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Abstract

Chikungunya virus (CHIKV) is a mosquito-borne alphavirus that causes epidemic fever, rash and polyarthralgia in Africa and Asia. Although
it is known since the 1950s, new epidemiological and clinical features reported during the recent outbreak in the Indian Ocean can be regarded as
the emergence of a new disease. Numerous severe forms of the infection have been described that put emphasis on the lack of efficient antiviral
therapy. Among the virus-encoded enzymes, nsP2 constitutes an attractive target for the development of antiviral drugs. It is a multifunctional
protein of approximately 90 kDa with a helicase motif in the N-terminal portion of the protein while the papain-like protease activity resides in the
C-terminal portion. The nsP2 proteinase is an essential enzyme whose proteolytic activity is critical for virus replication.

In this work, arecombinant CHIKV nsP2pro and a C-terminally truncated variant were expressed in Escherichia coli and purified by metal—-chelate
chromatography. The enzymatic properties of the proteinase were then determined using specific synthetic fluorogenic substrates. This study
constitutes the first characterization of a recombinant CHIKV nsP2 cysteine protease, which may be useful for future drug screening.

© 2007 Elsevier B.V. All rights reserved.
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Chikungunya virus (genus Alphavirus, family Togaviridae)
is transmitted by Aedes mosquitoes (Porterfield, 1980; Strauss
and Strauss, 1986) and is typically responsible in human of
an acute illness, which includes fever, maculopapular rash, and
incapacitating arthralgia (Robinson, 1955; Johnston and Peters,
1996; Jupp and Cornel, 1988). Isolated for the first time during
a Tanzanian outbreak in 1952 (Ross, 1956), CHIKV is geo-
graphically distributed in Africa, India, and Southeast Asia (Lam
et al., 2001; Pastorino et al., 2004; Saluzzo et al., 1983). In
Africa, until 2000, it was described as endemic through a syl-
vatic cycle involving wild primates, humans and mosquitoes
of the genus Aedes (Powers et al., 2000). However, during the
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last 6 years, large urban outbreaks have been also reported in
central Africa (Pastorino et al., 2004). Due to recent exten-
sion around the Indian Ocean, including Comoros, Mauritius,
Reunion island, Madagascar and India (Bessaud et al., 2006b;
Charrel et al., 2007; Schuffenecker et al., 2006; Ravi, 2006),
and now in Italia, CHIKYV is regarded as a potential worldwide
public health problem, with no preventive or therapeutic means
available.

Both Sindbis virus (SINV) and Semliki Forest virus (SFV)
have been studied extensively at the molecular level. They have
served as models for determining alphavirus architecture and
replication strategy. The genome of alphaviruses is a single RNA
molecule of positive polarity, about 11.5kb in length, encod-
ing four non-structural proteins (nsP1-4) that are the essential
components of the viral replicase and transcriptase. Functional
proteins are first expressed as a polyprotein that is then cleaved
by the viral proteases.
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The nsP2 protein is multifunctional (Hardy and Strauss, 1989;
Merits et al., 2001; Strauss et al., 1992; Vasiljeva et al., 2001).
Nucleoside triphosphatase, helicase, and RNA-dependent 5'-
triphosphatase activities are located in the N-terminus of the
protein while the proteolytic domain has been mapped to its
C-terminal part. It forms a papain-like thiol protease with a
catalytic dyad involving two conserved residues C and H. The
nsP2 protease is responsible for cleavages in the non-structural
polyprotein (Kim et al., 2004; Vasiljeva et al., 2003) that are
crucial for the viral replication cycle. Therefore, this protease
constitutes an attractive target for the development of antiviral
compounds.

Previous functional mapping of SFV nsP2 (Vasiljeva et
al., 2001) had defined a soluble nsP2 region with pro-
tease activity and called Pro39 (SFV residues M*9_C799),
The CHIKV nsP2pro sequence was determined by align-
ment of CHIKV (GenBank accession number AF369024),
SINV (AF429428) and SFV (NC003215) amino acid sequences
(residues E*17-C799) using the Clustal X 1.81 software
(Thompson et al., 1997). The overall nsP2pro sequence con-
servation was about 38% at the nucleotidic level and 63% at
the amino-acidic level when CHIKYV sequence was compared to
SFV. The catalytic residues C*’® and H*® were found invariant
in all the three nsP2pro sequences, as well as the W>4°, which has
been shown to be necessary for proteolytic activity (Golubtsov
et al., 2006; Strauss et al., 1992).

