vector was
pDEST548 (Protein Expression Laboratory, SAIC-
Frederick).

Expression and purification of Hisg-TEV proteases

Overproduction and purification of wild-type Hiss—
TEV protease and the autolysis-resistant S219V mutant
was performed as described previously [14].

Expression and purification of Hisg-TVMYV protease

Escherichia coli BL21 CodonPlus-RIL cells (Strata-
gene) containing pRK 1035 were grown to mid-log phase
(Agoonm=0.5) in Luria Broth [20] supplemented with
100 pg/ml ampicillin and 30 pg/ml chloramphenicol at
37°C, at which time the temperature was shifted to 30 °C
and isopropyl-B-p-thiogalactopyranoside (IPTG) was
added to a final concentration of 1 mM to initiate pro-
duction of the MBP-His,-TVMYV protease fusion pro-
tein. After 4 h, the cells were recovered by centrifugation
and frozen at —80 °C.

Escherichia coli cell paste was suspended in ice-cold
50mM sodium phosphate (pH 7.2), 300 mM NaCl, 10%
glycerol, and 25mM imidazole (buffer A) containing
Complete EDTA-free protease inhibitor cocktail (Roche
Molecular Biochemicals). The cells were lysed with an
APV Gaulin Model G1000 homogenizer at 10,000 psi
and centrifuged at 30,000g for 30 min at 4 °C. The super-
natant was filtered through a 0.2pum polyethersulfone
membrane and applied to a 30ml Ni-NTA Superflow
affinity column (Qiagen) equilibrated in buffer A. The
column was washed with 10 column volumes of buffer A
and eluted with a linear gradient from 25 to 250 mM
imidazole in buffer A. Fractions containing recombinant
His¢-TVMYV protease were pooled and then ethylenedi-
aminetetraacetic acid (EDTA) and dithiothreitol (DTT)
were added to final concentrations of 1 and 5mM,
respectively. The sample was concentrated using an
Amicon YM10 membrane (Millipore) and diluted 10-
fold with 50 mM sodium phosphate (pH 7.2), 10% glyc-
erol, ImM EDTA, and 5mM DTT (buffer B). The
sample was applied to a HiPrep 16/10 SP FF column
(Amersham Biosciences) equilibrated with buffer B,
washed, and eluted with a linear gradient to 250 mM
NaCl in buffer B. The peak fractions containing His,-
TVMV protease were pooled and concentrated to 2 mg/

ml. Aliquots were flash-frozen with liquid nitrogen and
stored at —80°C until use. The final product was
judged to be >95% pure by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE). The
molecular weight was confirmed by electrospray mass
spectrometry.

Expression and purification of MBP-NusG, GST-NusG,
and TRX-NusG fusion proteins

Escherichia coli BL21 CodonPlus-RIL cells (Strata-
gene) containing either pRK1036, pRKI1109, or
pSN1606 were cultivated and harvested as described
above for the production of His¢-TVMV protease.
E. coli cell paste was suspended in ice-cold 50 mM Hepes
(pH 8.0), 200mM NacCl, and 25 mM imidazole (buffer C)
containing complete EDTA-free protease inhibitor
cocktail (Roche Molecular Biochemicals). The cells were
lysed with an APV Gaulin Model G1000 homogenizer at
10,000 psi and centrifuged at 30,000g for 30 min at 4°C.
The supernatant was filtered through a 0.2 pm polyether-
sulfone membrane and applied to a 10ml Ni-NTA
Superflow affinity column (Qiagen) equilibrated in buffer
C. The column was washed and eluted with a linear gra-
dient from 25 to 200 mM imidazole in buffer C. The peak
fractions were pooled, concentrated using an Amicon
YM10 membrane (Millipore), and then fractionated on
a HiPrep 16/60 Sephacryl S-200 HR column (Amersham
Biosciences) equilibrated with 50mM Tris (pH 8),
100mM NaCl, and 0.5mM EDTA. Purified recombi-
nant TVMYV protease substrates (>90% by SDS-PAGE)
were concentrated to 2-4 mg/ml, flash-frozen with liquid
nitrogen, and stored at —80 °C until use.

