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Regulation of NIa-Pro is crucial for polyprotein processing and hence, for successful infection of potyviruses.
We have examined two novel mechanisms that could regulate NIa-Pro activity. Firstly, the influence of VPg
domain on the proteolytic activity of NIa-Pro was investigated. It was shown that the turnover number of
the protease increases when these two domains interact (cis: two-fold; trans: seven-fold) with each other.
Secondly, the protease activity of NIa-Pro could also be modulated by phosphorylation at Ser129. A mutation
of this residue either to aspartate (phosphorylation-mimic) or alanine (phosphorylation-deficient) drastical-
ly reduces the protease activity. Based on these observations and molecular modeling studies, we propose
that interaction with VPg as well as phosphorylation of Ser129 could relay a signal through Trp143 present
at the protein surface to the active site pocket by subtle conformational changes, thus modulating protease
activity of NIa-Pro.

© 2011 Elsevier Inc. All rights reserved.
Introduction

Pepper Vein Banding Virus (PVBV), a distinct member of the genus
potyvirus (Family: Potyviridae), is a flexuous, non-enveloped, rod-
shaped virus (Ravi et al., 1997). It has a 9.7 kb single-stranded posi-
tive sense RNA genome which encodes for an approximately
340 kDa polyprotein (Fig. 1A; Anindya et al., 2004). The potyviral ge-
nome is translated either as a polyprotein encoded by the open read-
ing frame or as unique proteins resulting from ribosomal
frameshifting / translational slippage (Chung et al., 2008;
Riechmann et al., 1992; Urcuqui-Inchima et al., 2001; Wei et al.,
2010; Wen and Hajimorad, 2010). The polyprotein is proteolytically
processed by P1-protease (P1-pro), Helper Component-protease
(HC-Pro) and Nuclear Inclusion protein-a protease (NIa-Pro), gener-
ating various intermediates and mature proteins at different stages
of the viral life cycle (Urcuqui-Inchima et al., 2001). While P1-Pro
and HC-Pro cleave at their own C-termini to release the respective
domains from the polyprotein, NIa-Pro cleaves at seven sites within
the polyprotein (Fig. 1A; Mavankal and Rhoads, 1991; Riechmann et
al., 1992). The full length VPg-Pro has two domains; an N-terminal
Viral Protein genome-linked (VPg) and a C-terminal protease (NIa-
vithri).

rights reserved.
Pro). The potyviral NIa-Pro is shown to be analogous to picornavirus
3C protease (Matthews et al., 1994). The recombinant proteases
from potyviruses like PVBV, Tobacco Etch Virus (TEV) and Turnip Mo-
saic Virus (TuMV) have been shown to be active in trans (Anindya and
Savithri, 2004; Joseph and Savithri, 2000; Kim et al., 2000; Riechmann
et al., 1992). The crystal structures of the NIa-Pro domain from the
TEV and Tobacco vein mottling virus (TVMV) have shown that the pro-
tease has an anti-parallel β-barrel fold, which is typical of
chymotrypsin-like proteases (Phan et al., 2002; Sun et al., 2010).
The catalytic triad is formed by a histidine, an aspartate and a cysteine
(instead of a serine as in chymotrypsin) present at the active site
(Dougherty and Semler, 1993; Joseph and Savithri, 2000;
Riechmann et al., 1992). It recognizes a heptapeptide sequence be-
tween two protein domains, and cleaves at the C-terminus of a gluta-
mine (P1 position in the recognition sequence), which is followed by
a serine, threonine or alanine (P1′ position). The recognition site be-
tween NIb and CP in PVBV is Gly(P7)-Gly(P6)-Glu(P5)-Val(P4)-Ala
(P3)-His(P2)-Gln(P1)-Ala(P1′). The carboxy-terminal ~150 amino
acid residues of the protease, which are least conserved among poty-
viruses, have been implicated to be involved in substrate binding by
interacting with amino acid residues of the heptapeptide recognition
sequence (Riechmann et al., 1992). The structural and kinetic data for
proteases from TEV and TVMV demonstrate that the proteases are
highly species-specific and are thus, much more efficient when cog-
nate peptides are used as substrates. P3 and P4 positions within the
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Fig. 1. (A) Domain organization of Pepper Vein Banding Virus polyprotein is shown and the individual domains released upon polyprotein processing are labeled below the schematic
representation of the polyprotein. P3N-PIPO translated by ribosomal frameshift is also shown. P1, HC-Pro and NIa-Pro mediated cis-cleavage (black arrows); NIa-Pro mediated
trans-cleavage (gray arrows); sub-optimal cleavage site between NIa-Pro and VPg (dotted line) are shown. (B) SDS-PAGE analysis of Ni2+-NTA purified NIa-Pro. Lane 1: molecular
mass (kDa) markers, Lane 2: purified NIa-Pro. (C) SDS-PAGE analysis of Ni2+-NTA purified VPg. Lane 1: molecular mass (kDa) markers, Lane 2: purified VPg, (D) SDS-PAGE analysis
of Ni2+-NTA purified E191A VPg-Pro. Lane 1: molecular mass (kDa) markers, Lane 2: purified E191A VPg-Pro.
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heptapeptide sequence are shown to be crucial for conferring such
stringent specificity to NIa-Pro (Phan et al., 2002; Sun et al., 2010;
Tozser et al., 2005). NIa-Pro cleaves in cis at the junctions between
CI/6K2, 6K2/VPg, VPg/Pro and Pro/NIb, and in trans at the junctions
between P3/6K1, 6K1/CI and NIb/CP (Fig. 1A; Dougherty and Parks,
1991; Joseph and Savithri, 2000; Riechmann et al., 1992; Rorrer et
al., 1992; Urcuqui-Inchima et al., 2001). The cleavage site between
the VPg domain and the protease domain is suboptimal due to the
presence of a glutamate instead of a glutamine at the P1 position.
The slow processing at this site has been shown to be critical for
viral replication, as an increase or a decrease in the cleavage rate at
this position has debilitating effects on potyviral replication
(Carrington et al., 1993; Schaad et al., 1996). Intermediate polypep-
tides that result from processing of a polyprotein by the proteases
are known to play important roles in the life cycle of other viruses
as well. For instance, in poliovirus, 3CDpro, the protease-replicase
polyprotein intermediate, is important for complete processing of
the capsids to yield mature virus particles (Harris et al., 1990;
Palmenberg, 1990). The protease from Sesbania Mosaic Virus
(SeMV), a sobemovirus, has been shown to be active in cis and in
trans, only when VPg is fused to C-terminus of the protease
(Satheshkumar et al., 2005). While the VPg of SeMV is a natively un-
folded protein (Satheshkumar et al., 2005), the VPg domain of poty-
viral VPg-Pro is reported to be an internally disordered protein that
may have some residual structure (Grzela et al., 2008; Hebrard et
al., 2009; Rantalainen et al., 2008; Rantalainen et al., 2009). Potyviral
VPg also undergoes phosphorylation in vitro and in vivo by host cell
kinases, which may influence the translational processes and hence,
viral assembly (Hafren and Makinen, 2008; Puustinen et al., 2002).
VPgs from potyviruses and poliovirus are linked covalently to the re-
spective viral genomes and are known to act as replication primers
(Anindya et al., 2005; Ferrer-Orta et al., 2006; Murray and Barton,
2003; Paul et al., 1998; Puustinen and Makinen, 2004).