Based on this sequence analysis, we constructed two specific
plasmids using the pET-DEST42 Vector, following specifi-
cations of Gateway Cloning Technology (Invitrogen, Cergy
pontoise, France). The primers CHIK-D1 (genome position
2948-2965): 5'-AAAAAGCAGGCTCTGAAGGAGATAGA-
ACCATGTGGAAAGACACTCTCCGGT and CHIK-C2
(genome position 4030-4048): 5-AGAAAGCTGGGTAAC-
ATCCTGCTCGGGTGGC were used for the first construc-
tion (nsP2pro) expressing the CHIKV nsP2pro from residue
W422 through residue C7%°. The primers CHIK-DI and
CHIK-C1 (genome position 3563-3581): 5'-AGAAAGCTG-
GGTAGACCAGGAGCACGTGGTG were used for the second
construct (nsP2proDel) (from residue W*?? through residue
V639).
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CHIKV nsP2pro and nsP2proDel were expressed in
Escherichia coli BL21-CodonPlus (DE3)-RIL (Stratagene) with
I mMIPTG for6hat22 °Cin TB media (Fig. 1). The two recom-
binant proteins were partially soluble. Different conditions were
tested (addition of denaturing agents, detergents or glycylglycine
(Ghosh et al., 2004)) but failed to improve the protein solubility.

Purification was performed using metal-chelate chromatog-
raphy (Ni-NTA, Qiagen, Courtabceuf, France) loaded onto a
XK16/20 column (Amersham Biosciences, Orsay, France) con-
nected to an AKTAgpr.C system (Amersham Biosciences). After
purification, the Coomassie-stained SDS-PAGE revealed addi-
tional bands accompanying the recombinant proteins. The use
of Co?* matrix and the increase of the wash steps strin-
gency, as well as size exclusion (Superdex 200 10/300 column,
Amersham) and ion exchange (mono Q 5/50 column, Amer-
sham) chromatographies did not improve the purity rate.
The main contaminating proteins were identified by MALDI-
TOF-MS analysis as the chaperone protein htpG of E. coli
(molecular weight 71,378 Da, number Swiss-Prot/TrEMBL:
HTPG_ECO57), already described when recombinant proteins
are overproduced in E. coli (Rikkonen et al., 1992; Liberek et al.,
1991; Sherman and Goldberg, 1992), and as the elongation factor
EFCA of E. coli (molecular weight 42,422 Da); these proteins
do not display any protease activity. Washing the Ni-NTA puri-
fied fractions with MgATP (Rial and Ceccarelli, 2002) for the
purpose of eliminating the chaperone protein htpG resulted in a
concomitant loss of a substantial proportion of the recombinant
protein (data not shown).

The identity of nsP2pro and nsP2proDel were verified by
immunoblotting using anti-His monoclonal antibodies (Fig. 1).
After the purification steps, nsP2pro and nsP2proDel protein
concentration was determined to be ~3 wM with a purity close
to 70% using a Lumi-Imager imaging system (Roche Applied
Sciences, Meylan, France). Purified protein samples were then
concentrated using Vivaspin concentrators (Vivascience, Han-
nover, Germany).

