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Summary.The nuclear inclusion protein a (NIa) protease plays an important role
in the life cycle of potyviruses by processing the viral polyprotein into functional
proteins. For functional characterization, the NIa protease fromPepper vein band-
ing potyvirus(PVBV) was overexpressed inEscherichia coliand purified. Using
a recombinant polyprotein substrate containing the nuclear inclusion protein b
(NIb)-coat protein (CP) cleavage site, atrans-cleavage assay was developed for
the NIa protease. The polyprotein substrate also possessed the cleavage site be-
tween NIa and NIb, in addition to the NIb-CP site. However, notrans-cleavage by
the NIa protease between NIa and NIb was detected indicating that the cleavage
between NIa and NIb under natural conditions would be by acis-cleavage reac-
tion. Site-specific mutations of the conserved residues D81, D90, C110, T146,
C151 and H167 were performed to investigate their roles in the catalytic process
of the protease. Such an analysis has revealed that D81 and C151 constitute two
of the catalytic triad residues in the NIa protease, D90 and C110 are not essential
for catalysis, and T146 and H167 are probably involved in binding to Gln at the
P1 position of the substrate.

Introduction

Proteases play an important role in the life cycle of many viruses and share many
similarities with their cellular counterparts [12]. The plant potyviruses contain
an RNA genome encoding a single polyprotein that is processed by three viral
proteases [24]. The P1 and HC-Pro are proteases withcis-cleavage activity releas-
ing themselves from the polyprotein [7, 29]. The NIa protease is involved in the
cleavage of the remaining two-thirds of the polyprotein incis- andtrans-cleavage
reactions [4]. There are at least six cleavage sites in the viral polyprotein recog-
nized by the NIa protease [5, 14], which are defined by a consensus heptapeptide
sequence [6, 10, 13]. The NIa protease has been shown to cleave the peptide bond
C-terminus to a Gln or Glu at the P1 position in the heptapeptide sequence [10, 24].
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Molecular modeling studies by Bazan and Fletterick [2, 3] and Gorbalenya
et al. [15] indicated that the potyvirus NIa protease possessed structural motifs
shared with cellular serine proteases, with the substitution of Ser by a Cys as the
active site nucleophile. This NIa-protease’s counterparts in other viral systems are
the picornaviral 3C protease and the comovirus 24 kDa protease [12]. Mutational
and three-dimensional structural analyses of picornaviral 3C proteases confirmed
the structural and functional similarities between the 3C protease and cellular
serine proteases [1, 8, 20].

The NIa proteases fromTobacco etch potyvirus(TEV) andTurnip mosaic
potyvirus(TuMV) have been overexpressed and purified [17, 22] and the recom-
binant proteases were shown to be catalytically active. However, a truncated NIa
protease lacking the C-terminal 20-24 amino acids, resulting from autocatalytic
activity of the recombinant protease, was less active [17, 18, 22]. Earlier muta-
tional studies on TEV NIa protease indicated that His 46, Asp 81 and Cys 151
constitute the catalytic triad [11, 14]. Attempts to delineate the region involved
in substrate binding revealed that the C-terminal 150 amino acid residues of the
NIa protease contained the necessary information for recognition of the cleavage
site, and the specificity determinants were confined to at least three sub-domains
(between amino acids 94 to 166, 166 to 183 and 183 to 243) of the TEV NIa
protease [21]. However, specific amino acid residues involved in substrate recog-
nition could not be identified. In the present work, a mutational approach was
used to investigate the importance of different conserved residues in substrate
binding and catalysis using Pepper vein banding potyvirus (PVBV) NIa protease
as the model system.

Earlier, we had reported the purification and characterization of PVBV and
showed that it was a distinct member of the genusPotyvirus[16, 23]. The NIa
protease of PVBV showed 50 and 47% identity with TuMV and TEV NIa pro-
tease, respectively. In order to evaluate the role of some of the residues conserved
in the NIa proteases of the members of the genusPotyvirussuch as D81, D90,
C110, T146, C151 and H167 in the function of the NIa protease, these residues
were targeted for mutagenesis. In this paper, we report the overexpression, pu-
rification and characterization of PVBV NIa protease and its mutants. An in
vitro immunoblot assay was developed for the recombinant NIa protease, and
was used for the mutational analysis of the protease to determine the impor-
tance of different conserved amino acid residues in the catalytic activity of the
enzyme.

Materials and methods

PCR amplification and cloning of the NIa protease gene

From the cDNA clone pPV229, which contains a 3.9 kb fragment comprising the 3′-end of
PVBV genome [16], the NIa protease coding region was amplified by PCR using a pair of
primers representing the N- and C-termini of the protease.