Intracellular processing of fusion proteins

Escherichia coli BL21Pro cells (B & D Biosciences
Clontech) containing a fusion protein expression vector
(MBP-NusG, GST-NusG, or TRX-NusG) and
pRK1037, the TVMV protease expression vector, were
grown to saturation in Luria Broth supplemented with
100 pg/ml ampicillin and 30 pg/ml kanamycin at 37°C.
The saturated culture was diluted 1:50 in the same
medium and grown to mid-log phase (44y,, = 0.4 —0.5)
at 37°C, at which time the temperature was shifted to
30°C and IPTG was added to a final concentration of
I mM to initiate production of the fusion protein. To
induce the production of TVMV protease, aTet was
added to a final concentration of 100ng/ml 2h later.
After 2 h, the cells from 10 ml of each culture were recov-
ered by centrifugation and resuspended in 1ml of
50mM Tris—HCI (pH 8.0), 1 mM EDTA, and 200 mM
NaCl. The cell suspensions were lysed by sonication,
after which aliquots of the cell lysates were mixed
with an equal volume of 2x SDS sample buffer [21] to
produce samples of the total protein for SDS-PAGE.



S. Nallamsetty et al. | Protein Expression and Purification 38 (2004) 108—115 111

The disrupted cell suspensions were then centrifuged at
14,000g for 10 min to pellet the insoluble material. Aliqu-
ots of the supernatant fractions were removed and
mixed with an equal volume of 2x SDS sample buffer to
produce samples of the soluble protein for SDS-PAGE.
All samples were heated at 90 °C for 2 min and then cen-
trifuged at 14,000g for 5 min prior to SDS-PAGE. Sam-
ples were analyzed on 4-12% Bis—Tris NuPage gels
(Invitrogen) and visualized by staining with Coomassie
brilliant blue.

In vitro processing of fusion proteins

All reactions were performed in 50 mM Tris—HCI (pH
8.0), 0.5mM EDTA, and 1 mM DTT at 30°C. The con-
centration of the fusion protein substrates (MBP-NusG,
GST-NusG, and TRX-NusG) was 1 mg/ml. A sample
was removed from each reaction for an undigested con-
trol, and then TVMYV protease was added to the remain-
der of the reactions at an enzyme:substrate ratio of 1:100
and incubated at 30 °C. Aliquots were removed after 1 h
and overnight and mixed with an equal volume of 2x
SDS sample buffer. These samples were denatured at
90 °C for 2min and then centrifuged at 14,000g for 5 min
prior to SDS-PAGE. The proteins were visualized by
staining with Coomassie brilliant blue.

Stability of TVMYV vs. TEV proteases against auto-
digestion

Proteases (either wild-type TEV, S219V TEV, or wild-
type TVMYV) at a concentration of 1 mg/ml were incu-
bated at room temperature in 50 mM Tris—HCI (pH 8.0),
0.5mM EDTA and 1 mM DTT. Aliquots were removed
at Omin and after overnight incubation (ca. 12h). Sam-
ples were resolved by SDS-PAGE and proteins were
visualized by staining with Coomassie brilliant blue.

Oligopeptide synthesis and characterization

Oligopeptide substrates for TEV and TVMV prote-
ases (TENLYFQSGTRR and TETVRFQSGTRR,
respectively) were synthesized by standard 9-fluorenylm-
ethyloxycarbonyl chemistry on a model 430A auto-
mated peptide synthesizer (Applied Biosystems) with
amide C-terminal ends. Stock solutions were made in
distilled water and peptide concentrations were deter-
mined by amino acid analysis after peptide hydrolysis,
using a Beckman 6300 amino acid analyzer.