To characterize the enzymatic activity of the purified protease
nsP2pro and nsP2proDel, we investigated their ability to cleave
peptidyl-7-amino-4-methylcoumarine-labelled substrates; this
kind of substrate had been previously used to study the activ-
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Fig. 1. Analysis by Coomassie blue staining (C) and Western blotting (W) of the purified nsP2proDel (A) and nsP2pro (B) recombinant proteins. Arrows indicate

the recombinant proteins after immobilized-metal affinity chromatography.
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ity of a wide range of proteases, such as eukaryotic and viral
trypsin-like proteases (Jeohn et al., 1999; Kato et al., 1998;
Bessaud et al., 2006a; Yusof et al., 2000) and cysteine proteases
(Choe et al., 2006; Melo et al., 2001; Gosalia et al., 2005). Such
short substrates are useful to assay the catalytic activity of pro-
teases and to map their specificity at non-prime sites. Residues
in the P4-P3-P;-P positions (according to Schechter & Berger’s
nomenclature, 1967) are thought to be important for nsP2 cleav-
age as the enzyme can only recognize substrates with small
residues in these positions and specifically a G in the P2 site
(Lulla et al., 2006). Taking into account these data, we designed
two synthetic peptides, Boc-AGA-MCA and Boc-AGG-MCA
(JPT Peptide Technologies, Berlin, Germany), which repre-
sent the natural non-prime part of the CHIKV nsP1/nsP2 and
nsP3/nsP4 cleavage sites, respectively.

Both the two substrates were found to be cleaved by nsP2pro.
In contrast, no activity on Boc-AGA-MCA and Boc-AGG-MCA
substrates was detected using the nsP2proDel protease even at
an enzymatic concentration up to 5 wM. This result confirmed
the functional importance of the nsP2 C-terminal region for
its protease activity and the absence of protease contaminating
activity in the recombinant protein preparation. Previous stud-
ies had shown that SFV nsP2 protease activity was inhibited
by deletion in the 200 carboxyl-terminal domain (Vasiljeva et
al., 2001). Recently, the Venezuelan equine encephalitis virus
(VEEV) nsP2 protease structure has been resolved (Russo and
Watowich, 2006) and provided evidence that the C-terminal moi-
ety may contribute to substrate recognition. Thus, the C-terminal
region of alphavirus nsP2pro could fill a role similar to the NS2B
cofactor of the flavivirus-encoded NS3 protease (Aleshin et al.,
2007).

The tri-peptide substrate Boc-AGG-MCA was used to deter-
mine the optimal conditions for enzymatic activity of nsP2pro.
The pH dependence of proteolytic processing was studied at
constant ionic strength and the optimal pH for enzyme cataly-
sis was determined to be 9.5 (Fig. 2A). Enzymatic activity was
higher than 80% between pH 8 and 10 and decreased rapidly
out of this range. It was already the case for others purified viral
recombinant proteases (Bessaud et al., 2006a; Li and Singh,
1999; Nall et al., 2004; Shiryaev et al., 2006). The existence of
such an alkaline optimal pH could indicate that proteolysis is a
regulated process in vivo at physiological pH of the cytoplasm.

The CHIKYV protease activity was slightly inhibited by NaCl
(Fig. 2B): the optimal activity values were obtained for NaCl
concentration between 10 and 50 mM. Increasing salt concen-
tration up to 250 mM resulted in a 50% decrease of the protease
activity. This result can be explained by the importance of elec-
trostatic interactions in cysteine protease/substrate binding.

Overproduced recombinant proteins had a tendency to aggre-
gate and it had been shown that addition of glycerol or a neutral
detergent could enhance the targeted activity by increasing
accessibility of the enzyme site to substrate (Bessaud et al., 2005;
Leung et al., 2001; Nall et al., 2004). However, CHIKV nsP2pro
processing activity was significantly inhibited by glycerol addi-
tion: at glycerol concentration 10%, the protease activity was
already decreased about 50% and dropped to 20% with 20%
glycerol (Fig. 2C).
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Fig. 2. Enzymatic characterization of CHIKV nsP2pro. Effects of pH, ionic
strength and glycerol content on proteolytic processing by CHIKV nsP2pro
protein. (A) Effect of pH; for each data point, relative activity was defined as
the ratio (100 x V;)/(Vi)pH 9.5. (B) Effect of ionic strength, observed in buffers
containing Tris 50mM pH 9.5 and varying concentration of NaCl; for each
data point, relative activity was defined as the ratio (100 x V;)/(Vi)10mm. (C)
Effect of glycerol; for each data point, relative activity was defined as the ratio
(100 x Vi)/(Vi)os-

Therefore, the optimal experimental conditions were deter-
mined to be Tris 50 mM pH 9.5, NaCl 10 mM.

