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a b s t r a c t

Alphaviruses cause serious diseases that pose a potential health threat to both humans and livestock. The
nonstructural protein 2 (nsp2) encoded by alphaviruses is a multifunctional enzyme that is essential for
viral replication and maturation. Its 39-kDa C-terminal domain (nsp2pro) is a cysteine protease that is
responsible for cleaving a viral polyprotein at three sites to generate nonstructural proteins 1, 2, 3 and
4. In the present study, we evaluated nsp2pro domains from the following three sources as reagents
for site-specific cleavage of fusion proteins: Venezuelan Equine Encephalitis Virus (VEEV), Semliki Forest
Virus (SFV) and Sindbis Virus (SIN). All three alphavirus proteases cleaved model fusion protein sub-
strates with high specificity but they were much less efficient enzymes than potyviral proteases from
tobacco etch virus (TEV) and tobacco vein mottling virus (TVMV). Oligopeptide substrates were also
cleaved with very low efficiency by the alphavirus proteases. We conclude that, in general, alphavirus
nsp2pro proteases are not very useful tools for the removal of affinity tags from recombinant proteins
although they do remain promising therapeutic targets for the treatment of a variety of diseases.

Published by Elsevier Inc.

The family of alphaviruses includes 26 known members [1].
They infect a variety of hosts including mosquitoes, birds, rodents
and other mammals with worldwide distribution [2]. Alphaviruses
also pose a potential threat to human health in many areas. For
example, Venezuelan Equine Encephalitis Virus (VEEV) causes
encephalitis in humans as well as livestock in Central and South
America [3], and some variants of Sindbis Virus (SIN) and Semliki
Forest Virus (SFV) have been found to cause fever and arthritis in
humans [4,5]. VEEV has also has been weaponized by several na-
tions including the United States [6]. Accordingly, it is classified
as a Category B select agent by the Centers for Disease Control
and Prevention.

Common laboratory strains of SFV and SIN are avirulent for hu-
mans [7] and have therefore served as useful models to study the
life cycle and molecular biology of alphaviruses. Alphaviruses pos-
sess a single-stranded RNA genome of approximately 12 kb. They
can be divided into three groups on the basis of sequence similar-
ity: the VEEV/EEEV group, the SFV group and the SIN group [8]. The
genomic RNA of alphaviruses is translated into two polyproteins
that, respectively, encode structural proteins and nonstructural
proteins. The structural proteins share about 45% amino acid se-
quence identity and the nonstructural proteins are about 60% iden-
tical [8]. The nonstructural proteins may be translated as one or

two polyproteins, nsp123 or nsp1234, depending on the virus.
These polyproteins are cleaved to generate nsp1, nsp2,1 nsp3 and
nsp4 by a protease activity that resides within nsp2.

The nsp2 protein of alphaviruses has multiple enzymatic activ-
ities. Its N-terminal domain has been shown to possess ATPase and
GTPase activity [9], RNA helicase activity [10] and RNA 50-triphos-
phatase activity [11]. The C-terminal domain of nsp2 is responsible
for the regulation of 26S subgenome RNA synthesis [12], switching
between negative- and positive-strand RNA synthesis [13], target-
ing nsp2 for nuclear transport [14] and proteolytic processing of
the nonstructural polyprotein. Sequence analysis suggests that
the latter function of nsp2 is mediated by a cysteine protease activ-
ity of peptidase family C9 and clan CA [15]. Site-directed mutagen-
esis has indicated that nsp2 utilizes a Cys/His catalytic dyad [16].
Its activity is specific for substrates with certain target sequences
such as AGA; or AGC; [8]. Because nsp2 is essential for alphavirus
replication and exhibits some degree of sequence specificity, it is
both an attractive target for antiviral therapeutics and a potential
biotechnological tool for the removal of affinity tags from recombi-
nant proteins.
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The proteolytic activity of the nsp2pro domains from SIN and
SFV has been investigated to some extent. Both enzymes cleaved
their cognate nonstructural polyproteins [17,18], but large differ-
ences in the cleavage efficiencies of the three sites were observed.
For SFV nsp2pro, an artificial substrate containing the p3/p4 site
was processed rapidly, while an analogous construct containing
the p1/p2 site was processed much less efficiently, and cleavage
of the p2/p3 site in the same context was extremely poor [19–
21]. However, using native polyproteins translated in vivo as sub-
strates, p2/p3 was cleaved rapidly [18]. For SIN nsp2, cleavage effi-
ciency was only investigated in the context of the native
polyprotein. In experiments conducted in vitro, SIN nsp2 could
only cleave the p1/p2 and p2/p3 sites but not the p3/p4 site
[17,22]. The protease activity of VEEV has not been well character-
ized, although the crystal structure of the nsp2pro domain of VEEV
is available [23].

In the present report, we compared the protease activity of the
nsp2pro domains from VEEV, SFV and SIN, using MBP-NusG-His6

fusion proteins with the P6–P50 residues of the natural polyprotein
cleavage sites in the linker between these two domains and oligo-
peptides as substrates. Because all three protease share similar rec-
ognition sites, we also tested their cross-reactivity. Additionally,
the optimum reaction conditions for each enzyme were investi-
gated and defined.

Materials and methods

Construction of nsp2 protease expression vectors

Plasmid clones encoding the nonstructural proteins of SIN and
VEEV were a gift from Dr. Michael Parker of the United States Army
Research Institute of Infectious Diseases. A plasmid clone encoding
the nonstructural proteins of SFV was obtained from Dr. Juan Rivera
of the National Institute of Arthritis and Musculoskeletal and Skin
Diseases, NIH. The open reading frame (ORF) encoding SIN nsp2pro
(residues 462–805) was amplified using PE1941rep and PE1942rep
(Table 1) as primers for polymerase chain reaction (PCR). The result-
ing PCR amplicon was subsequently used as the template for another
PCR with primers PE277 and PE1942rep (Table 1), generating a sec-
ond amplicon that was inserted by recombinational cloning into the
destination vector pDEST-HisMBP [24] to yield pDZ1849 (Table 2).

