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The gene encoding the C-terminal protease domain of
the nuclear inclusion protein a (Nla) of tobacco vein
mottling virus (TVMV) was cloned from an isolated
virus particle and expressed as a fusion protein with
glutathione S-transferase inEscherichia coliXL1-blue.
The 27-kDa protease was purified from the fusion
protein by glutathione affinity chromatography and
Mono S chromatography. The purified protease
exhibited the specific proteolytic activity towards the
nonapeptide substrates, Ac-Glu-Asn-Asn-Val-Arg-Phe-
GlIn-Ser-Leu-amide and Ac-Arg-Glu-Thr-Val-Arg-Phe-
GlIn-Ser-Asp-amide, containing the junction sequences
between P3 protein and cylindrical inclusion protein
and between nuclear inclusion protein b and capsid
protein, respectively. TheK, and k., values were about
0.2mM and 0.0715% respectively, which were
approximately five-fold lower than those obtained for
the Nla protease of turnip mosaic potyvirus (TuMV),
suggesting that the TVMV Nla protease is different in
the binding affinity as well as in the catalytic power
from the TuMV Nla protease. In contrast to the Nla
proteases from TuMV and tobacco etch virus, the
TVMV Nla protease was not autocatalytically cleaved
into smaller proteins, indicating that the C-terminal
truncation is not a common phenomenon occurring in
all potyviral Nla proteases. These results suggest that
the TVMV Nla protease has a unique biochemical
property distinct from those of other potyviral
proteases.

Keywords: Nuclear Inclusion Protein A; Potyvirus;
TVMYV, Viral Protease.

*To whom correspondence should be addressed.
Tel: 82-562-279-2295; Fax: 82-562-279-2199
E-mail: kchoi@postech.ac.kr

Introduction

Tobacco vein mottling virus (TVMV) is a member of the
potyvirus group. The potyvirus belongs to the picornavirus
superfamily of positive-strand RNA viruses (Riechmann
etal, 1992). The potyvirus contains an approximately
10-kb single-stranded positive-sense RNA as its genome
(Allison et al, 1986; Hellmanret al, 1980; Riechmann
etal, 1992) (Fig. 1A). The potyviral genome encodes ca.
350-kDa polyprotein that is processed by three viral
proteases to yield at least eight mature proteins
(Riechmannet al, 1992). Two proteases, protein 1 (P1)
and the helper component protease (HC-Pro), located at the
N-terminus of the polyprotein are released from the
polyprotein by cleavage at their respective C-terminus
autocatalytically (Carringtoret al, 1989; Mavankal and
Rhoads, 1991; Verchet al, 1991) (Fig. 1A). The nuclear
inclusion protein a (NlIa) is responsible for the processing
of the remaining regions of the polyprotein (Carrington
and Dougherty, 1987; 1988; Hellmaeh al, 1988).

The Nla protein consists of two functional domains; the
N-terminal genome-linked protein domain (VPg) and the
C-terminal protease domain (Murphy and Rhoads, 1990;
Parks and Dougherty, 1991). The Nla C-terminal 27-kDa
protease, which plays a major role in polyprotein
processing, cleaves polyprotein cis at the junction
between cylindrical inclusion protein (Cl) and Sprotein,
between the 6Kprotein and Nla, and between Nla and the
nuclear inclusion protein b (NIb) am trans at the junction
between P3 and Cl and between NIb and CP (Carrington
and Dougherty, 1987; 1988; Carringt@h al, 1988;
Riechamanret al, 1992). The proteolytic activity of the

Abbreviations: Cl, cylindrical inclusion protein; HC-Pro, helper
component protease; Nla, nuclear inclusion protein a; P1,
protein 1; TEV, tobacco etch virus; TUMV, turnip mosaic virus;
TVMYV, tobacco vein mottling virus.
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Nla protease for the respective cleavage site in the viral In order to understand the biochemical property of the
polyprotein might be responsible for the regulation of theNla protease from TVMV, the gene encoding the Nla
levels of the viral gene products quantitatively or 27-kDa C-terminal protease was cloned and expressed as a
temporally. In this aspect, the activities of the Nla proteasdusion form with glutathione S-transferaseHlscherichia