Under these optimal conditions, the purified CHIKV nsP2pro
protease showed a 4.5-fold reduced activity for substrate
Boc-AGA-MCA compared to Boc-AGG-MCA (Table 1). For
Boc-AGA-MCA substrate, the K, and kco; Were, respectively
10 times and 2.5 times higher than the values obtained with
the Boc-AGG-MCA substrate. The kinetic comparison showed
that the CHIKV nsP2pro protease had a higher substrate affinity
for the Boc-AGG-MCA substrate resulting in a more efficient
cleavage. This result is consistent with the alphavirus replication
cycle in which the speed of nsP1234 processing plays a crucial
role in the control of RNA synthesis (Lemm and Rice, 1993;
Lemm et al., 1994; Shirako and Strauss, 1994). In alphavirus-
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Table 1

Kinetic parameters of the degradation of selected fluorogenic substrates by CHIKV nsP2 protease

Substrate Junction K (WM) keat (x1070571) keat!Km (s7V M~
Boc-AGA-MCA nsP1/nsP2 2,422 932 0.38
Boc-AGG-MCA nsP3/nsP4 232 374 1.61
Dabcyl-AGAGIIE-Edans nsP1/nsP2 ND ND ND
Dabcyl-AGGYIFSE-Edans nsP3/nsP4 61 140 2.3

Non-prime substrate sequences are indicated in bold and prime substrate sequences are shown in italics. Protease activity was assayed in Tris 50 mM pH 9.5, NaCl
10 mM using a substrate concentration ranging from 25 to 200 wM. Standard reaction contained the CHIKV nsP2pro protease at a concentration of 0.5 wM. The
kinetic parameters for the degradation of Dabcyl-AGAGIIE-Edans have not been determined (ND) because of the too low activity of the protease towards this

substrate.

infected cells, the non-structural polyprotein is cleaved at three
sites in the specific order 3/4—1/2-2/3. The 3/4 site is rapidly
cleaved during infection, and this cleavage is absolutely essen-
tial for virus replication and virus-specific RNA synthesis (Kim
et al., 2004; Lemm et al., 1994). Similar data have been previ-
ously reported with nsP2 proteases of SFV and SINV (Lulla et
al., 2006; Vasiljeva et al., 2001).

Our optimised assay was also performed using longer
quenched fluorogenic hepta- and octa-peptides (Eurogentec
S.A., Liege, Belgium) overlapping the natural cleavage sites
1/2 and 3/4 (Table 1), in order to identify the role of flank-
ing sequences for proteolytic activity. The nsP2proDel protein
was inactive on these substrates whereas enzymatic activity was
detected using the nsP2pro recombinant protease. The highest
activity was obtained using the fluorogenic peptide overlapping
the nsP3/nsP4 natural cleavage site, confirming the previous
result obtained with the MCA peptides. The CHIKV protease
showed a higher affinity for this more authentic substrate than for
the shorter Boc-AGG-MCA while the k.,¢/Kp, ratio was almost
similar.

The hepta-peptide substrate corresponding to the natural
nsP1/nsP2 cleavage site was very poorly cleaved; therefore, we
were not able to determine the corresponding enzymatic con-
stants for its degradation. This result could be the consequence
of the poor substrate solubility due to a relatively high rate of
hydrophobic residues (A, F, I, Y) in the hepta-peptide sequence
(Petrassi et al., 2005).