Enzyme kinetics

The protease assays were initiated by mixing of 20 pl
of TVMV or TEV protease solution in 2x reaction
buffer (50 mM sodium phosphate (pH 7.0), SmM DTT,
800mM NacCl, 10% glycerol) with 20l of substrate

solution (0.04-0.24 mM) in distilled water. The protease
solutions were generated by diluting concentrated
stock solutions with 2x reaction buffer. The nominal
enzyme concentrations used for kinetic measurements
were 50nM TVMYV or TEV protease. Higher concentra-
tions (up to 2500nM) were also tested to confirm that
neither enzyme could cleave the canonical recognition
site of the other. The actual enzyme concentrations were
determined by amino acid analysis. Measurements were
performed at six different substrate concentrations. The
reaction mixtures were incubated at 30 °C for 30 min and
then stopped by the addition of 160 ul 4.5M guanidine—
HCI containing 1% trifluoroacetic acid. An aliquot was
injected onto a Nova-Pak C,; reversed-phase chroma-
tography column (3.9 x 150mm, Waters Associates)
using an automatic injector. Substrates and cleavage
products were separated with an increasing water—aceto-
nitrile gradient (0—100%) in the presence of 0.05% TFA.
To determine the correlation between the peak areas of
the cleavage products and their amounts, fractions were
collected and analyzed by amino acid analysis. The k,,
values were calculated by assuming 100% activity for the
enzyme. Kinetic parameters were determined by fitting
the data obtained at less than 20% substrate hydrolysis
to the Michaelis—Menten equation by using the Fig. P
program (Fig. P Software). The standard deviations for
the k., /Ky values were calculated according to Boross
et al. [22].

Determination of the optimum temperature and salt
concentration for TVMYV and TEV proteases

Reactions were performed in 50mM Tris (pH 8.0),
0.5mM EDTA, and 1mM DTT at a substrate concen-
tration of 1 mg/ml. Aliquots were removed from each
reaction to serve as an undigested control, and then pro-
tease was added to the remainder of the reaction to a
final concentration of 0.01 mg/ml. Identical reactions
were incubated at a series of temperatures (4, 8, 12, 16,
20, 24, 28, 30, 32, 36, and 40°C). Aliquots were with-
drawn at regular intervals (1-10, 20, 30, 40, 50, 60,
120 min, and overnight). Reactions were stopped by the
addition of 2x SDS sample buffer, and then the samples
were analyzed by SDS-PAGE. Initial velocities were cal-
culated on the basis of data obtained by laser scanning
densitometry of Coomassie-stained gels.

The effect of monovalent salt concentration on TEV
and TVMYV proteases was studied by adding NaCl to
standard reaction buffer (above) to achieve a range of salt
concentrations (0, 25, 50, 75, 100, 125, 150, 175, and
200mM NaCl). Reactions were performed at at 30°C.
Aliquots were withdrawn at regular intervals (1-10, 20,
30, 40, 50, 60, 120 min, and overnight), quenched with 2x
SDS sample buffer, and subjected to SDS-PAGE. Initial
velocities were calculated on the basis of data obtained by
laser scanning densitometry of Coomassie-stained gels.
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At least three independent experiments were per-
formed to obtain numerical estimates of the fraction of
fusion protein that was cleaved at each time point. Coo-
massie-stained gels were scanned with a Molecular
Dynamics Personal Densitometer and the pixel densities
of the bands corresponding to the fusion proteins were
obtained directly by volumetric integration. The percent-
age of cleavage at each point was calculated by dividing
the amount of fusion protein cleaved by the total
amount of fusion protein, after first subtracting the nor-
malized background values obtained from negative con-
trol lanes. The mean and standard deviation were
generated by Microsoft Excel.