The plasmid expression vectors pDZ1830 and pDZ1827, which,
respectively, encode HisMBP-VEEV nsp2pro (residues 457–792)
and HisMBP-SFV nsp2pro (residues 459–797) fusion proteins, were
constructed in the same manner, except primers PE1939 and PE1940
(Table 1) were used to generate pDZ1830 while PE1930 and PE1931
(Table 1) were used to generate pDZ1827. The ORFs of all three pro-
teases were verified by DNA sequencing. SIN nsp2pro has a point
mutation at residue 173 (residue 1 in nsp2pro corresponds to resi-
due 462 of full-length nsp2), which changes an amino acid from
Lys to Glu, a substitution that is present in several SIN sequences
in various databanks and which occurs frequently at this position
in many alphavirus nsp2 proteins, including that of SFV. This vari-
able residue, which is a Ser in VEEV nsp2, is solvent-exposed in the
crystal structure of VEEV nsp2pro [21] and located very far away
from the active site catalytic dyad. Therefore, it is highly unlikely
that the K173E mutation has any influence on the activity of SIN
nsp2pro. The mutation was present in the plasmid template used
for PCR (data not shown).

Construction of MBP-NusG-His6 fusion protein expression vectors

The construction of pKM625, an MBP-NusG-His6 fusion protein
expression vector with a TEV protease recognition site inserted be-
tween the MBP and NusG domains was described previously [25].
The ORF encoding NusG-His6 was amplified from pKM625, using a
series of forward primers containing different nsp2pro protease
recognition sites in conjunction with primer PE278 (Table 1). These
PCR amplicons were inserted by recombinational cloning into the
destination vector pKM596 [26] to generate a series of nine fusion
protein expression vectors containing residues P6–P50 of the nsp1/
2, nsp2/3 and nsp3/4 cleavage sites for each alphavirus protease
(Table 3) in the linker between MBP and NusG-His6 domains (Table
2). A schematic representation of an MBP-NusG-His6 fusion protein
substrate is shown in Fig. 1A. All constructs were verified by DNA
sequencing.

The fusion protein expression vector containing residues P6–P50

of the SFV nsp3/4 cleavage site (Table 3) in the linker between MBP
and NusG-His6 domains (Table 2) plus an additional 10 alanine res-
idues between the P50 site and NusG (pDZ2082) was constructed
by QuickChange site-directed mutagenesis (Stratagene, La Jolla,
CA) and confirmed by DNA sequencing.

Table 1
Oligonucleotides used for PCR amplification.

Name Polarity Sequence (50 ? 30)

PE277 Sense GGGGACAAGTTTGTACAAAAAAGCAGGCTCGGAGAACCTGTACTTCCAG
PE278 Antisense GGGGACCACTTTGTACAAGAAAGCTGGGTTATTAGTGATGATGGTGGTGATG
PE1930 Sense GAGAACCTGTACTTCCAGGGTATGAAGGTGATTGAAGGACCGGCTG
PE1931 Antisense GGGGACCACTTTGTACAAGAAAGCTGGGTTATTAGGCCGTGTGCATGGCTTCTCCGGCATAC
PE1939 Sense GAGAACCTGTACTTCCAGTCTATGAGGCACATCTTGGAGAGACC
PE1940 Antisense GGGGACCACTTTGTACAAGAAAGCTGGGTTATTAGGCTTCGTGGAGTCTGGAACCTG
PE1941rep Sense GAGAACCTGTACTTCCAGTCTGCTGCAATAAACAGCCCCACTC
PE1942rep Antisense GGGGACCACTTTGTACAAGAAAGCTGGGTTATTAAACTCCATCTCTTGTACCCTCATAC
PE1978 Sense GGGGACAAGTTTGTACAAAAAAGCAGGCTCGCTGCAAGAGGCCGGTGCTGGCTCTGTCGAGACTAGCGAGCAACAGGTTCAGGAAC
PE1979 Sense GGGGACAAGTTTGTACAAAAAAGCAGGCTCGCTGCACGAGGCCGGTTGCGCCCCTTCTTACCATAGCGAGCAACAGGTTCAGGAAC
PE1980 Sense GGGGACAAGTTTGTACAAAAAAGCAGGCTCGCGTTTCGACGCCGGTGCTTACATCTTCTCTTCTAGCGAGCAACAGGTTCAGGAAC
PE1981 Sense GGGGACAAGTTTGTACAAAAAAGCAGGCTCGCAAGCCGACGTCGGTGCTGCCCTGGTCGAGACTAGCGAGCAACAGGTTCAGGAAC
PE1982 Sense GGGGACAAGTTTGTACAAAAAAGCAGGCTCGCGTGACGGTGTCGGTGCTGCCCCTGCTTACCGTAGCGAGCAACAGGTTCAGGAAC
PE1983 Sense GGGGACAAGTTTGTACAAAAAAGCAGGCTCGCTGACTGGTGTCGGTGGTTACATCTTCTCTACTAGCGAGCAACAGGTTCAGGAAC
PE1996 Sense GGGGACAAGTTTGTACAAAAAAGCAGGCTCGCTGGGCCGTGCCGGTGCTTACATCTTCTCTTCTAGCGAGCAACAGGTTCAGGAAC
PE2005 Sense GGGGACAAGTTTGTACAAAAAAGCAGGCTCGGAGTACCACGCCGGTGCTGGCGTCGTCGAGACTAGCGAGCAACAGGTTCAGGAAC
PE2006 Sense GGGGACAAGTTTGTACAAAAAAGCAGGCTCGATGCACACTGCCGGTTGCGCCCCTTCTTACCGTAGCGAGCAACAGGTTCAGGAAC
PE2043 Sense CGTTGATATCCGGGATTACTTTCGGAGACTTCGACGACGTCCTGCGACTAGGCCGCGCGGGTGCATATATTTTC
PE2044 Antisense AGATTGGAATTCCTAACGGATTTTTGTTGTAAATGTCCGCTGCCAGTGTCCGAGGAGAAAATATATGCACCCGCGCGG
PE2094 Sense CGTCCTGCGACTAACCGGCGTGGGTGGATATATTTTCTCCACCGACACTGGCAGCGG
PE2095 Antisense CCGCTGCCAGTGTCGGTGGAGAAAATATATCCACCCACGCCGGTTAGTCGCAGGACG
PE2136 Sense GCTTACATCTTCTCTTCTGCTGCTGCCGCCGCTGCCGCCGCTGCTGCCAGCGAGCAACAGGTTCAGG
PE2137 Antisense CCTGAACCTGTTGCTCGCTGGCAGCAGCGGCGGCAGCGGCGGCAGCAGCAGAAGAGAAGATGTAAGC
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Thioredoxin fusion protein substrate expression vectors