As an insight into the protease catalytic mechanism, the
effect of different protease inhibitors on the enzymatic activ-
ity of CHIKV nsP2pro was also tested, using the cost-effective
Boc-AGG-MCA peptide as substrate (Fig. 3). As expected,
the enzyme was completely resistant to the inhibitors of ser-
ine proteases (AEBSF, aprotinin), aspartic proteases (pepstatin),
metalloproteases (EDTA). It was also resistant to one cys-
teine protease inhibitor (leupeptin). However, cleavage of the
Boc-AGG-MCA substrate was completely inhibited by 25 mM
N-ethylmaleimide (NEM) and by 2 mM of divalent cations Zn**
or Cu?*. These results are consistent with the classification of
nsP2 as a thiol proteinase of the papain superfamily and with
data already described for Pro39 (Vasiljeva et al., 2001), cathep-
sin B (Lockwood, 2004) or papain-like protease 2 (PLP2) from
Severe Acute Respiratory Syndrome coronavirus (SARS-CoV)
(Han et al., 2005). However, the mechanism of Zn?*, Cu* and
Fe3* inhibition is unclear due to the lack of molecular struc-
tures available, the diversity and the very low similarity inside
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Fig. 3. Inhibitor profile of CHIKV nsP2pro. Several inhibitors were tested for
their activity (£S.E.) against CHIKV nsP2pro. The test compounds were prein-
cubated with 0.5 uM CHIK nsP2pro for 10 min at 37 °C followed by the addition
of the substrate Boc-AGG-MCA at 100 uM. The different inhibitors tested
were, respectively AEBSF (100 wM), aprotinin (10 wM), leupeptin (100 uM),
pepstatin A (1 uM), EDTA (10 mM), N-ethylmaleimide (NEM, 25 mM), Cu?*
(2mM), Zn%* (2 mM). T-: no inhibitor.

the papain-like cysteine proteases family (Russo and Watowich,
2006). It is interesting to note that zinc and zinc conjugates have
been proven effective for inhibiting SARS-CoV replication in
vivo through simultaneous inhibition of SARS-CoV PLP2 and
3CL proteases (Hsu et al., 2000). As zinc salts (zinc acetate) are
already used as therapeutics in humans, they could represent a
promising drug for treatment of other viral infections.

The success of retroviral proteases inhibition and the early
promise being shown by inhibitors of the NS3 hepatitis C virus
(Lin et al., 2004) have demonstrated the feasibility and the
interest of antiviral strategies based on protease inhibition. Func-
tional assay such as the one we develop in this work will allow
high-throughput screening of chemical libraries in search of
inhibitors and should help for further characterization of the
nsP2 alphaviruses’ protease.

Acknowledgments

This work was partially funded by the French Armed Forces
Medical Service and the French Délégation générale pour
I’armement (DGA, contrat d’objectif 05CO008-05). The opin-
ions and assertions contained herein are those of the authors and
are not to be construed as official or reflecting the views of the
French Armed Forces Medical Service or the French Army at
large.



B.A.M. Pastorino et al. / Virus Research 131 (2008) 293-298 297

References

Aleshin, A.E., Shiryaev, S.A., Strongin, A.Y., Liddington, R.C., 2007. Structural
evidence for regulation and specificity of flaviviral proteases and evolution
of the Flaviviridae fold. Protein Sci. 16, 795-806.

Bessaud, M., Grard, G., Peyrefitte, C.N., Pastorino, B., Rolland, D., Charrel,
R.N., de Lamballerie, X., Tolou, H.J., 2005. Identification and enzymatic
characterization of NS2B-NS3 protease of Alkhurma virus, a class-4 fla-
vivirus. Virus Res. 107 (1), 57-62.

Bessaud, M., Pastorino, B.A., Peyrefitte, C.N., Rolland, D., Grandadam, M.,
Tolou, H.J., 2006a. Functional characterization of the NS2B/NS3 protease
complex from seven viruses belonging to different groups inside the genus
Flavivirus. Virus Res. 120, 79-90.

Bessaud, M., Peyrefitte, C.N., Pastorino, B.A., Tock, F., Merle, O., Colpart, J.J.,
Dehecq, J.S., Girod, R., Jaffar-Bandjee, M.C., Glass, P.J., Parker, M., Tolou,
H.J., Grandadam, M., 2006b. Chikungunya virus strains, Reunion Island
outbreak. Emerg. Infect. Dis. 12, 1604-1606.

Charrel, R.N., de Lamballerie, X., Raoult, D., 2007. Chikungunya
outbreaks—the globalization of vectorborne diseases. N. Engl. J. Med. 356,
769-771.