(i) 5′ AGTGGATCCATGGCCCGCTCGTTAAATAGA 3′ (sense)
(ii) 5′ ATTGAATTCTTATTGCTCACGAACAAATGC 3′ (antisense).
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The italicized nucleotides representBamHI andEcoRI restriction sites in sense and antisense
primers, respectively. The underlined nucleotides, the start and stop codons in sense and anti-
sense primers, respectively, were introduced for the overexpression of NIa protease inE. coli.

The PCR was performed for 30 cycles (94◦C, 1 min for melting, 55◦C, 1 min for anneal-
ing, 72◦C, 1 min for polymerization) using Vent DNA polymerase (New England Biolabs,
Inc., MA), and pPV299 as the template. Fifty ng of the template and 25 pmoles each of the
above primers were used in a 100ml reaction volume. The PCR product was sequenced to
confirm its integrity, and was cloned at thePvuII site of pRSET C expression vector (pRNIa).

Site-directed mutagenesis

Site-directed mutagenesis of the NIa protease was performed essentially by the megaprimer
method [19] with some modifications. The following primers were used for obtaining the
mutant constructs.

i. D81N : 5′ GAGCAGAATATTATGTTTCTC 3′ (antisense)
ii. D90A : 5′ TGGTGGGAAGGCCTTTGGAAG 3′ (antisense)

iii. C110A: 5′ GCCAACTAAGGCAATTGAATC 3′ (antisense)
iv. T146I : 5′ TGGATTGATATCAAGGATGGA 3′ (sense)
v. C151A: 5′ GATGGACACGCTGGCTTGCCA 3′ (sense)

vi. H167Y: 5′ GTTGGGTTTTACAGTCTCACA 3′ (sense)

The underlined nucleotides represent the changes introduced to obtain the desired muta-
tions and to engineer restriction sites for primary screening of the mutants. The italicized
nucleotides represent restriction sites,SspI, StuI, MfeI andEcoRV for D81A, D90A, C110A
and T146I, respectively.

The mutants were screened for the presence of desired mutations, initially by restriction
analysis wherever possible, and confirmed by DNA sequencing [26].

Expression and purification of the recombinant NIa protease

For overexpression of the recombinant protease, one per cent of an over-night grown culture
of E. coli BL-21 (DE3) cells, harboring pRNIa, was inoculated to 500 ml Luria-Bertani
(LB) medium containing 50mg/ml of ampicillin. After 5 h of growth at 37◦C, the protein
expression was induced by the addition of IPTG to a final concentration of 0.3 mM and the
cells were further grown for 4 h at 37◦C. The cells were harvested, resuspended in 40 ml
extraction buffer (0.1 M Tris-HCl, pH 7.5 containing 0.3 M NaCl) and were sonicated using
a Vibra cell sonicator. The supernatant was mixed with buffer-equilibrated Ni-NTA agarose
beads at 4◦C for 1 h. The beads were then loaded onto a column and were washed with
50 ml each of washing buffers, A (0.1 M sodium phosphate, pH 7.0 containing 10% glycerol,
0.3 M NaCl and 50 mM imidazole) and B (0.1 M sodium phosphate, pH 7.0 containing 10%
glycerol and 50 mM imidazole). The proteins were eluted with 0.1 M sodium phosphate buffer
(containing 10% glycerol and 250 mM imidazole). The fractions containing the NIa protease
were pooled and subjected to centrifugation in a centricon (Amicon Inc., Beverly, MA) to
concentrate the protease. The concentrated protease was aliquoted and stored at−20◦C.

For the mutant proteases, the same procedure was followed for overexpression and pu-
rification except that the cells were grown and induced at 30◦C, as it improved the solubility
of the expressed mutant proteins.

Expression of the NIb-CP substrate

For cloning into expression vector, the NIb-CP fragment (containing the nucleotide sequence
corresponding to C-terminal 9 aminoacids of NIa protease, NIb, CP and the 3′untranslated
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region) was released from pPV229 clone byEcoRV and SmaI restriction digestion. The
fragment was purified by low-melting agarose method [25] and cloned at thePvuII site of
pRSET C to obtain pRNIb-CP. The construct was transformed intoE. coliBL 21 (DE3) cells,
and cultured and induced as described for the NIa protease except that the cells were grown
in 10 ml LB. After induction, the cells were harvested and resuspended in 4 ml of Tris-HCl
buffer (0.1 M, pH 7.5) and lysed by sonication. The total protein was used for the protease
assay.

NIa protease assay

In vitro cleavage assays for the NIa protease and the mutants were carried out in a 50ml
reaction volume, in 50 mM HEPES, pH 7.5, 50 mM KCl with 1ml of NIb-CP substrate
and 1mg NIa protease or mutants. The reaction mixture was incubated at 16◦C for 6 h and
the cleavage products were separated by 12.5% sodium dodecylsulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and were transferred to nitrocellulose membrane. The release of
the CP from NIb-CP by the protease was monitored by Western blot analysis using polyclonal
antisera specific to the PVBV CP.