Expression vectors encoding thioredoxin (Trx) fusion protein
substrates (Table 2) containing either a SFV p3/p4 or SIN p3/p4
site were constructed according to a previous report [19]. Syn-
thetic DNA encoding 19 residues upstream and 18 residues
downstream of the SFV p3/p4 site (P19–P180) was treated with
EcoRV and EcoRI, and then ligated in-frame with the Trx gene
in pET32c (Novagen, Madison, WI) that had been digested with
MscI and EcoRI to create the Trx-SFV p3/p4 fusion protein expres-
sion vector pDZ1979. The Trx-SIN p3/p4 fusion protein expression
vector, pDZ2040, was constructed by QuickChange site-directed
mutagenesis (Stratagene, La Jolla, CA); 6 residues upstream and
5 residues downstream of the SFV p3/p4 site in pDZ1979 were re-
placed by the corresponding residues from the SIN p3/p4 site
(Fig. 1B).

Expression and purification of nsp2pro proteases

Escherichia coli BL21(DE3) CodonPlus-RIL cells (Stratagene) con-
taining a HisMBP-nsp2pro expression vector were grown to mid-
log phase (A600nm = 0.5) in Luria Broth supplemented with
100 lg/ml ampicillin and 30 lg/ml chloramphenicol at 37 �C, at
which time the temperature was shifted to 25 �C and isopropyl-
b-D-thiogalactopyranoside (IPTG) was added to a final concentra-
tion of 1 mM to initiate the production of the fusion protein. After
4 h, the cells were recovered by centrifugation and frozen at
�80 �C.

About 30 g of E. coli cell paste was suspended in 300 ml of ice-
cold 50 mM sodium phosphate (pH 7.5), 150 mM NaCl and 25 mM
imidazole (buffer A). The cells were lysed with an APV Gaulin Mod-
el G homogenizer (Invensys, Albertslund, Denmark) at 10,000 psi
and centrifuged at 30,000g for 30 min at 4 �C. The supernatant
was filtered through a 0.45 lm polyethersulfone membrane, ap-
plied to a 15 ml HisTrap FF crude affinity column (GE Healthcare,
Piscataway, NJ) equilibrated in buffer A, and then eluted with a lin-
ear gradient from 25 to 250 mM imidazole in buffer A. Fractions
containing the HisMBP-nsp2pro fusion protein were pooled and
concentrated using an Amicon YM30 membrane (Millipore, Bille-
rica, MA), then diluted 6-fold with 50 mM sodium phosphate (pH
7.5), 150 mM NaCl to reduce the imidazole concentration to ca.
25 mM. The fusion protein was then digested with a 1 mg/ml stock
solution of His-tagged TEV (S219V) protease (100:1 w/w) [27]
overnight at 4 �C. Next, the products of the digest were applied
to a 15 ml HisTrap FF crude affinity column equilibrated with buf-
fer A. The flow-through fractions now contained the nsp2pro pro-
tease. The sample was concentrated to about 10 mg/ml using an
Amicon YM30 membrane (Millipore) and applied to a HiPrep 26/
60 Sephacryl S-100 column (GE Healthcare) equilibrated with
50 mM Tris–HCl (pH 7.5), 150 mM NaCl and 2 mM Tris (2-carboxy-
ethyl) phosphine hydrochloride (TCEP). The peak fractions contain-
ing the nsp2pro protease were pooled and concentrated to 1–5 mg/
ml. Aliquots were flash-frozen with liquid nitrogen and stored at
�80 �C until further use. The final product was judged to be at least
95% pure by sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS–PAGE). The molecular weights of all three proteases
were confirmed by electrospray ionization mass spectrometry
(data not shown).

Expression and purification of MBP-NusG-His6 and Trx fusion proteins

Escherichia coli BL21 (DE3) CodonPlus-RIL cells containing an
MBP-NusG-His6 or Trx fusion protein expression vector were culti-
vated and harvested as described above for the production of His-

Table 2
Expression vectors.