Results

Expression and purification of His-tagged TVMYV
protease

Expression of TEV protease in E. coli was problem-
atic because of rare codons and poor solubility [8,12].
Therefore, to ensure a high yield of TVMV protease in
E. coli, we constructed a synthetic, codon-optimized

pKM1035

(7360 bp)

pRK1037
(2892 bp)

Sac |

Fig. 2. TVMV protease expression vectors. Schematic diagram (not to
scale) of TVMYV protease expression vectors pPRK 1035 and pRK1037.

gene. To improve the solubility of the enzyme, TVMV
protease was produced in the form of a self-processing
MBP fusion protein, analogous to the way in which the
solubility problem was overcome with TEV protease [8].
A schematic diagram of the TVMYV protease expression
vector pRK1035 is shown in Fig. 2. The MBP-TVMV
fusion protein cleaved itself in vivo to yield an N-termi-
nally His-tagged TVMYV protease (ca. 27 kDa) that was
partially soluble in the crude cell extract and soluble
MBP (ca. 40 kDa) (Fig. 3). The solubility of TVMYV pro-
tease was somewhat lower than that of TEV protease
produced in the same manner [8]. Nevertheless, it was
possible to purify ample amounts of the enzyme by
immobilized metal affinity chromatography (IMAC)
and cation exchange chromatography.

Digestion of fusion protein substrates in vitro

To gauge how stringent the sequence specificity of
TVMYV protease is, we digested three fusion protein sub-
strates (MBP-NusG, GST-NusG, and TRX-NusG) in
vitro. The three fusion proteins were cleaved efficiently
at the designed recognition sites (ETVRFQS), but no
cleavage of any of these proteins at noncanonical sites
was observed, even after prolonged incubation (Fig. 4).
Thus, TVMV protease does not degrade any of these
commonly used affinity tags (TRX, GST, MBP) or
NusG, suggesting that it is a highly specific enzyme.

Relative stability of TVMYV and TEV proteases against
autodigestion

Wild-type TEV protease cleaves itself at a specific site
near its C-terminus, yielding a truncated enzyme with
greatly diminished activity [13]. To confirm that TVMV
protease does not digest itself, as previously reported
[16], we incubated it under reaction conditions overnight
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Fig. 3. Expression and purification of MBP-TVMYV. Coomassie-
stained SDS-PAGE gel (10-20% Tris—glycine gradient, Invitrogen)
showing samples of MBP-TVMYV under uninduced vs. induced condi-
tions. Lanes: M, broad-range molecular weight standards (kDa); 1 and
2, total and soluble fractions of the uninduced protein, respectively; 3
and 4, total and soluble fractions of the induced protein, respectively;
and 5, pure TVMYV protease.
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Fig. 4. Digestion of fusion protein substrates in vitro by TVMV prote-
ase. Reactions were performed with substrates (MBP-NusG, lane 2;
GST-NusG, lane 3; TRX-0NusG, lane 4) at a concentration of 1 mg/
ml in 50mM Tris—-HCI (pH 8.0), 0.5mM EDTA, and 1mM DTT.
Aliquots were removed from each reaction to serve as undigested con-
trols, and then protease was added to the remainder of the reactions to
a final concentration of 0.01 mg/ml. The reactions were incubated at
30 °C. Aliquots were removed after 1 h (A) and overnight (B), sub-
jected to SDS-PAGE (10-20% Tris-glycine gradient gel, Novex), and
stained with Coomassie brilliant blue. Lane 1 contains pure TVMV
protease.
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Fig. 5. Stability of TVMYV vs. TEV protease against autodigestion.
Proteases (wild-type TEV, lane 1; S219V TEV mutant, lane 2; TVMV,
lane 3) were incubated at room temperature at a concentration of
1 mg/ml in 50 mM Tris—HCI (pH 8.0), 0.5 mM EDTA, and | mM DTT.
Aliquots were removed after Omin (A) and overnight (B). Samples
were resolved by SDS-PAGE (10-20% Tris—glycine gradient gel,
Invitrogen) and stained with Coomassie brilliant blue.

(Fig. 5) along with wild-type TEV protease and a mutant
form of the latter enzyme (S219V) that is resistant to
autodigestion [14]. Whereas the wild-type TEV protease
cleaved itself under these conditions, both the mutant
TEV protease and the wild-type TVMYV protease were
stable.