The internally disordered domains may act as the ‘hub’ for interac-
tion with several proteins and thereby regulate their function
(Chouard, 2011). In this report, we show that the interaction of
PVBV VPg and NIa-Pro influences the activity of the protease. Exami-
nation of the modeled structure of PVBV NIa-Pro revealed that the re-
gion containing Trp143 is most likely involved in interaction with
VPg. Additionally, Ser129 of the protease domain was also shown to
get phosphorylated by a soluble host cell kinase. Mutational analysis
of these residues revealed that events occurring at the surface of the
protease, such as interaction with VPg or phosphorylation at Ser129,
can influence the orientation of residues present at the active site,
and thus affect catalysis.

Results and discussion

Overexpression and purification of recombinant PVBV proteins

In order to examine the effect of VPg on the protease activity of
NIa-Pro, VPg, NIa-Pro and VPg-Pro were expressed as N-terminal
histidine-tagged proteins (His-VPg, His-NIa-Pro and His-VPg-Pro, re-
spectively) in E. coli and purified as described in the Materials and
methods section. The purified NIa-Pro migrated as two bands in
SDS-PAGE (Fig. 1B, lane 2), one corresponding to the intact protein
(~29 kDa) and another to a degradation product (~27 kDa). Mass
spectrometric analysis of NIa-Pro confirmed that it tends to undergo
slow degradation upon prolonged storage (data not shown).

Overexpression of VPg-Pro from pRVN clone in BL21 E. coli cells
containing pSBET A yielded His-VPg and untagged NIa-Pro due to
the cleavage between the two domains. SDS-PAGE analysis of purified
histidine-tagged VPg showed a single band of ~27 kDa (Fig. 1C, lane
2) as against the calculated molecular mass of 23.6 kDa. This devia-
tion in molecular mass could be due to high content of basic amino
acid residues in the VPg primary sequence. The molecular size of
histidine-tagged VPg (~23 kDa) was further confirmed by mass spec-
trometry (data not shown). Full length VPg-Pro (E191A VPg-Pro) was
purified (Fig. 1D, lane 2) using the cleavage site mutant of VPg-Pro
(pRVNE191A).
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In vitro interaction of NIa-Pro and VPg

In order to examine plausible interaction between purified NIa-
Pro and VPg domains, an ELISA-based assay was performed with
some modifications to a protocol described earlier by Roy
Chowdhury and Savithri (2011; and references therein). Direct anti-
gen coating-ELISA (DAC-ELISA) was performed in wells coated with
VPg to monitor its cross-reaction with anti-NIa-Pro primary anti-
bodies (Fig. 2A, bar 2) and, in wells coated with NIa-Pro (Fig. 2A,
bar 5), which served as a positive control. For testing interaction be-
tween NIa-Pro and VPg, ELISA plates were coated with ~0.2 nmol of
VPg and the unoccupied sites were blocked. These plates were then
incubated with ~0.2 nmol of NIa-Pro. Binding of NIa-Pro was detected
using rabbit anti-NIa-Pro primary antibody, followed by HRP-
conjugated goat anti-rabbit secondary antibody and 1× TMB/H2O2

substrate (Sub). The test modules (Fig. 2A, bar 6) showed a signifi-
cantly higher absorbance at 450 nm when compared to the negative
controls (Fig. 2A, bars 1–4). This indicated that NIa-Pro and VPg inter-
act in trans. Furthermore, this interaction was confirmed by pull-
down assays carried out using His-VPg and GST-NIa-Pro (Fig. S1).
The interaction of VPg with NIa-Pro has also been reported earlier
in Soybean Mosaic Virus (Kang et al., 2004) and Potato Virus A (PVA;
Guo et al., 2001). The concentration dependence of the interaction be-
tween the two domains, determined using ~0.2 nmol of VPg and
varying amount (0.06–0.34 nmol) of NIa-Pro,showed a linear correla-
tion upto ~0.2 nmol of NIa-Pro (Fig. S2.), thus implying that the two
domains may interact in trans with a stoichiometry of 1:1.

To gain insight into the nature of interaction between the two do-
mains, the intrinsic fluorescence spectra for the recombinant proteins
(Fig. 2B) were monitored by exciting the protein at 280 nm and re-
cording the emission spectra from 300 to 400 nm. It is known that if
a tryptophan residue is present at or near the ligand-binding site on
a protein, then interaction with the ligand can cause quenching of
tryptophan fluorescence (Freifelder, 1982). NIa-Pro has five trypto-
phans and two tyrosines, while the VPg domain has seven tyrosines,
Fig. 2. Interaction of VPg and NIa-Pro. (A) ELISA-based interaction assay. VPg (Prot1)-coated
tease (Prot2; Pro = Wt NIa-Pro; W143A = W143A NIa-Pro), which was detected by incub
rabbit HRP conjugated secondary antibody (sAb) and 1X TMB/H2O2 as substrate (Sub). Bar 1
pAb negative control, Bar 4: sAb negative control, Bar 5: wild type NIa-Pro is used as Prot1 for
(Prot1) and wild type NIa-Pro (Prot2), Bar 7: W143A NIa-Pro is used as Prot1 for direct antig
W143A NIa-Pro (Prot2). Details of steps are marked in the figure. Either BSA or PBS was ad
represent the absorbance at 450 nm and standard deviations from three independent expe
proteins (3.5 μM) in a buffer containing 25 mM Tris–HCl, pH 8.5 and 200 mM NaCl. The
400 nm. (Line 1: VPg, Line 2: NIa-Pro, Line 3: E191A VPg-Pro, Line 4: VPg and NIa-Pro in tra
summation of intrinsic fluorescence of VPg and NIa-Pro, Line 8: theoretical summation of i
but no tryptophans. Hence, while VPg (Fig. 2B, line 1) has a very
low intrinsic fluorescence signal with an emission maximum at
335 nm, NIa-Pro (Fig. 2B, line 2) showed emission maxima in a
broader range from 335 nm (corresponding to a folded protein with
buried aromatic residues) to 352 nm (corresponding to exposed aro-
matic residues). In contrast, a distinct emission maximum was ob-
served for E191A VPg-Pro (Fig. 2B, line 3) at 335 nm. Since VPg has
no tryptophans, the spectrum for E191A VPg-Pro implicates burial
of an exposed tryptophan residue due to interaction of the two do-
mains. However, this spectrum may also reflect the altered folding
of NIa-Pro when it is fused to VPg. Therefore in order to distinguish
the effect of folding and interaction of the two domains on trypto-
phan fluorescence quenching, the intrinsic fluorescence was moni-
tored when VPg was added in trans to NIa-Pro (Fig. 2B, line 4). In
this spectrum, quenching of intrinsic fluorescence was observed es-
pecially around 350 nm, which further implied that certain trypto-
phan residues of NIa-Pro are probably present at the site of
interaction between the two domains. Additionally, both these spec-
tra were found to differ from the spectrum obtained by theoretical
summation of NIa-Pro and VPg spectra (Fig. 2B, line 7), further sub-
stantiating the interaction between the two domains. Overall these
studies demonstrate that the VPg and NIa-Pro domains interact
with each other in trans, and possibly in cis as well, which may be im-
portant for regulating the activity of these two domains.