Choe, Y., Leonetti, F., Greenbaum, D.C., Lecaille, F., Bogyo, M., Bromme,
D., Ellman, J.A., Craik, C.S., 2006. Substrate profiling of cysteine pro-
teases using a combinatorial peptide library identifies functionally unique
specificities. J. Biol. Chem. 281, 12824-12832.

Ghosh, S., Rasheedi, S., Rahim, S.S., Banerjee, S., Choudhary, R.K., Chakhai-
yar, P., Ehtesham, N.Z., Mukhopadhyay, S., Hasnain, S.E., 2004. Method for
enhancing solubility of the expressed recombinant proteins in Escherichia
coli. Biotechniques 37, 413-422.

Golubtsov, A., Kaariainen, L., Caldentey, J., 2006. Characterization of the cys-
teine protease domain of Semliki Forest virus replicase protein nsP2 by in
vitro mutagenesis. FEBS Lett. 580, 1502-1508.

Gosalia, D.N., Salisbury, C.M., Ellman, J.A., Diamond, S.L., 2005. High
throughput substrate specificity profiling of serine and cysteine proteases
using solution-phase fluorogenic peptide microarrays. Mol. Cell. Proteomics
4, 626-636.

Han, Y.S., Chang, G.G., Juo, C.G., Lee, H.J., Yeh, S.H., Hsu, J.T., Chen, X.,
2005. Papain-like protease 2 (PLP2) from severe acute respiratory syn-
drome coronavirus (SARS-CoV): expression, purification, characterization,
and inhibition. Biochemistry 44, 10349-10359.

Hardy, W.R., Strauss, J.H., 1989. Processing the nonstructural polyproteins of
Sindbis virus: nonstructural proteinase is in the C-terminal half of nsP2 and
functions both in cis and in trans. J. Virol. 63, 4653-4664.

Hsu, J.T., Kuo, C.J., Hsieh, H.P., Wang, Y.C., Huang, K.K., Lin, C.P., Huang,
PE, Chen, X., Liang, P.H., 2000. Evaluation of metal-conjugated com-
pounds as inhibitors of 3CL protease of SARS-coV. FEBS Lett. 574, 116—
120.

Jeohn, G.H., Matsuzaki, H., Takahashi, K., 1999. Purification and characteriza-
tion of a detergent-requiring membrane-bound metalloendopeptidase from
porcine brain. Eur. J. Biochem. 260, 318-324.

Johnston, R.E., Peters, C.J., 1996. Alphaviruses. In: Fields, B.N., Knipe, D.M.,
Howley, P.M. (Eds.), Fields Virology, 3rd ed. Lippincott-Raven Publishers,
Philadelphia, PA, pp. 843-898.

Jupp, P.G., Cornel, A.J., 1988. Vector competence tests with Rift Valley fever
virus and five South African species of mosquito. J. Am. Mosq. Control
Assoc. 4, 4-8.

Kato, Y., Nagashima, Y., Koshikawa, N., Miyagi, Y., Yasumitsu, H., Miyazaki,
K., 1998. Production of trypsins by human gastric cancer cells correlates
with their malignant phenotype. Eur. J. Cancer 34, 1117-1123.

Kim, K.H., Rumenapf, T., Strauss, E.G., Strauss, J.H., 2004. Regulation of Sem-
liki Forest virus RNA replication: a model for the control of alphavirus
pathogenesis in invertebrate hosts. Virology 323, 153-163.

Lam, S.K., Chua, K.B., Hooi, P.S., Rahimah, M.A., Kumari, S., Tharmarat-
nam, M., Chuah, S.K., Smith, D.W., Sampson, I.A., 2001. Chikungunya
infection—an emerging disease in Malaysia. Southeast Asian J. Trop. Med.
Public Health 32, 447-451.

Lemm, J.A., Rice, C.M., 1993. Roles of nonstructural polyproteins and cleavage
products in regulating Sindbis virus RNA replication and transcription. J.
Virol. 67, 1916-1926.

Lemm, J.A., Rumenapf, T., Strauss, E.G., Strauss, J.H., Rice, C.M., 1994.
Polypeptide requirements for assembly of functional Sindbis virus repli-
cation complexes: a model for the temporal regulation of minus- and
plus-strand RNA synthesis. EMBO J. 13, 2925-2934.