Expressed protein Plasmid vector Primers used

Protease expression vectors SIN-nsp2pro pDZ1849 PE277, PE1941rep and PE1942rep
SFV nsp2pro pDZ1827 PE277, PE1930 and PE1931
VEEV nsp2pro pDZ1830 PE277, PE1939 and PE1940

MBP-NusG-His6 fusion protein expression vectors (substrates) SIN p1/p2 pDZ1922 PE1981 and PE278
SIN p2/p3 pDZ1924 PE1982 and PE278
SIN p3/p4 pDZ1926 PE1983 and PE278
SFV p1/p2 pDZ1959 PE2005 and PE278
SFV p2/p3 pDZ1961 PE2006 and PE278
SFV p3/p4 pDZ1954 PE1996 and PE278
SFV p3/p4 + 10 pDZ2082 PE2136 and PE2137
VEEV p1/p2 pDZ1916 PE1978 and PE278
VEEV p2/p3 pDZ1918 PE1979 and PE278
VEEV p3/p4 pDZ1920 PE1980 and PE278

Trx fusion vectors (substrates) SFV p3/p4 pDZ1979 PE2043 and PE2044
SIN p3/p4 pDZ2040 PE2094 and PE2095

Table 3
Alphavirus protease recognition sites (P6–P60).

Virus p1/p2 p2/p3 p3/p4

SFV EYHAGA;GVVETP MHTAGC;APSYRV LGRAGA;YIFSSD
VEEV LQEAGA;GSVETP LHEAGC;APSYHV RFDAGA;YIFSSD
SIN QADVGA;ALVETP RDGVGA;APAYRS LTGVGG;YIFSTD

Fig. 1. Schematic diagram (not to scale) of (A) MBP-NusG-His6 and (B) Trx fusion protein substrates. X represents the P6–P50 amino acid residues of the natural alphavirus
protease cleavage sites (see Table 3).
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MBP-nsp2pro fusion proteins, except that IPTG induction was per-
formed at 30 �C. About 5 g of E. coli cell paste was suspended in
50 ml of ice-cold buffer A and processed as described above. The
fusion proteins were purified by immobilized metal affinity chro-
matography, using a 15 ml HisTrap FF crude affinity as described
above. Fractions containing the fusion protein were pooled, con-
centrated using an Amicon YM30 membrane, and then applied to
a HiPrep Sephacryl 26/60 S-100 column equilibrated with 50 mM
Tris–HCl (pH 7.5), 150 mM NaCl and 2 mM TCEP. The peak frac-
tions containing the fusion protein were pooled and concentrated
to 5–10 mg/ml. Aliquots were flash-frozen with liquid nitrogen
and stored at �80 �C until further use. The final products were
judged to be as least 95% pure by SDS–PAGE (data not shown).

In vitro processing of MBP-NusG fusion proteins

All reactions were performed in 50 mM Tris–HCl (pH 7.5),
150 mM NaCl at 30 �C unless stated otherwise. The concentration
of the fusion protein substrates (MBP-NusG-His6) was 0.9 mg/ml.
A sample was removed from each reaction for an undigested con-
trol, and then nsp2pro protease was added to the remainder of the
reactions to achieve a final concentration of 0.1 mg/ml, unless indi-
cated otherwise. The mixtures were incubated 16 h at 30 �C. The
reactions were stopped by adding an equal volume of 2� SDS sam-
ple buffer and analyzed by SDS–PAGE. The proteins were visualized
by staining with Coomassie brilliant blue.

In vitro processing of Trx fusion proteins

All reactions were performed in 50 mM Tris–HCl (pH 7.5),
150 mM NaCl, 1 mM EDTA and 1 mM DTT at 30 �C unless stated
otherwise. The concentration of the fusion protein substrates was
0.9 mg/ml. A sample was removed from each reaction for an undi-
gested control, and then nsp2pro protease was added to the
remainder of the reactions to achieve a final concentration of
0.1 mg/ml, unless indicated otherwise. The mixtures were incu-
bated 1 h. The reactions were stopped by adding an equal volume
of 2� SDS sample buffer and analyzed by SDS–PAGE. The proteins
were visualized by staining with Coomassie brilliant blue.

Determination of the optimum pH, temperature and salt concentration

To determine the optimum temperature for each nsp2pro, reac-
tions were performed in 50 mM Tris–HCl (pH 7.5), 150 mM NaCl.
The concentration of the fusion protein substrates (MBP-NusG-
His6) was 0.9 mg/ml. A sample was removed from each reaction
for an undigested control, and then protease was added to the
remainder of the reactions to achieve a final concentration of
0.1 mg/ml in the case of SFV and SIN nsp2pro or 0.025 mg/ml in
the case of VEEV nsp2pro. The mixtures were incubated 16 h at a
series of temperatures (4, 10, 15, 20, 25, 30, 37 and 42 �C). The
reactions were stopped by adding an equal volume of 2� SDS sam-
ple buffer and then heating at 90 �C for 5 min. The results were
analyzed by SDS–PAGE. The proteins were visualized by staining
with Coomassie brilliant blue. Initial velocities were calculated
from the relative intensities of Coomassie-stained bands in the
gel using Alpha Innotech (San Leandro, CA) Gel Analysis software.

The effect of pH on proteolytic activity was studied in 50 mM of
either sodium acetate, sodium phosphate or Tris–HCl and 150 mM
NaCl to obtain a range of pH values (5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0,
8.5 and 9), with the concentration of the substrate and protease
being the same as above. Reactions were performed at 30 �C for
16 h, stopped and analyzed as described above.

The effect of monovalent salt concentration on the activity of
the nsp2pro proteases was studied by adding NaCl to 50 mM
Tris–HCl (pH 7.5) to achieve a range of salt concentrations (0, 20,

40, 60, 80, 100, 120, 140, 160, 180, 200, 500 mM, 1 and 2 M). Reac-
tions were performed at 30 �C for 16 h, stopped and analyzed as
described above.