Comparative proteolytic activity profiles

In order to examine the effects of interaction between VPg and
NIa-Pro on the functional properties of the protease, we developed
a reverse phase-HPLC-based (RP-HPLC-based) protease assay for
making quantitative estimations. A synthetic peptide with a sequence
corresponding to that of the heptapeptide trans cleavage site between
NIb and CP (Anindya et al., 2004; Joseph and Savithri, 2000; Parks et
al., 1992) was used as a substrate for protease assays. At the N-
terminus of the peptide (NH2–WDGGEVAHQAGESV–COOH), a
ELISA modules were blocked by 5% BSA, followed by incubation with ~0.2 nmol of pro-
ation with rabbit anti-NIa-Pro primary antibody (α-Prot2 pAb), followed by goat anti-
: VPg (Prot1) negative control, Bar 2: Prot2 negative control, Bar 3: rabbit anti-NIa-Pro
direct antigen coating-ELISA as positive control, Bar 6: test for interaction between VPg
en coating-ELISA as positive control, Bar 8: test for interaction between VPg (Prot1) and
ded in negative control wells in place of proteins or antibodies, respectively. The bars
riments are plotted as error bars. (B) Intrinsic fluorescence spectra were recorded for
protein sample was excited at 280 nm and scanned for emission between 300 and
ns, Line 5: W143A NIa-Pro, Line 6: VPg and W143A NIa-Pro in trans, Line 7: theoretical
ntrinsic fluorescence of VPg and W143A NIa-Pro.).

image of Fig.�2
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tryptophan was added (shown in bold) to aid monitoring of the
cleavage reaction at 280 nm. Separation of substrate peptide as mon-
itored at 220 nm and 280 nm, from the two expected products pep-
tides, [NH2–WDGGEVAHQ–COOH (P1) and NH2–AGESV–COOH
(P2)], is shown in Fig. 3A. The retention time of the purified substrate
was 14.5 min, while that for purified product peptides, P1 and P2,
were at 10.9 min and 3.6 min, respectively.

The wild type protease gets purified as two bands which vary in
size by ~2 kDa (Fig. 1B). These two species were separated by gel-
filtration and used in the protease assay. Both the species were
found to have similar proteolytic activities (data not shown), as has
been reported earlier for TuMV protease which undergoes autocata-
lytic cleavage to remove the C-terminal twenty amino acids from its
protease. These residues are reportedly dispensable for cleavages at
6 K1-CI, NIa-NIb and NIb-CP junctions by TuMV protease (Kim et al.,
1996, 1998). The representative RP-HPLC profile (Fig. 3B) of the
assay reaction mixture using PVBV protease shows distinct separation
of the substrate (Rt=15.3 min), from the product peptide P1 (NH2–

WDGGEVAHQ–COOH; Rt=12.1 min). The retention time for the
product peptide P2 (NH2–AGESV–COOH) was coincident with the
buffer peak (Figs. 3 B and C). Protease assay carried out using an ac-
tive site mutant (C151A) of NIa-Pro (Fig. 3C), did not show release
of the product, indicating that the mutant enzyme was inactive.
These results clearly showed that the PVBV NIa-Pro is capable of
Fig. 3. RP-HPLC-based protease assay. The peptide substrate was synthesized by SPPS using
separation of purified substrate and product peptides using a C-18 column and gradient of
Absorbance at 220 nm and 280 nmwere monitored to identify substrate (S) and product (P1
ing 25 mM Tris–HCl, pH 8.5, 200 mM NaCl, 1 mM DTT, 1 mM MgCl2 and 10% glycerol with 4
Absorbance at 220 nm was monitored to identify substrate and product peaks. A representa
and substrate (S) and product (P1) peaks are marked. (C) A representative figure for the prot
is marked.
cleaving the peptide substrate and, the RP-HPLC-based method of
protease assay can be used for further characterization of the enzyme.
Area under the curve for substrate and product peptide P1 was used
for making quantitative estimations. The product release increased
linearly with increasing NIa-Pro concentration and, with time upto
~100 min. The activity was found to be optimum in the presence of
1 mM MgCl2, 1 mM DTT, 200 mM NaCl and 25 mM Tris–HCl, pH 8.5
(data not shown).

Using these assay conditions, the kinetic parameters, Km and kcat,
for NIa-Pro were determined (Table 2). The effect of VPg, present in
trans to NIa-Pro, on kinetic parameters of NIa-Pro protease activity
(Table 2), was examined by a similar procedure. In E191A VPg-Pro,
VPg domain is fused at the N-terminus of the NIa-Pro and could
thus be used to examine the influence of cis-interaction of the two do-
mains upon activity of NIa-Pro. As calculated using the Lineweaver–
Burk plot, the Km values for NIa-Pro and E191A VPg-Pro were found
to be comparable. The Km and kcat values for NIa-Pro were found to
be 0.44 mM and 0.034 s−1, respectively. When VPg was present in
cis with the protease, Km was found to be 0.45 mM, while the kcat
nearly doubled to 0.063 s−1. However, when VPg was added in
trans to NIa-Pro in a 1:1 molar ratio, the Km and kcat values were
found to be 1.67 mM and 0.23 s−1, respectively. (The increase in Km

of the protease upon trans interaction of the two proteins could be
attributed to residues corresponding to the NIa-Pro cleavage site
standard Fmoc chemistry in an automated peptide synthesizer. (A) RP-HPLC profile for
0.1% TFA (solvent A) and 70% acetonitrile in water containing 0.05% TFA (solvent B).
, P2) peaks. (B) The protease assay was performed with 2 μMNIa-Pro in buffer contain-
0 μM peptide substrate. The reaction mixture was analyzed using RP-HPLC C18 column.
tive figure for the RP-HPLC-based protease assay using the wild type NIa-Pro is shown
ease assay using the active site mutant (C151A) of NIa-Pro is shown; substrate (S) peak

image of Fig.�3


Table 1
Primers used for site-directed mutagenesis. The sequence marked in italics corre-
sponds to the mutated residue, and the sequence marked in bold corresponds to the re-
striction site modified in the primer for screening.