Leung, D., Schroder, K., White, H., Fang, N.X., Stoermer, M.J., Abbenante, G.,
Martin, J.L., Young, P.R., Fairlie, D.P., 2001. Activity of recombinant dengue
2 virus NS3 protease in the presence of a truncated NS2B cofactor, small
peptide substrates, and inhibitors. J. Biol. Chem. 276 (49), 45762-45771.

Li, L., Singh, B.R., 1999. High-level expression, purification, and characteriza-
tion of recombinant type A botulinum neurotoxin light chain. Protein Expr.
Purif. 17, 339-344.

Liberek, K., Skowyra, D., Zylicz, M., Johnson, C., Georgopoulos, C., 1991. The
Escherichia coli DnaK chaperone, the 70 kDa heat shock protein eukaryotic
equivalent, changes conformation upon ATP hydrolysis, thus triggering its
dissociation from a bound target protein. J. Biol. Chem. 266, 14491-14496.

Lin, K., Kwong, A.D., Lin, C., 2004. Combination of a hepatitis C virus
NS3-NS4A protease inhibitor and alpha interferon synergistically inhibits
viral RNA replication and facilitates viral RNA clearance in replicon cells.
Antimicrob. Agents Chemother. 48, 4784-4792.

Lockwood, T.D., 2004. Cys-His proteases are among the wired proteins of the
cell. Arch. Biochem. Biophys. 432, 12-24.

Lulla, A., Lulla, V., Tints, K., Ahola, T., Merits, A., 2006. Molecular determi-
nants of substrate specificity for Semliki Forest virus nonstructural protease.
J. Virol. 80, 5413-5422.

Melo,R.L., Alves, L.C., Del Nery, E., Juliano, L., Juliano, M. A., 2001. Synthesis
and hydrolysis by cysteine and serine proteases of short internally quenched
fluorogenic peptides. Anal. Biochem. 293, 71-77.

Merits, A., Vasiljeva, L., Ahola, T., Kaariainen, L., Auvinen, P., 2001. Proteolytic
processing of Semliki Forest virus-specific non-structural polyprotein by
nsP2 protease. J. Gen. Virol. 82, 765-773.

Nall, T.A., Chappell, K.J., Stoermer, M.J., Fang, N.X., Tyndall, J.D., Young,
PR., Fairlie, D.P., 2004. Enzymatic characterization and homology model
of a catalytically active recombinant West Nile virus NS3 protease. J. Biol.
Chem. 279, 48535-48542.

Pastorino, B., Muyembe-Tamfum, J.J., Bessaud, M., Tock, F., Tolou, H., Durand,
J.P.,, Peyrefitte, C.N., 2004. Epidemic resurgence of Chikungunya virus in
democratic Republic of the Congo: identification of a new central African
strain. J. Med. Virol. 74, 277-282.

Petrassi, HM., Williams, J.A., Li, J., Tumanut, C., Ek, J., Nakai, T., Masik, B.,
Backes, J.B., Harris, J.L., 2005. A strategy to profile prime and non-prime
proteolytic substrate specificity. Bioorg. Med. Chem. Lett. 15, 3162-3166.

Porterfield, J.S., 1980. Arbovirus: structure et classification. Med. Trop. (Mars)
40, 493-498.

Powers, A.M., Brault, A.C., Tesh, R.B., Weaver, S.C., 2000. Re-emergence
of Chikungunya and O’nyong-nyong viruses: evidence for distinct geo-
graphical lineages and distant evolutionary relationships. J. Gen. Virol. 81,
471-479.

Ravi, V., 2006. Re-emergence of chikungunya virus in India. Indian J. Med.
Microbiol. 24, 83—-84.

Rial, D.V., Ceccarelli, E.A., 2002. Removal of DnaK contamination during
fusion protein purifications. Protein Expr. Purif. 25, 503-507.

Rikkonen, M., Peranen, J., Kaariainen, L., 1992. Nuclear and nucleolar targeting
signals of Semliki Forest virus nonstructural protein nsP2. Virology 189,
462-473.