The effect of glycerol, EDTA, DTT and TCEP on nsp2pro activity

The effect of glycerol on the activity of the nsp2pro proteases
was studied by adding glycerol to 50 mM Tris–HCl (pH 7.5) and
150 mM NaCl to achieve a range of glycerol concentrations (0%,
0.5%, 1%, 2%, 3%, 4%, 5% and 10% v/v). The effect of EDTA, DTT and
TCEP on the nsp2pro proteases was studied by adding each to
50 mM Tris–HCl (pH 7.5) and 150 mM NaCl to achieve a range of
concentrations (0, 0.1, 0.5, 1, 2, 5 and 10 mM). Reactions were per-
formed at 30 �C for 16 h, stopped and analyzed as described above.

Oligopeptide synthesis and characterization

Synthetic oligopeptides having the P6–P60 residues of alphavi-
rus cleavage site sequences (Table 3) with three additional C-ter-
minal arginines to increase peptide solubility were obtained from
Biopeptide Inc. (San Diego, CA). Stock solutions were made in dis-
tilled water (or in 2 mM TCEP if the peptide contained a cysteine
residue) and the peptide concentrations were determined by ami-
no acid analysis.

Enzyme kinetics

Enzyme assays were initiated by the mixing of 10 ll protease
solution (1–50 lM) in 2� reaction buffer (100 mM Tris–HCl pH
7.5, 10 mM DTT, 2 mM EDTA, 300 mM NaCl) and 10 ll substrate
solution (0.3 mM). The reaction mixtures were incubated at 30 �C
for 1 or 20 h and the reactions were stopped by the addition of
180 ll 1% trifluoroacetic acid. An aliquot was injected onto a
Nova-Pak C18 reversed-phase chromatography column
(3.9 � 150 mm, Waters Associates, Inc.) using an automatic injec-
tor. Substrates and the cleavage products were separated using an
increasing water–acetonitrile gradient (0–100%) in the presence
of 0.05% TFA. Product peak fractions were collected and analyzed
by MALDI TOF mass spectrometry.

In cases when a sufficient degree of substrate cleavage was ob-
served after 1 h of incubation, measurements were performed at
six different (0.1–2.0 mM) substrate concentrations to determine
the kinetic parameters. Kinetic parameters were determined by fit-
ting the data obtained at less than 20% substrate hydrolysis to the
Michaelis–Menten equation by using the Fig. P program (Fig. P Soft-
ware Corp., Hamilton, Ont., Canada). The catalytic constants (kcat

and kcat/Km) values were calculated by assuming 100% activity for
the enzyme. The standard deviations for the kcat/KM values were
calculated as described [28].

Results

Cloning, expression and purification of nsp2pro proteases

The nsp2pro domains from SIN, SFV and VEEV were ex-
pressed initially as HisMBP fusion proteins [24] in E. coli and
purified to homogeneity as described in Materials and methods.
All three proteases exhibited a similar expression pattern in
E. coli. The HisMBP-nsp2pro fusion proteins were only partially
soluble when induced at 30 �C, but the solubility improved sub-
stantially at 25 �C. After the HisMBP tags were removed by TEV
protease, all three nsp2pro domains remained soluble. The en-
zymes were purified to greater than 95% homogeneity as judged
by SDS–PAGE and their molecular weights were confirmed by
mass spectrometry (data not shown). The yield of all three pro-
teases was about 1 mg/g of wet cells.
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Digestion of fusion protein substrates

Initially, nsp2pro protease assays were conducted with purified
MBP-NusG-His6 fusion protein substrates. Altogether, nine differ-
ent substrates were used in these experiments, each including 11
residues from one of the three viral polyproteins (6 residues up-
stream of the cleavage site and 5 residues downstream, P6–P50

positions) corresponding to the natural p1/p2, p2/p3 and p3/p4
processing sites. The reaction conditions were similar to those em-
ployed in a previous study of SFV nsp2pro [19]; 0.9 mg/ml of sub-

strates and 0.1 mg/ml of protease were incubated at 30 �C
overnight in 50 mM Tris–HCl (pH 7.5), 150 mM NaCl. The results
are shown in Fig. 2. The VEEV p3/p4 site was cleaved most effi-
ciently by VEEV nsp2pro. Cleavage of VEEV p1/p2 was less efficient,
and processing of VEEV p2/p3 was barely detectable. Similar re-
sults were obtained with SFV nsp2pro, in accord with an earlier
study [19]. The products corresponding to the NusG domains gen-
erated by VEEV and SFV nsp2pro were analyzed by N-terminal
sequencing to confirm that proteolytic cleavage occurred at the ex-
pected sites (data not shown). Curiously, under the same condi-

Fig. 2. Digestion of cognate MBP-NusG-His6 fusion protein substrates in vitro by (A) VEEV, (B) SFV and (C) SIN nsp2pro proteases. Reactions were performed with substrates
(lane 1, p1/p2; lane 2, p2/p3; lane 3, p3/p4) at a concentration of 0.9 mg/ml in 50 mM Tris–HCl (pH 7.5), 150 mM NaCl, with proteases at a concentration of 0.1 mg/ml. The
reactions were incubated 16 h at 30 �C, quenched by the addition of SDS sample buffer and analyzed by SDS–PAGE.