Results and discussion

Expression of the NIa protease inE. coli

The NIa protease gene was PCR-amplified and cloned in pRSET C expression
vector as described in the Materials and methods section. The cloning strategy
results in the addition of 45 amino acids (41 from pRSET C vector and 4 from
the sense primer) to the N terminus of the recombinant NIa protease. The NIa
protease was overexpressed inE. coli to nearly 50% of the total proteins and most
of it was present in the soluble fraction. As the recombinant protease contained
His-tag at the N terminus, the protein could be purified by Ni-NTA agarose affinity
chromatography. Single step purification yielded almost homogenous preparation
of the recombinant protein (Fig. 1).

Fig. 1. SDS-PAGE analysis of recombinant PVBV NIa pro-
tease.E. coli BL 21 (DE3) cells harboring pRNIa were in-
duced with 0.3 mM IPTG. Total proteins (∼50mg) from
uninduced (1) and induced (2) cells were separated by 12.5%
SDS-PAGE and stained with Coomassie Brilliant Blue.M Mr

markers;3 NIa protease purified by Ni-NTA affinity chro-
matography
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Expression of NIb-CP inE. coli and NIa protease assay

In earlier studies, the activity of the recombinant NIa protease was assayed us-
ing a peptide containing the cleavage site and by the use of polyprotein sub-
strates obtained by in vitro translation [5, 17, 18, 22]. Hence, a nonapeptide
(Ac-GGEVAHQAG-NH2) corresponding to the cleavage site between the PVBV
NIb and CP was synthesized, and was used as a substrate for the NIa protease.
However, the attempt was not successful, as the cleavage products could not be
detected when monitored by HPLC analysis (data not shown).

Alternatively, the NIb-CP polyprotein substrate was overexpressed inE. coli
as described in Materials and methods. However, although the NIb-CP could be
induced to a high level, the protein was insoluble (data not shown). Our attempts to
solubilize the NIb-CP were unsuccessful. We have, therefore, used the crude total
protein extract from the induced cells harboring pRNIb-CP construct for assaying
NIa protease activity. The cleavage by the protease of the NIb-CP substrate (97
KD) to release CP (34 KD) was monitored by western analysis using PVBV
CP-specific antiserum.

The conditions for the assay were optimized, by varying the parameters such as
substrate and enzyme concentrations, pH, time and temperature. The NIa protease
showed optimal activity in HEPES buffer (0.05 M, pH 7.5), at 16◦C in the presence
of 50 mM KCl (Fig. 2). An additional protein band corresponding to about 50 kDa
was observed even in the absence of NIa protease (Fig. 2, lane 1). This could be
because of the proteolytic degradation of the substrate inE. coli or the presence
of an internal initiation site for translation [13]. Earlier studies on NIa protease
used the in vitro translated polyprotein substrates. Here we demonstrate that a
simple immuno analysis can be used to monitor thetrans-cleavage activity of
NIa protease.

TheEcoRI-SmaI fragment from pPV229, used for cloning NIb-CP into pRSET
C expression vector, contains an additional nucleotide sequence encoding the

Fig. 2. Western blot showing the NIa protease
activity using NIb-CP as the substrate. Total pro-
tein extract (1ml) from induced BL21 cells har-
boring pRNIb-CP construct was incubated with
purified NIa protease (1mg) in 50 mM HEPES
buffer, pH 7.5, containing 50 mM KCl, for 6h at
16◦C and the products were analyzed by West-
ern blotting with PVBV CP-specific antiserum
(1:2000 dilution).1 NIb-CP without NIa pro-
tease;2 NIb-CP with NIa protease;3 NIa pro-
tease alone
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C-terminal 9 amino acids of NIa protease. The expressed protein thus has the
cleavage site between NIa and NIb, in addition to the NIb-CP site. If the NIa-NIb
site were to be cleaved by the NIa protease intrans, it would result in a protein
product of about 91 kDa and a 6 kDa fragment (45 amino acids from vector and 9
amino acids from C-terminus of NIa protease). In the cleavage reaction, however,
no trans-cleavage between NIa and NIb could be detected as a band correspond-
ing to 91 kDa was not detected (Fig. 2). Such atrans-cleavage was not observed
for PPV NIa protease also [13]. This suggests that the cleavage between NIa and
NIb would be by acis-cleavage reaction under in vivo conditions. An increased
time duration for proteolysis did not result in complete cleavage of NIb-CP, indi-
cating that all the NIb-CP molecules would not be used as the substrate (data not
shown). This would be because of the insoluble nature of NIb-CP and probably
only a portion of it could be accessible as the substrate for NIa protease.