Primer
Name

Primer sequence (5′–3′) Restriction
enzyme site

VN SEN GCGGCTAGCGGATCCATGGCACAAAAGAAGAACAAG Nhel
VN ANTI TTCCATGGCTAGGATCCTTGCTCACGAACAAATGC –

VN E191A
SEN

GAAGGAGGTCGACCATGCAGCCCGCTCG Sall

VN E191A
ANTI

CGAGCGGGCTGCATGGTCGACTCCTTC Sall

Nla S129A
SEN

AGTCTTATTTCTGCAGATGCCACAACATC Pstl

Nla S129A
ANTI

TGATGTTGTGGCATCTGCAGAAATAAGAC Pstl

Nla S129D
SEN

AGTCTTATTTCTGCAGATGACACAACATC Pstl

Nla S129D
ANTI

TGATGTTGTGTCATCTGCAGAAATAAGAC Pstl

Nla W143
SEN

TTTTGGAGACACGCGATCGATACAAAGGATGGACAC Clal

Nla W143
ANTI

CCATCCTTTGCATCGATCGCGTGTCTCCAAAAC ClaI
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present at the C-terminus of VPg, which may compete for binding at
the protease active site.) Thus, VPg enhances the turnover number
of the protease. The increase is more pronounced when the two do-
mains are present in trans (seven-fold), as compared to when they
are present in cis (two-fold). Such structural and functional modula-
tion of NIa-Pro by differential interaction with VPg could be one of
the important modes of regulation of the proteolytic activity at partic-
ular stages of virus life cycle.

We suggest that cis cleavages in the polyprotein may not require
fast processing. The enzyme efficiency could be influenced by the
proximity of the substrate and possible channeling of the cleavage
sites into the active site pocket of the cognate NIa-Pro, in a manner
similar to that of multi-enzyme complexes. However, once the pro-
tein intermediates are released from the polyprotein by cis cleavage,
they would diffuse into the region surrounding the replication vesi-
cles. It may be noted that the NIa-Pro catalytic activity in TEV has
been reported to be diffusible (Carrington et al., 1993). Processing
of these diffusible polyprotein intermediates may require an enzyme
with a higher turnover number. We propose that VPg-supplemented
NIa-Pro is more favorable than NIa-Pro for trans cleavage events, and
VPg-Pro could be associated with cis cleavage of the PVBV
polyprotein.
Sequence and structural analysis of PVBV NIa-Pro

In order to gain further insight into the NIa-Pro function and regula-
tion, comparative sequence and structural analyses with homologous
Table 2
Kinetic parameters for the protease activity of recombinant wild type NIa-Pro of PVBV,
and its variants or mutants, determined by RP-HPLC-based protease assay using syn-
thetic peptide substrate. All experiments have been performed in triplicates, and the
standard deviations are indicated wherever applicable.

Km (mM) kcat (per s)

1) NIa-Pro 0.44±0.10 0.034±0.008
2) E191A VPg-Pro 0.45±0.14 0.063±0.016
3) VPg trans NIa-Pro 1.67±0.21 0.230±0.022
4) W143A NIa-Pro 0.69±0.05 0.002
5) W143A NIa-Pro+VPg 11.4±3.2 0.01
6) S129D Nla-Pro 0.05±0.02 0.004
7) VPg trans S129D NIa-Pro 0.15±0.07 0.006
8) S129A NIa-Pro 0.06±0.02 0.005
proteins were carried out. PVBV NIa-Pro shares sequence homology
with 28 viral proteases deposited in the Swiss-Prot database, with se-
quence identities ranging from 35 to 50%. Among these proteins, TEV
(PDB ID: 1LVM; Phan et al., 2002) and TVMV (PDB ID: 3MMG; Sun et
al., 2010) have been structurally characterized and share a sequence
identity of 47% and 45%, respectively, with PVBVNIa-Pro. In the absence
of a crystal structure for PVBVNIa-Pro, amodel of the proteasewas gen-
erated using the TEV NIa-Pro structure (PDB ID:1LVM) as the template
as described in Materials and Methods (Fig. 4A). As anticipated, PVBV
NIa-Pro adopts a mixed two-domain anti-parallel β-barrel fold similar
to those of chymotrypsin-like proteases. The catalytic triad was found
to be conserved in PVBV NIa-Pro (His46, Asp81, Cys151), suggesting
mechanistic similarity amongst these enzymes.

PVBV NIa-Pro contains five conserved tryptophans, of which only
Trp143 is exposed to the solvent (Fig. 4A, orange), and is thus suitable
for interaction with other molecules. Thus, quenching of intrinsic
fluorescence at 350 nm observed upon interaction of VPg with NIa-
Pro could be due to shielding of this residue (Fig. 2B). Trp143 lies
on a loop that contains the active site cysteine (Cys151) of the prote-
ase (henceforth called W–C loop; H142-C151; Fig. 4A) and is report-
edly involved in extensive interactions with the substrate as well as
the products (Phan et al., 2002). Additionally, Trp143, His142,
His167 and Cys151 are connected by a network of interactions
(Fig. 4B). His142 is anchored by interactions with Ile144 and
Phe179, while His167 is held by interaction with Thr146. Asn177
lies close to these histidines with its side-chain facing the W–C loop
and interacting with the main-chain of Ile144. All these interacting
residues (henceforth collectively called W–C region; Fig. 4B) are
structurally conserved (Fig. S3) and were found to undergo correlated
motion during molecular dynamics simulation carried out on the wild
type PVBV NIa-Pro. Therefore, it appears that these residues could be
important for relaying conformational changes that take place at the
surface (Trp143) to the active site pocket (Cys151) upon binding of
VPg with the protease, thereby altering its catalytic efficiency.

Analysis of Trp143A NIa-Pro mutant

To experimentally confirm the importance of Trp143 in NIa-Pro
activity and regulation, W143A NIa-Pro was generated by site-
directed mutagenesis, overexpressed and purified under conditions
similar to those of the wild type protease. Interaction of W143A
NIa-Pro with VPg was monitored by ELISA and fluorescence spectros-
copy. As observed from the ELISA measurements, W143A NIa-Pro is
competent to interact with the purified VPg domain (Fig. 2A, bar 8).
The slightly lower signal in W143A NIa-Pro positive control (Fig. 2A,
bar 7) indicates that the mutation has probably affected the confor-
mation of one of the epitopes which might be a contributor to anti-
gen–antibody interaction. The fluorescence spectrum for W143A
NIa-Pro (Fig. 2B, line 5) showed that the peak at 350 nm was absent
in the mutant, confirming that Trp143 is indeed an exposed aromatic
residue which contributes to the signal at this wavelength. Moreover,
unlike for the wild type protease, addition of VPg in trans to W143A
NIa-Pro does not quench intrinsic fluorescence (Fig. 2B, line 6), al-
though this spectrum differs from the theoretical summation
(Fig. 2B, line 8) of individual spectra for the two proteins. This con-
firms that Trp143 is present at the interface of protease–VPg
interaction.