Fig. 3. Determination of optimal reaction conditions for VEEV, SFV and SIN nsp2pro proteases, using MBP-NusG-His6 fusion protein substrates with cognate p3/p4 cleavage
sites for each enzyme. Reactions were performed at a substrate concentration of 0.9 mg/ml, with a protease concentration of 0.025 mg/ml for VEEV nsp2pro and 0.1 mg/ml for
SFV and SIN nsp2pro, 16 h at 30 �C. The reactions were quenched by the addition of SDS sample buffer and analyzed by SDS–PAGE. Initial velocities were calculated on the
basis of data obtained by Alpha Innotech Gel Analysis software of Coomassie-stained gels. Open and closed circles represent data obtained with VEEV and SFV proteases,
respectively. Closed triangles represent SIN protease data. Data points represent the average of at least two independent experiments. (A) Optimal temperature. Reactions
were performed in 50 mM Tris–HCl (pH 7.5), 150 mM NaCl solution. (B) Optimal pH. Reactions were performed in 150 mM NaCl and either 50 mM sodium acetate, sodium
phosphate or Tris–HCl buffer to achieve the indicated pH. (C) Optimal salt concentration. Concentrated NaCl was added to 50 mM Tris–HCl (pH 7.5) to achieve a range of
monovalent salt concentrations between 0 and 200 mM. (D) Inhibitory effect of glycerol. Glycerol was added to 50 mM Tris–HCl (pH 7.5), 150 mM NaCl to achieve a range of
glycerol concentrations between 0% and 10%.
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tions, SIN nsp2pro cleaved only about 1% of its p3/p4 substrate and
showed no detectable activity on the SIN p1/p2 or p2/p3 sub-
strates. Consequently, its products were not subjected to N-termi-
nal sequencing.

Comparison of pH, temperature and salt dependence

The effect of pH, temperature and monovalent salt concentra-
tion on the enzymatic activity of the nsp2pro enzymes was inves-
tigated. The MBP-NusG-His6 fusion proteins VEEV p3/p4, SFV p3/
p4 and SIN p3/p4 were used as substrates for these experiments
because they were cleaved most efficiently by their cognate en-
zymes. As shown in Fig. 3A, the temperature dependence of VEEV
and SFV nsp2pro is similar. Enzymatic activity increased with
increasing temperature between 4 and 30 �C, reaching a maximum
at 25 �C for VEEV nsp2pro and 30 �C for SFV nsp2pro. The activity
decreased dramatically at temperatures above 30 �C, possibly due
to unfolding of the proteases. Both proteases had maximum activ-
ity near neutral pH, as shown in Fig. 3B. VEEV nsp2pro was most
active in the pH range of 6–7.5, while SFV nsp2pro was maximally
active over a somewhat larger range (pH 6.5–8). The concentration
of monovalent salt (NaCl) had relatively little effect on enzymatic
activity up to 200 mM, as shown in Fig. 3C. However, NaCl concen-
trations in excess of 500 mM resulted in nonspecific cleavage of the
substrates (results not shown). The activity of SIN nsp2pro did not
improve under any of the conditions tested.

The effect of glycerol, EDTA and reducing agents

Both VEEV and SFV nsp2pro are very sensitive to glycerol. The
activity of the two enzymes is reduced by approximately 20-fold
in the presence of 5% glycerol (Fig. 3D). Glycerol was also observed
to inhibit the proteolytic activity of Chikungunya virus nsp2 prote-
ase, although not as severely [29]. Whereas VEEV nsp2pro could
tolerate EDTA up to 10 mM with very little effect, inhibition of
SFV nsp2pro was observed at or above 2 mM EDTA. The reducing
agents dithiothreitol (DTT) and TCEP had no discernable effect on
the activity of VEEV or SFV nsp2pro up to 5 mM, and both enzymes
were able to tolerate up to 10 mM of b-mercaptoethanol.

Cross-reactivity of VEEV, SFV and SIN proteases

All three proteases ostensibly recognize similar sites, (A/V)G(A/
G/C);(A/G/Y) (Table 3). Therefore, it was of interest to investigate
whether their substrates are interchangeable. The nine previously
described MBP-NusG-His6 fusion protein substrates were em-
ployed for this purpose. As shown in Fig. 4, SIN nsp2pro failed to
cleave any of the substrates, including its own, nor were any of
its substrates cleaved by either of the other two enzymes. The
VEEV p1/p2 and p3/p4 substrates were cleaved by VEEV nsp2pro,
as expected. Similarly, the SFV p1/p2 and p3/p4 substrates were
cleaved by SFV nsp2pro. The only instance of cross-reactivity was
cleavage of the SFV p1/p2 substrate by VEEV nsp2pro. Surprisingly,
VEEV nsp2pro cleaved this heterologous substrate more efficiently
than any of its own natural processing sites.

Digestion of thioredoxin fusion protein substrates

Concern about the relatively weak catalytic power of the
nsp2pro enzymes prompted us to compare the activity of our prep-
aration of SFV nsp2pro with SFV nsp2pro obtained from a commer-
cial source (Quattromed, Tartu, Estonia), using both the MBP-
NusG-His6 substrates that we designed and a previously described
Trx fusion protein substrate for SFV nsp2pro (Fig. 1B) [19]. Rather
than consisting of 2-folded domains connected by an unstructured
linker (like the MBP-NusG-His6 substrates), the Trx domain is fol-

lowed by 50 ostensibly unstructured residues, 37 of which are de-
rived from the SFV p3/p4 processing site (P19–P180). The results of
these experiments confirmed that the specific activity of the two
enzyme preparations is comparable (Fig. 5), but the Trx fusion pro-
tein was cleaved far more efficiently by SFV nsp2pro than the MBP-
NusG-His6 p3/p4 substrate; the former substrate was completely
digested after only 1 h. In view of the particularly low catalytic
activity of our preparation of SIN nsp2pro (see above), we also con-
structed a second Trx fusion protein substrate, otherwise identical
to the first, in which the P6–P50 residues were replaced by the cor-
responding residues from the SIN p3/p4 processing site. This sub-
strate was cleaved approximately 10-fold more efficiently than
the SIN p3/p4 MBP-NusG-His6 fusion protein (data not shown).