Robinson, M.C., 1955. An epidemic of virus disease in Southern Province,
Tanganyika Territory, in 1952-53. I. Clinical features. Trans. Roy. Soc. Trop.
Med. Hyg. 49, 28-32.

Ross, R.W., 1956. The Newala epidemic. III. The virus: isolation, pathogenic
properties and relationship to the epidemic. J. Hyg. (Lond.) 54, 177-191.

Russo, A.T., Watowich, S.J., 2006. Purification, crystallization and X-ray diffrac-
tion analysis of the C-terminal protease domain of Venezuelan equine
encephalitis virus nsP2. Acta Crystallogr. F: Struct. Biol. Cryst. Commun.
62, 514-517.

Saluzzo, J.F., Cornet, M., Digoutte, J.P., 1983. Outbreak of a Chikungunya virus
epidemic in western Senegal in 1982. Dakar Med. 28, 497-500.

Schuffenecker, 1., Iteman, I., Michault, A., Murri, S., Frangeul, L., Vaney, M.C.,
Lavenir, R., Pardigon, N., Reynes, J.M., Pettinelli, F., Biscornet, L., Dian-
court, L., Michel, S., Duquerroy, S., Guigon, G., Frenkiel, M.P., Brehin,



298 B.A.M. Pastorino et al. / Virus Research 131 (2008) 293-298

A.C., Cubito, N., Despres, P., Kunst, F., Rey, FA., Zeller, H., Brisse, S.,
2006. Genome microevolution of Chikungunya viruses causing the Indian
Ocean outbreak. PLoS Med. 3, €263.

Sherman, M., Goldberg, A.L., 1992. Involvement of the chaperonin DnaK in
the rapid degradation of a mutant protein in Escherichia coli. EMBO J. 11,
71-717.

Shirako, Y., Strauss, J.H., 1994. Regulation of Sindbis virus RNA replica-
tion: uncleaved [123P] and nsP4 function in minus-strand RNA synthesis,
whereas cleaved products from P123 are required for efficient plus-strand
RNA synthesis. J. Virol. 68, 1874-1885.

Shiryaev, S.A., Ratnikov, B.I., Chekanov, A.V., Sikora, S., Rozanov, D.V.,
Godzik, A., Wang, J., Smith, J.W., Huang, Z., Lindberg, 1., Samuel, M.A.,
Diamond, M.S., Strongin, A.Y., 2006. Cleavage targets and the D-arginine-
based inhibitors of the West Nile virus NS3 processing proteinase. Biochem.
J. 393, 503-511.

Strauss, E.G., Strauss, J.H., 1986. Structure and Replication of the Alphavirus
Genome. Plenum Press, pp. 35-90.

Strauss, E.G., De Groot, R.J., Levinson, R., Strauss, J.H., 1992. Identification
of the active site residues in the nsP2 proteinase of Sindbis virus. Virology
191, 932-940.

Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F., Higgins, D.G.,
1997. The CLUSTAL_X windows interface: flexible strategies for multi-
ple sequence alignment aided by quality analysis tools. Nucleic Acids Res.
25, 4876-4882.

Vasiljeva, L., Valmu, L., Kaariainen, L., Merits, A., 2001. Site-specific protease
activity of the carboxyl-terminal domain of Semliki Forest virus replicase
protein nsP2. J. Biol. Chem. 276, 30786-30793.

Vasiljeva, L., Merits, A., Golubtsov, A., Sizemskaja, V., Kaariainen, L., Ahola,
T., 2003. Regulation of the sequential processing of Semliki Forest virus
replicase polyprotein. J. Biol. Chem. 278, 41636—41645.

Yusof, R., Clum, S., Wetzel, M., Murthy, H.M., Padmanabhan, R., 2000. Purified
NS2B/NS3 serine protease of dengue virus type 2 exhibits cofactor NS2B
dependence for cleavage of substrates with dibasic amino acids in vitro. J.
Biol. Chem. 275, 9963-9969.



	Expression and biochemical characterization of nsP2 cysteine protease of Chikungunya virus
	Acknowledgments
	References