Even though Trp143 lies at a distal surface from the active site
(distance between Trp143 and Cys151 Cα atoms: 14.47 Å), the muta-
tion of this residue to alanine nearly abrogates the catalytic activity
of the protease. W143A NIa-Pro (Table 2) was found to have a low
turnover number (0.002 s−1), while the Km (0.69 mM) was closer
to that of the wild type enzyme. This shows that W143A mutant
could bind the substrate with equal affinity as that of the wild
type protease, although it was unable to catalyze the cleavage reac-
tion. Interestingly, addition of VPg in trans increases both the Km



Fig. 4. (A) Structural model generated using LOMETS metaserver for PVBV NIa-Pro using TEV NIa-Pro structure as the template. Catalytic residues are marked in magenta, Ser129 in
yellow, Trp143 in orange, W–C loop in blue. N- and C-termini of the protein are marked. Hydrogen bond between Trp143 and Ser129 is shown as dotted black lines. (B) Interaction
network of W–C region. Catalytic residues (His46, Asp81, Cys151; magenta), Ser129 (yellow), Trp143 (orange), W–C loop residues (His142, Ile44, Thr146; blue), His 167 (green),
Asn 177 (green), Phe179 (green) are marked. Snapshot of Cys151 (brown) of S129D NIa-Pro and Trp143 (gray) of S129A NIa-Pro from representative molecular dynamics simu-
lations are superimposed. Distances are depicted as dotted black lines.
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and kcat of the mutant enzyme to 11.4 mM and 0.01 s−1 (Table 2),
respectively.

Overall these results suggest that in the wild type protease,
Trp143 could be important for maintaining the structural integrity
of the W–C loop, and thus for protease activity. VPg most likely has
multiple interactions with NIa-Pro at the face containing Trp143.
These interactions may influence the residues of the W–C region
and thus, regulate the activity of the protease upon binding to VPg.

Phosphorylation of VPg-Pro and the individual domains

Many stages in viral life cycle, such as assembly and disassembly,
are modulated by phosphorylation (Ivanov et al., 2001, 2003), and a
similar mechanism has been reported to affect the activity of PVA
VPg (Hafren and Makinen, 2008; Puustinen et al., 2002). In order to
determine if the protease domain of PVBV VPg-Pro undergoes phos-
phorylation, in vitro kinase assay was performed using the soluble
fraction of the extract from leaves of Nicotiana benthamiana as the ki-
nase source. Interestingly, the NIa-Pro domain was observed to get
phosphorylated upon incubation with N. benthamiana plant extract
in the presence of [γ-32P]ATP (Fig. 5A, lane 2), and the protein
could undergo dephosphorylation upon treatment with a calf intesti-
nal alkaline phosphatase (data not shown). Also PVBV VPg domain
was observed to undergo phosphorylation (Fig. 5B) under similar
assay conditions. However, a faint radioactive signal was found asso-
ciated with E191A VPg-Pro in the absence (Fig. 5A, lane 5) and
presence (Fig. 5A, lane 4) of the kinase source suggesting that the
full-length VPg-Pro does not get phosphorylated. A similar faint signal
was also seen upon incubation of NIa-Pro with the radiolabel in the
absence of the plant extract (Fig. 5A, lane 3). This signal could be
due to non-specific binding of nucleotides to NIa-Pro and E191A
VPg-Pro. These results imply that both NIa-Pro and VPg can be phos-
phorylated individually, but when the two protein domains interact
in cis the phosphorylation sites of both the domains are masked,
and thus, phosphorylation is not observed when E191A VPg-Pro is
used as a substrate in the kinase assay.

Netphos analysis (Blom et al., 1999) carried out using NIa-Pro
amino acid sequence predicted four amino acids, all of which were
serine residues (Ser129, Ser132, Ser135 and Ser201) with high prob-
ability for phosphorylation. To experimentally determine the amino
acid residue in the NIa-Pro sequence which gets phosphorylated,
phosphoamino acid analysis was carried out by partial acid hydrolysis
as described in the Materials and methods section. The acid hydroly-
sates were analyzed using thin layer chromatography. Fig. 5C (lanes
1–3) shows the relative mobilities of ninhydrin-stained phospho-
serine, phospho-threonine and phospho-tyrosine, used as standards.
The protein hydrolysate (Fig. 5C, lane 4) shows the appearance of
two ninhydrin-stained spots. These two spots were also observed
when the TLC sheet was exposed to phosphoimager (Fig. 5C, right
panel). The mobility of the lower spot corresponds to a serine residue,
indicating that at least one of the serine residues in the NIa-Pro se-
quence was phosphorylated by N. benthamiana cellular kinases. The

image of Fig.�4


Fig. 5. (A) Phosphorylation of proteases. In vitro kinase assay was carried out using [γ-32P]ATP as phosphoryl donor and assay mixtures were analyzed on SDS-PAGE, followed by
phosphorimager analysis. Only plant extract without test protein was used as a negative control (lane 1). Phosphorimager analysis of in vitro kinase assay for NIa-Pro with (lane 2)
and without (lane 3) N. benthamiana crude extract as the kinase source, and for E191A VPg-Pro with (lane 4) and without (lane 5) the plant extract are shown. (B) Phosphorylation
of VPg. Lane 1: Phosphorimager analysis of in vitro kinase assay for VPg, lane 2: silver-stained gel for purified VPg; lane 3: protein molecular weight markers. (C) Phosphoamino acid
analysis. Thin layer chromatogram of hydrolysates generated by in gel partial hydrolysis of phosphorylated NIa-Pro upon treatment with 6 N HCl at 110 °C for 2 h. Samples were
spotted on cellulose TLC plates and developed using n-butyl alcohol, pyridine, acetic acid, water (15:10:13:2) as the solvent system. Ninhydrin-stained phospho-serine (lane 1),
phospho-threonine (lane 2), phospho-tyrosine (lane 3) and NIa-Pro hydrolysate (lane 4) are shown. The NIa-Pro hydrolysate upon exposure to phosphorimager is shown in the
right panel. (D) Phosphorylation of NIa-Pro mutant. Only plant extract without test protein was used as a negative control (lane 1). Phosphorimager analysis of in vitro kinase
assay for NIa-Pro without (lane 2) and with (lane 3) N. benthamiana crude extract as the kinase source, and for S129A NIa-Pro without (lane 4) and with (lane 5) the plant extract
are shown. Corresponding silver-stained SDS-PAGE is shown below the radiogram as loading control. (E) CD profile for wild type NIa-Pro (solid line) and S129D NIa-Pro (dotted
line) far-UV range (200 to 250 nm) were recorded at a protein concentration of 1 mg/ml.
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spot that moved further up could correspond to smaller peptides re-
leased due to incomplete hydrolysis of the protein.