Inhibition studies

Earlier studies had demonstrated that Zn and cysteine-modifying agents such as
N-ethyl malemide (NEM) and iodoacetamide inhibited the NIa protease activity
[11]. In order to study the effects of different ligands (10 mM MgCl2, 10 mM
ZnCl2, 1mM PMSF and 1 mM NEM) on the protease activity, the reaction was
carried out in the presence of these ligands. The NIa protease activity was inhibited
by Zn and NEM as expected for enzymes with a cystine residue at the active site,
whereas, other ligands had no effect on the protease activity (Fig. 3).

Fig. 3. Inhibition studies of NIa protease activity. NIa protease activity was monitored as
described in legends for Fig. 2, in the presence of 10 mM MgCl2 (3), 10 mM ZnCl2 (4), 1 mM
PMSF (5) and 1 mM NEM (6). 1 NIb-CP without NIa protease;2 NIb-CP with NIa protease

in the absence of added ligands
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Characterization of the NIa protease mutants

The effect of different amino acid substitutions by site-directed mutagenesis of
the PVBV NIa protease was investigated using the in vitro assay system. Earlier
mutational studies indicated that H46, D81 and C151 formed the catalytic triad
[11, 14]. Amino acid sequence comparison of the NIa proteases of different po-
tyviruses showed that other than the proposed catalytic residues, D81 and C151,
D90 and C110 were also conserved. Therefore, in order to study the importance
of these residues, in addition to D81 and C151 (proposed catalytic residues) in
the activity of the PVBV NIa protease, site-specific mutagenesis of the protease
was performed for all these residues. The residues D81, D90, C110 and C151
were mutated to an Asn, Ala, Ala and Ala, respectively.

Earlier reports show that similar to the NIa protease, the picornavirus 3C
protease also cleaves the peptide bond C-terminally to a conserved Gln or Glu
in the cleavage recognition site [27, 28]. Three-dimensional structures of two
picornavirus 3C proteases have been determined [1, 20]. In the case of human
rhinovirus (HRV) 3C protease, molecular modeling studies using a peptide sub-
strate (8 amino acids) encompassing the cleavage site showed that T141 and H160
would be involved in the binding of Gln at the P1 position of the substrate [20].
The residues T146 and H167 represent the corresponding residues in potyviral
NIa protease [3, 12]. The residues T146 and H167, therefore, were mutated to Ile
and Tyr, respectively, in order to study their role in the catalytic process.

All the mutant proteases were expressed at 30◦C and purified as described for
the wild-type NIa protease using Ni-NTA affinity chromatography. The mutant
protease activity was studied using the in vitro assay system (Fig. 4). The D90A

Fig. 4. Western blot showing the activity of the NIa protease mutants. Total protein extract
(1ml) from induced BL 21 (DE3) cells harboring pRNIb-CP was incubated with the purified
NIa protease mutants (1mg) in 50 mM HEPES buffer, pH 7.5, containing 50 mM KCl, for
6 h at 16◦C and analyzed as described in the legends for Fig. 2.1 Without NIa protease;2

with NIa protease;3 D81N;4 D90A; 5 C110A;6 T146I;7 C151A,8 H167Y mutants
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and C110A mutants were catalytically active (lanes 4 and 5, respectively), whereas
mutations of D81, T146, C151 and H167 rendered the protease inactive (lanes 3,
6, 7 and 8, respectively). Similar results were obtained even when higher amounts
of the mutants (5mg each) were used for the assay (data not shown).

These results are consistent with the earlier mutational analysis of TEV NIa
protease, which showed that D81 and C151 would constitute two of the catalytic
triad residues in NIa protease [11, 14]. The residues D90 and C110 may not have
a direct role to play in the catalysis process per se. Further these residues are
conserved only in the poty virus genus but not acrossPotyviridaefamily.

Mutation of T146 and H167 of PVBV NIa protease however, resulted in
inactive mutants (Fig. 4; lane 6 and 8), and in the light of the analysis of the
picornaviral 3C proteases, we propose that these residues may be involved in
the binding of Gln at the P1 position. Secondary structure prediction [9] of the
PVBV NIa protease showed that T146 is located in the loop connecting the
proposed C2 and D2b-strands and H 167 is located in the E2 strand similar
to 3C protease. These residues are also conserved in NIa proteases across the
genera of thePotyviridae. In the earlier simulation studies with TEV NIa protease,
Dougherty et al. [11] had proposed a similar role for H167 in NIa protease. Earlier
studies on TuMV NIa protease had demonstrated that mutation of H167 abolished
the protease activity [18]. However, this is the first time that T146 is implicated in
the P1 Gln binding function. The determination of the three dimensional structure
of the NIa protease is important to confirm these mutational data.
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