Lack of cross-reactivity between TVMYV and TEV
proteases, and comparison of kinetic parameters

To compare the catalytic activity of TEV and TVMV
proteases, kinetic parameters Ky and k,, were

Table 1
Kinetic parameters for TVMYV and TEV proteases

determined, using peptide substrates with canonical
TEV or TVMYV recognition sites (Table 1). The apparent
Ky of TVMYV protease (0.065mM) is very similar to that
of TEV protease (0.061 mM), but its k_,, (0.07s7") is half
that of TEV protease (0.16s7!), resulting in an enzyme
with ca. twofold lower catalytic efficiency. The K,; and
ke values for TVMYV and TEV proteases determined in
the present study are similar to those reported previously
[12,16,23]. The TVMV and TEV proteases were unable
to cleave each other’s canonical target sequences, dem-
onstrating that they have distinct sequence specificities.

Comparison of salt and temperature dependence

We wanted to investigate whether TEV and TVMV
proteases may have different properties with respect to
certain reaction parameters. Two common variables are
temperature and salt. As shown in Fig. 6A, the tempera-
ture dependence of TVMV and TEV proteases is
remarkably similar. Enzymatic activity is maximal at
about 30°C, with a gradual decrease above 34°C. The
decrease in enzymatic activity at higher temperature may
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Fig. 6. Determination of the optimal temperature and salt concentra-
tion for TVMV and TEV proteases. Reactions were performed in
50mM Tris (pH 8.0), 0.5mM EDTA, and I mM DTT at a substrate
concentration of 1 mg/ml. Aliquots were removed from each reaction
to serve as undigested controls and then protease was added to the
remainder of the reactions to a final concentration of 0.01 mg/ml.
Closed circles and open circles represent TVMV and TEV protease
reactions, respectively. (A) Optimal temperature. Identical reactions
were incubated at the indicated temperatures and aliquots were with-
drawn at regular intervals. The reactions were quenched by the addi-
tion of 2x SDS sample buffer and analyzed by SDS-PAGE. Initial
velocity was calculated on the basis of data obtained by laser scanning
densitometry of Coomassie-stained gels. (B) Optimal salt concentra-
tion. Concentrated NaCl was added to the standard reaction buffer
(above) to achieve a range of monovalent salt concentrations between
0 and 200 mM as indicated. Aliquots were withdrawn at regular inter-
vals and subjected to SDS-PAGE. Initial velocity was calculated on
the basis of data obtained by laser scanning densitometry of Coomas-
sie-stained gels.

Substrate Enzyme Ky (mM) ke 57H ke Ky (mM~1s7h)
TENLYFQ/SGTRR TEV 0.061 +0.010 0.16+0.01 2624046
TETVRFQ/SGTRR TVMV 0.065 £ 0.009 0.07+0.01 1.08 £0.17
TENLYFQ/SGTRR TVMV Not cleaved

TETVRFQ/SGTRR TEV Not cleaved
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Fig. 7. Intracellular processing of fusion proteins in E. coli strain
BL21Pro. Cells containing one of the NusG fusion protein expression
vectors (MBP-NusG, lane 1; GST-NusG, lane 2; TRX-NusG, lane 3)
and pRK 1037 were grown to mid-log phase at 37 °C, at which time the
temperature was shifted to 30 °C and IPTG was added to initiate the
production of the fusion protein (A). To induce TVMV protease
expression, aTet was added 2 h later (B). Samples of the total protein
were resolved by SDS-PAGE (10-20% Tris—glycine gradient gel,
Invitrogen) and stained with Coomassie brilliant blue. Arrows indicate
the positions of the fusion proteins and their digestion products.

be due to unfolding of the proteases. Both enzymes are
much less active at 4°C than at their optimal tempera-
tures. Nevertheless, they retain enough activity at 4 °C to
cleave a 100-fold molar excess of the MBP—NusG fusion
protein overnight (data not shown). The dependence of
TVMYV and TEV protease activity on NaCl concentra-
tion is also similar (Fig. 6B). Maximal activity is
obtained at low salt, with a gradual decrease observed as
the salt concentration rises.