One of the phosphorylation sites in the NIa-Pro sequence, pre-
dicted by the NetPhos analysis, was a serine at the position 129
(with respect to PVBV protease sequence). This is the only residue
amongst the four predicted candidates which is conserved across
potyviruses. Ser129 was found to be present on a surface-exposed
loop in the modeled structure of PVBV NIa-Pro (Fig. 4A). In order to
determine if Ser129 is one of the phosphorylated residues in NIa-
Pro, it was mutated to alanine by site-directed mutagenesis, overex-
pressed and purified under conditions similar to those of the wild
type NIa-Pro. In the in vitro kinase assay, phosphorylation of S129A
NIa-Pro was drastically reduced (Fig. 5D, lanes 4–5) as compared to
the wild type NIa-Pro (Fig. 5D, lanes 2–3). This suggested that
Ser129 in NIa-Pro sequence undergoes phosphorylation by N.
benthamiana cellular kinase.

Effect of phosphorylation on the proteolytic activity of NIa-Pro

It was of interest to examine the effect of phosphorylation of Ser129
on the protease activity of NIa-Pro. In vitro phosphorylation of NIa-Pro
leads to phosphorylation of a small fraction of NIa-Pro, giving rise to a
heterogeneous mixture of phosphorylated and unphosphorylated
forms. In order to examine the influence of phosphorylation of NIa-
Pro at Ser129 upon its structural and catalytic properties, a homogenous
population of phosphorylated protein was required, and therefore an
alternative strategy was adopted. Negatively charged residues such as
aspartate or glutamate have been reported to mimic the phosphorylat-
ed state of a protein (Leger et al., 1997). Ser129 of NIa-Prowas therefore
mutated to aspartate by site-directedmutagenesis, and themutant pro-
tein was purified under conditions similar to those of the wild type NIa-
Pro. CD spectrum of S129D NIa-Pro showed only slight perturbations in
the secondary structure as compared to the wild type enzyme (Fig. 5E).

The HPLC-based protease assay was employed to determine the ki-
netic parameters of Ser129 mutants of NIa-Pro (Table 2). Km of S129D
NIa-Pro, as determined from the Lineweaver–Burk plot, was found to
be 0.05 mM, and the kcat was found to 0.004 s−1. Addition of VPg in
trans to the mutant did not enhance the activity of the enzyme signifi-
cantly. Interestingly, the kinetic parameters for S129A NIa-Pro were
found to be very similar to S129D NIa-Pro enzyme. The Km for the
S129A NIa-Pro was 0.06 mM, while the kcat of S129A NIa-Pro
(0.005 s−1) was reduced by ten-fold when compared to wild type
NIa-Pro, and by nearly a hundred fold as compared to VPg-
supplemented NIa-Pro.

These studies suggest that Ser129 is another residue which is es-
sential for the catalytic activity of NIa-Pro, even though it is present
at a distal surface with respect to the active site (distance between
Ser129 and Cys151 Cα atoms: 16.9 Å). Interestingly, in the PVBV
NIa-Pro model (Fig. 4A), Ser129 lies in close proximity to the
surface-exposed Trp143. This provides additional support for the in-
teraction between the two domains, which not only quenches trypto-
phan fluorescence when the two domains interact, but also masks the
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site of phosphorylation on both the domains. Additionally, Ser129 lies
on the most flexible region in the protease structure (Phan et al.,
2002; Sun et al., 2010), and Trp143 lies on the flexible W–C loop.
The side chain hydroxyl group of Ser129 could form a hydrogen
bond with the main chain –NH group next to Trp143 (Fig. 4A). Muta-
tion of Ser129 to either alanine, or possibly even aspartate, could dis-
rupt or reorient this hydrogen bond and alter the conformation of the
residues in the W–C region. Therefore, although it is unlikely that
Ser129 is directly involved in catalysis, yet any mutation to this resi-
due was not tolerated.

To understand the influence of phosphorylation of Ser129 in silico,
the structural models for the phosphorylation-mimic S129D NIa-Pro
and phosphorylation-deficient S129A NIa-Pro were also generated.
Molecular dynamics simulations were carried out using GROMACS
(Hess et al., 2008) for 30 ns for the structural models of wild type as
well as mutant proteases. Superposition of snapshots at intervals of
500 ps illustrate that in S129A NIa-Pro, wherein the hydrogen bond
between Ser129 and Trp143 is absent, the orientation of Trp143
was highly distorted as compared to the wild type protease
(Fig. 4B). This implies that this hydrogen bond is crucial for maintain-
ing Trp143 orientation and thus, protease function. Analysis of simu-
lations for S129D NIa-Pro show that the catalytic Cys151 flips and
faces away from the active site pocket (Fig. 4B), which might account
for the loss of activity observed for the S129D mutant of NIa-Pro. The
altered hydrogen bond between Ser129 and Trp143, and the change
in orientation and movement of the W–C loop in S129D NIa-Pro,
could perturb the residues in the W–C region causing the flip of
Cys151, resulting in loss of activity. Interestingly, the turnover num-
ber of S129D NIa-Pro was not restored when it was supplemented
with VPg in trans, unlike in W143A NIa-pro. Therefore, it is likely
that the interaction between Ser129 and Trp143 is crucial for prote-
ase activity as well as its regulation by VPg or phosphorylation, medi-
ated via the residues present in the W–C region.

It has been previously suggested that polyprotein processing in
potyviruses is closely regulated. The activity of NIa-Pro has been sug-
gested to be modulated by three major mechanisms. Firstly, the se-
quence at the heptapeptide recognition site contains inherent
information for a regulated cleavage (Dougherty and Parks, 1989),
however, the local context of the cleavage site could also play an im-
portant role (García et al., 1992; Parks et al., 1992). Secondly, the re-
cruitment of VPg-Pro into the nucleus to form inclusion bodies
reduces the cytoplasmic concentration of the available protease
(Riechmann et al., 1992). In the nucleus, VPg-Pro is speculated to in-
terfere with host defenses and support infection (Anindya and
Savithri, 2004; Beauchemin et al., 2007; Rajamaki and Valkonen,
2009; Restrepo et al., 1990). Thirdly, for some potyviruses, NIa-Pro
could also be regulated by an internal cleavage at a non-canonical
site near the C-terminus of NIa-Pro (Riechmann et al., 1992).

The results presented in the current study describe other possible
mechanisms for regulation of PVBV NIa-Pro. NIa-Pro is known to
occur in various forms, such as intermediate 6K2-VPg-Pro and VPg-
Pro or, themature NIa-Pro, as a result of temporally-controlled polypro-
tein processing. We have proposed that the interaction of NIa-Pro with
VPg (especially in trans) significantly enhances protease activity via
structural changes in the Trp143-containing loop (W–C loop). An earli-
er report by Parks et al. (1992) suggests that the cleavage site between
TEVNIb-CP is processedwith nearly same efficiency by various protease
intermediates, which supports our observation that the activity is min-
imally enhanced when VPg domain is present in cis with the protease
domain. Therefore, although the cleavage site between NIa-Pro and
VPg is sub-optimal, yet its cleavage could be essential in promoting
trans interaction between the two domains. This could be crucial
when high concentration of coat protein is required for nucleic acid
encapsidation during viral morphogenesis.