The effect of linker length on the efficiency of cleavage

In contrast to the MBP-NusG-His6 fusion proteins containing
alphavirus recognition sites, virtually identical fusion protein sub-
strates with recognition sites for TEV (ENLYFQG) or TVMV
(ETVRFQS) proteases between the MBP and NusG-His6 domains
are processed very efficiently in vitro by their cognate enzymes
[25,30]. On the other hand, the Trx fusion protein substrates for
the alphavirus proteases, which have longer linkers and lack a
structured C-terminal domain, are cleaved more efficiently than
their MBP-NusG-His6 counterparts. Two features distinguish the
latter substrates from the former. First, the Trx fusion proteins
have longer segments of the viral polyprotein sequence on either
side of the cleavage site than do the MBP-NusG-His6 fusion pro-

Fig. 4. Analysis of cross-reactivity between VEEV, SFV and SIN proteases. Reactions
were performed with MBP-NusG-His6 fusion protein substrates at a concentration
of 0.9 mg/ml in 50 mM Tris–HCl (pH 7.5), 150 mM NaCl, with proteases at
concentration of 0.1 mg/ml. The reactions were incubated at 30 �C overnight. Lane
1, molecular weight standards (SeeBlue Plus2 Prestained; Invitrogen, Carlsbad, CA,
USA). The approximate sizes of the markers (in kDa) are indicated to the left of lane
1. Lanes 2–10 correspond to MBP-NusG-His6 substrates SIN p1/p2, SIN p2/p3, SIN
p3/p4, SFV p1/p2, SFV p2/p3, SFV p3/p4, VEEV p1/p2, VEEV p2/p3 and VEEV p3/p4,
respectively. Lane 11 contains the indicated nsp2pro protease only. (A) Digestion of
substrates by VEEV nsp2pro. (B) Digestion of substrates by SFV nsp2pro. (C)
Digestion of substrates by SIN nsp2pro.
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teins. Second, the distance between the cleavage site and the
beginning of ordered structure in the C-terminal domain of the
MBP-NusG-His6 fusion proteins is shorter than in the Trx fusion
protein substrates. In crystal structures of Aquifex aeolicus NusG,
between 4 and 8 N-terminal residues are disordered [31,32]. To-
gether with the 5 alphavirus residues distal to the cleavage site,
this amounts to a total of 9–13 disordered residues between the
cleavage site and the folded NusG domain of the fusion protein.
To investigate whether the length of the linker between the alpha-
virus cleavage site and NusG has an impact on the processing effi-
ciency, an MBP-NusG-His6 fusion protein substrate was
constructed with 10 consecutive Ala residues between the P50 res-
idue of the SFV p3/p4 cleavage site and the N-terminus of NusG. As
shown in Fig. 5C, this fusion protein was cleaved with greater effi-
ciency by SFV nsp2pro than the original MBP-NusG-His6 substrate
with the shorter linker. While this experiment does not rule out
the possibility that the sequence specificity of alphavirus proteases
extends beyond the P50 site, it does reveal a clear dependency on
linker length.

Experiments with oligopeptide substrates

To corroborate the results obtained with fusion protein sub-
strates and facilitate the measurement of kinetic parameters, activ-
ity assays were also conducted with a series of oligopeptide
substrates encompassing residues P6–P60 of the viral cleavage
sites, using each enzyme on all of the substrates. When substrates
were incubated overnight with 0.1 mg/ml (2.5 lM) enzymes, no
hydrolysis was observed for most of the enzyme/substrate combi-
nations. A low level (�5%) of hydrolysis was observed for the VEEV
p1/p2 and p3/p4 peptides with VEEV protease (data not shown).
Using substantially higher enzyme concentrations, a low level of
hydrolysis of the SIN p1/p2 and p3/p4 peptides by SIN protease

was also observed at the correct site, as verified by MALDI MS. In
three cases, the rate of hydrolysis at 1 h of incubation was suffi-
cient to allow the determination Km, kcat and kcat/Km values using
the HPLC-based assay, as described previously for TEV and TVMV
proteases [30,33]. These include the cleavage of SFV p1/p2 site
peptide by VEEV protease, and the cleavage of SFV p1/p2 and p3/
p4 site peptides by SVF protease. The results of these experiments
are presented in Table 4. In general, the hierarchy of processing
efficiency is in good agreement with the results obtained using
the MBP-NusG-His6 fusion protein substrates, although the SFV
nsp2pro appeared to be somewhat more active than the VEEV
nsp2pro on the peptide substrates. The specificity constants (a
measure of catalytic efficiency) for those combinations of alphavi-
ral proteases and oligopeptides that could be estimated experi-
mentally are approximately 10- to 100-fold lower than those
obtained with TEV and TVMV proteases and their specific sub-
strates [30,33].