Intracellular processing of fusion proteins by TVMV
protease

In vivo processing of fusion proteins is a convenient
way to check processing efficiency and solubility of the
released passenger protein before any chromatography
experiments are performed [18,19]. pRK1037, which is
analogous to the TEV protease expression vector
pRK603 [19], can be used to coexpress TVMV protease
with fusion protein substrates in E. coli (Fig. 2). Three
examples of intracellular processing experiments are
shown in Fig. 7, using MBP-NusG, GST-NusG, and
TRX-NusG fusion proteins as substrates. When cells
containing both vectors are induced with IPTG only,
little or no processing occurs. This indicates that the
TVMYV vector is tightly regulated. The ability to regu-
late the TVMV protease expression vector indepen-
dently of the IPTG-inducible fusion protein expression
vector is an important advantage, because delayed

induction of TEV protease often results in greater solu-
bility of the cleaved passenger protein in vivo [18,19].
When cells are induced with both IPTG and aTet, the
fusion proteins are efficiently processed in vivo.
Although pRK1037 does not produce enough TVMV
protease to be visible on the Coomassie-stained gel,
enough enzyme is made to cleave virtually all of the
overproduced substrates.

Discussion

In addition to their obvious utility for protein purifi-
cation, affinity tags can improve the yield of recombi-
nant proteins, protect them from intracellular
proteolysis, and at least in the case of MBP, enhance
their solubility [1,2,7,8]. However, it is ordinarily desir-
able to remove an affinity tag from a passenger protein
for functional and structural studies. Enzymatic meth-
ods are most commonly employed to remove affinity
tags, yet not all proteases perform this task equally well.
While factor Xa, enteropeptidase, and thrombin fre-
quently cleave proteins at noncanonical sites [11,24],
TEV protease is highly specific.

Here, we have shown that TVMYV protease is similar
to TEV protease in terms of its catalytic activity, its sen-
sitivity to monovalent salt concentration, and its temper-
ature-dependence. Both enzymes are active over a wide
range of ionic strength and retain appreciable activity at
low temperature (4 °C). Like TEV protease, TVMYV pro-
tease is highly sequence-specific; no nonspecific process-
ing of MBP-NusG, GST-NusG, or TRX-NusG fusion
proteins was observed, even at high protease concentra-
tions for extended periods of time. Moreover, unlike
TEV protease, TVMV protease does not cleave itself
into inactive fragments.

TVMYV and TEV proteases have distinct sequence
specificities. Neither enzyme was capable of cleaving the
canonical recognition site of the other. The most
important specificity determinants for TEV protease are
EXXYXQS [25] and the canonical target site is consid-
ered to be ENLYFQS. An in-depth analysis of TVMV
specificity determinants has yet to be performed, but
sequence conservation of natural processing sites in the
polyprotein suggests that ETVRFQS is the preferred
site. V and R are highly conserved in natural TVMV
sites and probably are the main discriminators between
TVMYV and TEV sites. TVMV protease may be a useful
alternative to TEV protease when recombinant proteins
happen to contain sequence(s) that are similar to the
TEV protease recognition site.

It is also possible to imagine situations in which one
might wish to take advantage of two proteases with
distinct specificities. For instance, a target protein could
be produced in the form of a fusion protein with an
N-terminal MBP-tag (to take advantage of its solubility-
enhancing properties) followed by a biotin acceptor
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peptide (BAP). Two distinct protease recognition sites
could be placed between the MBP-tag and the BAP and
between the BAP and the target protein, respectively.
This type of fusion protein could be purified by amylose
and/or monomeric avidin affinity chromatography. The
MBP-tag could then be removed by one protease, and
the resulting BAP-tagged target protein used for surface
plasmon resonance experiments or immobilized on avi-
din/streptavidin-coated surfaces for other purposes
without any threat of interference from the MBP-tag.
Then, for structural studies, the BAP-tag could be
removed by the other protease, yielding a target protein
with at most one extra residue appended to its N-termi-
nus. Hence, this strategy would enable multiple objec-
tives to be achieved with a single expression vector.
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