We have also demonstrated for the first time that NIa-Pro un-
dergoes phosphorylation at Ser129 which could cause subtle
structural changes in the protease and provide an important mecha-
nism for the regulation of its activity. The phosphorylation and subse-
quent inactivation of NIa-Pro by the host cell kinases could thus be an
important defense mechanism used by the plants to counteract PVBV
infection.

Materials and methods

Cloning, overexpression and purification of proteins

The 1.3 kb VPg-Pro gene segment was amplified using primers
mentioned in Table 1 and cloned between NheI and PvuII sites of
pRSET C (Invitrogen) (pRVN) and the recombinant clone was con-
firmed by sequencing. Expression of pRVN in BL21 E. coli cells con-
taining pSBET A, which enhances the rate of translation at the rare
arginine codons, yielded His-VPg and untagged NIa-Pro due to cleav-
age between the domains by the protease. Thus, His-VPg-Pro was
over-expressed in 1 l culture which was incubated for 4 h at 37 °C, in-
duced using 0.3 mM IPTG and further grown for 12 h at 15 °C. For
protein purification, the cells were harvested and lysed using a French
press in resuspension buffer containing buffer R (10 mM CAPS-NaOH,
pH 9.2, 200 mM NaCl) and 0.1% Nonidet P-40. Debris was removed by
centrifugation and the supernatant was allowed to bind Ni2+-NTA
resin for 2 h at 4 °C. The resin was packed into a column and washed
with 100 ml wash buffer containing buffer R and 40 mM imidazole.
Histidine-tagged VPg which remained bound to the resin was eluted
in a buffer containing buffer R and 250 mM imidazole, dialyzed to re-
move imidazole and stored in buffer supplemented with 10% glycerol.
Full-length VPg-Pro was expressed from the cleavage site mutant
clone of VPg-Pro (pRVNE191A), under conditions similar to those de-
scribed above. pRNIA clone (Anindya and Savithri, 2004) was cleaved
with NheI and re-ligated to remove the extra residues added from the
vector. This clone (pRNIa-Pro) was used for His-NIa-Pro expression.
The pRNIa-Pro, active site C151A mutant (Joseph and Savithri,
2000), and other mutants (S129D, S129A, W143A) were transformed
into BL21 pLysS E. coli cells, overexpressed and purified using the pro-
tocol described earlier (Anindya and Savithri, 2004) with a modifica-
tion in the wash buffer composition (40 mM imidazole was used).
Protein concentrations were determined using Lowry's method of
protein estimation. ~3 mg His-NIa-Pro, ~1.5 mg His-VPg and ~
0.25 mg His-E191A VPg-Pro was obtained from respective one liter
cultures.

Site-directed mutagenesis

Site-directed mutagenesis (Weiner et al., 1994) was carried out
using custom-made (Sigma) mutagenic DNA primers (Table 1)
which were designed to mutate glutamic acid 191 to alanine in
VPg-Pro to abolish the cleavage site between VPg and NIa-Pro do-
mains. In NIa-Pro, serine 129 was mutated to alanine or aspartate,
and tryptophan 143 was mutated to alanine. Presence of the desired
mutations was screened by gain or loss of a restriction site and was
confirmed by DNA sequencing.

ELISA-based protein interaction assay

ELISA modules (Nunc Axisorp F96F) were coated with ~0.2 nmol
of VPg (200 μl) for 2 h. The plate was washed thrice with PBST (phos-
phate saline buffer, pH 7.5, with 0.1% Tween-20) and thrice with PBS
for 3 min each. Unoccupied sites were blocked over-night using
350 μl of 5% bovine serum albumin (BSA; Bio-Rad), and the plate
was washed four times with PBST and thrice with PBS for 3 min
each. ~0.2 nmol of either NIa-Pro or W143A NIa-Pro was added to
the plates, incubated for 1 h, and subjected to three washes with
PBST and PBS each. Rabbit anti-NIa-Pro primary antibody (1:5000 di-
lution) was added to each well, incubated for 1 h, and washed as
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before. HRP-conjugated goat anti-rabbit secondary antibody
(1:10,000 dilution) was added to each well, incubated for 45 min
and washed as before. 100 μl substrate (1X TMB/H2O2) was added
to each well. Reaction was stopped by the addition of 50 μl of 2 M
HCl and absorbance at 450 nm was measured using a Spectramax
340PC384 plate reader (Molecular Devices, Inc.). All dilutions were
made in 1× PBS. For negative controls, BSA was added instead of
the proteins and PBS instead of the antibodies. For positive controls,
direct antigen coating-ELISA was performed using plates coated
with 0.17 nmol NIa-Pro or W143A NIa-Pro prior to blocking. Antibody
dilutions and incubation times were similar to the test experiments.

Fluorescence spectrophotometry

The intrinsic fluorescence was measured using a fluorescence
spectrophotometer (Perkin-Elmer). Spectra were recorded at a pro-
tein concentration of 3.5 μM in a buffer containing 25 mM Tris–HCl,
pH 8.5 and 200 mM NaCl. The excitation wavelength was 280 nm
and the emission was scanned between 300 and 400 nm.

Fmoc solid phase peptides synthesis (Fmoc-SPPS)

The peptides were assembled on an automatic peptide synthesizer
(Model CS 136, CS Bio Co. San Carlos, CA) using standard Fmoc (Fmoc
(N-(9-fluorenyl)methoxycarbonyl) chemistry (Merrifield, 1997). The
peptides Trp-Asp-Gly-Gly-Glu-Val-Ala-His-Gln-Ala-Gly-Glu-Ser-Val,
Trp-Asp-Gly-Gly-Glu-Val-Ala-His-Gln, and Ala-Gly-Glu-Ser-Val were
synthesized usingWang resins pre-loaded with C-terminal glutamine
or valine, having a substitution level of 0.6 meq/g or 0.31 meq/g
(grain size-100–200 mesh), respectively. The peptides were obtained
after cleavage from the peptidyl-resin and removal of side chain pro-
tecting groups using TFA/ethanedithiol/water/phenol/thioanisol
(8:0.25:0.5:0.75:0.5, v/v), for 3 h at 25 °C, and purified by semi-
preparative HPLC using a Shimadzu HPLC on a C-18 Shimpak column
(25 cm×21.2 mm(i.d.), 10 M) and a binary gradient of 0.1% TFA (sol-
vent A) and 70% acetonitrile in water containing 0.05% TFA (solvent
B) at a flow rate of 15 ml/min from 0% to 100% buffer B in 60 min,
and monitored at 220 nm. The sequences of the synthesized peptides
were verified by amino acid analysis and N-terminal sequencing.