Discussion

In addition to their obvious utility for protein purification, affin-
ity tags can improve the yield of recombinant proteins, protect
them from intracellular proteolysis, and enhance their solubility
[34–38]. However, it is ordinarily desirable to remove an affinity

Fig. 5. Effect of enzyme source and type of substrate on the activity of SFV nsp2pro. (A) Digestion of MBP-NusG-His6 fusion proteins by SFV nsp2pro and Pro39. Reactions
were performed with substrates at a concentration of 0.9 mg/ml in 50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1 mM DTT, 1 mM EDTA with proteases at a concentration of
0.1 mg/ml. The reactions were incubated at 30 �C for 16 h, quenched by the addition of SDS sample buffer and analyzed by SDS–PAGE. Lane 1, molecular weight standards
(SeeBlue Plus2 Prestained). The approximate sizes of the markers (in kDa) are indicated to the left of lane 1. Lane 2, undigested fusion protein. Lane 3, digestion with SFV
nsp2pro. Lane 4, digestion with Pro39. (B) Digestion of TRX fusion proteins by SFV nsp2pro and Pro39. Reaction conditions were the same as in panel A, but reactions were
terminated after 1 h. Lane 1, molecular weight standards (SeeBlue Plus2 Prestained). The approximate sizes of the markers (in kDa) are indicated to the left of lane 1. Lane 2,
undigested fusion protein. Lanes 3–6, SFV nsp2pro at 1 mg/ml, 0.1 mg/ml, 10 lg/ml and 1 lg/ml, respectively. Lanes 7–10, Pro39 at 1 mg/ml, 0.1 mg/ml, 10 lg/ml and 1 lg/
ml, respectively. (C) Digestion of MBP-NusG-His6 (SFV p3/p4) and MBP-NusG-His6 with 10 additional alanine residues between the P50 site and NusG (SFV p3/p4 + 10) by SFV
nsp2pro. Reaction conditions were the same as in panel B (1 h). Lane 1, molecular weight standards (SeeBlue Plus2 Prestained). Lane 2, MBP-NusG-His6 SFV p3/p4. Lane 3,
MBP-NusG-His6 SFV p3/p4 + 10.

Table 4
Kinetic parameters determined for oligopeptide substrates.

Site Protease Km (mM) kcat (s�1) kcat/Km (mM�1 s�1)

SFV p1/p2 VEEV 0.58 ± 0.09 0.016 ± 0.001 0.028 ± 0.005
SFV p1/p2 SFV 1.20 ± 0.22 0.043 ± 0.005 0.036 ± 0.008
SFV p3/p4 SFV 1.27 ± 0.20 0.352 ± 0.032 0.277 ± 0.050
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tag from a protein prior to functional and structural studies. Enzy-
matic methods are most commonly employed to remove affinity
tags, yet not all proteases perform this task equally well.

The objective of this study was to compare the ability of three
alphavirus nsp2 proteases to cleave genetically engineered fusion
proteins at a specific site. The methods we used here are similar
to those that were previously used to characterize TEV and
TVMV proteases [30]. To this end, we constructed a series of nine
MBP-NusG-His6 fusion proteins, each including the P6–P50 resi-
dues of a different viral polyprotein cleavage site (Table 3) in be-
tween the MBP and NusG domains. Based on a previous study of
SFV nsp2 [39], we anticipated that 11 viral residues surrounding
the cleavage site would be more than sufficient for efficient pro-
cessing. Unexpectedly, however, in contrast to previous studies
of SFV nsp2pro [19,21,39], we discovered that the alphavirus
nsp2pro enzymes exhibited relatively poor catalytic activity
in vitro, being much less efficient at processing MBP-NusG-His6

fusion proteins than TEV or TVMV proteases [30]. One possible
explanation for this observation is that the alphavirus proteases
are inherently weaker catalysts than the potyviral proteases,
which is supported by the data obtained with oligopeptide
substrates.

We also found that the TRX fusion proteins were cleaved much
more efficiently by the alphavirus nsp2pro proteases than were the
MBP-NusG-His6 substrates. This may indicate that the specificity
determinants for the nsp2pro enzymes extend beyond the P6–P50

residues of their substrates. Consistent with this hypothesis, Lulla
et al. reported a decrease in processing efficiency when the length
of the SFV sequence on the C-terminal side of the p3/p4 site was
reduced from 10 to 5 residues [39]. On the other hand, as few as
five viral residues on the N-terminal side of the SFV p3/4 site ap-
peared to be enough for efficient processing. Another possible
explanation for this observation is that the larger size of the
nsp2pro enzymes (ca. 39 kDa compared to 25 kDa for TEV and
TVMV proteases) may inhibit their access to short interdomain
linkers. Although the crystal structure of VEEV nsp2pro has been
published [23], no nsp2pro/peptide co-crystal structures are cur-
rently available, and so it is not known how many residues are oc-
cluded by the enzyme when it binds to its processing sites.
However, the more efficient processing of an MBP-NusG-His6 fu-
sion with an extended linker following the cleavage site is consis-
tent with this hypothesis. A third possibility is that alphavirus nsp2
proteases utilize a form of facilitated diffusion to locate their target
sequences, akin to the manner in which restriction endonucleases
‘‘scan” DNA via nonspecific interactions in search of their cognate
binding sites [40]. From a practical standpoint, it does not matter
whether steric hindrance is to blame, if the sequence specificity
of alphavirus proteases extends beyond the P50 site in the C-termi-
nal direction, or if facilitated diffusion is involved in the recogni-
tion of target sites; any of these circumstances would reduce the
utility of these enzymes as reagents for removing N-terminal affin-
ity tags because efficient processing would require that quite a few
unstructured, non-native residues remain on the N-terminus of the
target protein after cleavage.

We conclude from this study that although these alphavirus
proteases exhibit sufficient sequence specificity to be useful re-
agents for removing affinity tags, in practice their ability to cleave
genetically engineered fusion protein substrates is far less impres-
sive than that of proteases encoded by potyviruses such as TEV and
TVMV, which makes them comparatively unattractive from a bio-
technological standpoint. These proteases may require a longer lin-
ker between domains in a fusion protein substrate for efficient
processing to occur. Additionally, experiments with oligopeptide
substrates suggest that they are inherently weaker catalysts than
the potyviral proteases. In either case, they do not offer any signif-
icant advantages over existing proteolytic reagents. On the other

hand, alphavirus proteases remain promising therapeutic targets
for the treatment of a variety of diseases, which is ample justifica-
tion to continue studying them.
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