HPLC-based protease assay

The proteolytic activities for the NIa-Pro and C151A NIa-Pro
(2 μM) were assayed in buffer containing 25 mM Tris–HCl, pH 8.5,
200 mM NaCl, 1 mM DTT, 1 mM MgCl2 and 10% glycerol with 40 μM
of the substrate (Trp-Asp-Gly-Gly-Glu-Val-Ala-His-Gln-Ala-Gly-Glu-
Ser-Val) in a reaction volume of 50 μl, incubated for 60 min at 25 °C
and stopped by adding an equal volume of 0.2% triflouroacetic acid
(TFA), and centrifuging at 10,000 rpm for 10 min. Product peptides
(Trp-Asp-Gly-Gly-Glu-Val-Ala-His-Gln, and Ala-Gly-Glu-Ser-Val)
were separated from the substrate by RP-HPLC on a C18 column (Wa-
ters; 4.6 mm×25 cm) with a linear gradient of solvents A and B from
0% to 35% solvent B in 20 min at a flow rate of 1 ml/min and, detected
at 220 nm and 280 nm. The area under the peak was measured and
fractional cleavage was used to estimate the released product. Sub-
strate concentration dependence was carried out using the same pro-
tocol with the peptide concentration varying from 0.014 mM to
1.4 mM. (Protein amounts used: NIa-Pro and mutants: 2.64 μg,
E191A VPg-Pro: 3.18 μg). Using activity measurements determined
in three independent experiments, Km and kcat values were estimated
from the Lineweaver–Burk plot.

In vitro kinase assay

Plant sap was prepared by grinding lower leaves from three-week
old N. benthamiana in buffer containing 25 mM HEPES, pH 7.4, 10%
sucrose and protease inhibitor cocktail (Sigma), and centrifuging at
10,000 rpm for 10 min, and used as the kinase source in the phos-
phorylation assay. The assay mixture had 25 mM HEPES, pH 7.4,
2 mM MnCl2, and 2 μCi [γ-32P]ATP (phosphoryl donor), alongwith
2 μg protein and/or 2.5 μg plant sap protein. It was incubated at
25 °C for 30 min and the reaction was stopped by boiling with SDS-
PAGE loading buffer for 5 min. Phosphorylation of the proteins was
monitored by analyzing the reactions on SDS-PAGE, followed by sil-
ver staining the gel and, exposing it to phosphorimager. Phosphoryla-
tion of purified PVA VPg was used as the positive control to determine
the optimal assay conditions.

Thin layer chromatography

Proteins were subjected to in vitro phosphorylation using [γ-32P]
ATP and separated on SDS-PAGE. The protein band was excised and
crushed gel pieces were subjected to partial in gel acid hydrolysis
with 6 N HCl at 110 °C for 2 h. The volume was reduced to 2–3 μl in
vacuo. The hydrolysates were then analyzed by thin layer chromatog-
raphy on cellulose plates (Merck). TLC chamber was equilibrated
with buffer containing n-butyl alcohol, pyridine, acetic acid and
water (15:10:13:2, v/v). 1 μl of acid hydrolysates was spotted on
TLC plates, along with phosho-serine, phospho-threonine and
phospho-tyrosine as standards. The chromatogram was developed
in the saturated chromatographic chamber, treated with ninhydrin
and analyzed using a phosphorimager.

Circular dichroism spectroscopy

Circular dichroism (CD) spectra were recorded with a spectropo-
larimeter (Jasco J-715) equipped with a Peltier-type temperature
controller (Jasco model PTC-348WI). A cuvette with 0.1 cm path-
length and a protein concentration of 1 mg/ml in 25 mM Tris–HCl,
pH 8.5 and 200 mM NaCl were used for all spectral measurements;
bandwidth was 2 nm and three scans were recorded for each mea-
surement with a scan speed of 10 nm/s. Background signal obtained
in the absence of the protease was subtracted and the mean residue
molar ellipticity, in units of deg.cm2.dmol−1, was determined from
the corrected spectrum.

Homology modeling and molecular dynamics simulations

As attempts made to determine the crystal structure of the PVBV
protease have not been successful, the amino acid sequences of NIa-
Pro, S129A NIa-Pro and S129D NIa-Pro were submitted to LOMETS
metaserver (Wu and Zhang, 2007) for homology modeling. The serv-
er generated multiple models of which those generated by
HHSEARCH and SP3 algorithms using TEV and TVMV NIa-Pro as tem-
plates, respectively, were considered for further analysis. The two
models thus generated, superposed 221 C-alpha atoms with a root
mean square deviation (RMSD) of 0.93 Å. PVBV NIa-Pro amino acid
sequence shares 47% identity with TEV protease and, 45% identity
with TVMV protease. The model generated using the TEV crystal
structure was ranked as the best model and was found to have ac-
ceptable geometrical features, when evaluated using PROCHECK
(Laskowski et al., 1993). About 98% of the residues lie in allowed re-
gions of the Ramachandran plot. Thus, this particular model was
used for further analysis using the Pymol Molecular Graphics System
(http://www.pymol.org). Superposition of the PVBV model with TEV
NIa-Pro structure (PDB ID: 1LVM; Phan et al., 2002) aligns 228 C-
alpha atoms with RMSD of 0.43 Å, and with TVMV protease structure
(PDB ID: 3MMG; Sun et al., 2010), aligns 219 C-alpha atoms were
aligned with RMSD of 1.3 Å.

Molecular dynamics (MD) simulations were performed using
GROMACS v4.0.7 (Hess et al., 2008) with OPLS-AA/L force field
(Jorgensen et al., 1996). A cubic box was generated with minimum

http://www.pymol.org
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distance of 10 Å between the solute and edge of the box. The protein
models were solvated with TIP4P water model (33,653 water mole-
cules) and neutralized with three chloride ions. Energy minimizations
were performed using the steepest descent method and solvent
equilibration by position-restrained dynamics of 100 ps. All the simu-
lations were carried out under NPT conditions. Long-range electro-
static (Darden et al., 1993) and van der Waals interactions were
computed with cut-off of 12 Å and 15 Å, respectively. MD simulations
were performed for a time period of 30 ns and RMSDs of the trajecto-
ries with respect to the energy-minimized starting structure were
calculated. Analysis of the trajectories of 30 ns simulations showed
that N- and C-terminal tails of the protein show significant flexibility
throughout MD simulations resulting in high RMSD values not indic-
ative of structural changes of interest in the proteins. Thus, RMSD
values of the protein backbone residues from Asn12 to Gln220 were
calculated with respect to the energy-minimized structures. Back-
bone simulations stabilized within the first 3 ns. The RMSD values
thus obtained for the wild type, S129D NIa-Pro and S129A NIa-Pro
were 6.3 Å, 3.3 Å and 3.1 Å, respectively.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.virol.2011.10.009.
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