on their cleavage sites have been studied in sucholi. The proteolytic activity was determined by both
potyviruses as tobacco etch virus (TEV), plum pox virusHPLC analysis and fluorescence spectrometry coupled
(PPV) and turnip mosaic virus (TuMV) (Carrington and with fluorescamine conjugation reaction. The protease was
Dougherty, 1987; 1988; Carringtet al, 1988; Dougherty  purified to homogeneity by affinity and ion-exchange
and Parks, 1989; Garcaé al, 1989; 1990; Kim and Choi, chromatographies and its kinetic parameters have been
1998; Rorreret al, 1992). The comparison of the obtained for two synthetic peptide substrates. The TVMV
biochemical properties of the potyviral Nla proteases willprotease was distinct from other potyviral proteases in
be valuable for the better understanding of the mechanisrniochemical properties, suggesting that the potyvirus might
of the substrate recognition as well as the mechanism diave evolved to adapt to different environmental
the adaptation to the environment conditions of the hostonditions of hosts.

plants.

Materials and Methods

Preparation of the viral RNA The TVMV RNA was purified
from TVMV-propagatedNicotina tabacumaccording to the
A oK procedure as follows; 0.02 g of the TVMV-infected tobacco leaf
v v vy y Y tissue was homogenized and suspended with 0.5M sodium
VPg p1 [HC-Pro| s o ] N““_] NIb | cP HA phosphate buffer, pH 7.2, containing 1B4mercaptoethanol.
— . 4,' L ‘? - After the emulsion was centrifuged at 3,00@ for 15 min, the
o 3 e nE SR R G supernatant was extracted withbuthyl alcohol. The virus
particle in the aqueous phase was extracted five times with water-
Thrombin saturated phenol/chloroform at pH 3.0. The viral RNA was
i precipitated with ethanol and then resuspended in the diethyl
B [L_V_P R G _S]&k 4 pyrocarbonate-containing distilled water.

CTG GTT CCG CGT GGA TCC AAG GCG
[an

BamH]
" Cloning of the gene encoding the Nla C-terminal 27-kDa

protease cDNA was synthesized from the viral RNA with
moloney murine leukemia virus reverse transcriptase (Life
Technologies) using an oligonucleotide, VNIP-C!-5

/P AN gGAAttctcaTTGAGTGCGGACCAAATCGTCCATGA-3,
J ‘\ specifying the sequence corresponding to the nucleotide sequence
pGTVP 1 of TVMV genome from 6,852 to 6,877 (Domiet al, 1986) as
‘:‘% (5688 bp) /f/i a primer, where the small letters represent the mismatched
z /i nucleotides and the bold letters represent the complementary
Amp® // sequence of the stop codon, TGA. The synthesized cDNA was
_ _pBR322 // used as a template for the polymerase chain reaction (PCR) with
(7\°L_,/ recombinantPfu DNA polymerase (stratagene). VNIP-C and

VNIP-N, 5-AAGAAGTTGCATTCGgaTCcAAGGCGCTAC-3
Fig. 1. A. Genomic structure of TVMV. The linear array of open corresponding to the nucleotides from 6138 to 6167 in the TVMV
boxes depicts the individual proteins that can be generated frorgenome, being used as primers for polymerase chain reaction,
proteolytic processing of the TVMV polyprotein. Untranslated where the small letters represent the mismatched nucleotides.
regions are indicated as horizontal lines at each end of the maf/NIP-C and VNIP-N contain thé&cdRl and BanH| restriction
Two open arrowheads indicate the cleavage sites processed by Bites, respectively, for subsequent subcloning. The amplified
and HC-Pro autocatalytically. The filled arrowheads indicate theDNA was digested partially banmH| and completely b¥caRl,
cleavage sites processed by the Nla protease. The Nla proteasad the resulting 729 bp DNA fragment was subcloned into
gene is indicated as a black bar under the right region of Nla. TwpBluescript SK{) phagemid (pSK¢)) (Stratagene). The
peptide substrates used in this study are indicated by black arsequence of the subcloned DNA was determined by the
white arrows, respectivelyB. Recombinant plasmids for the dideoxynucleotide chain termination method with an automated
expression of the TVMV Nla protease gene. The italicized aminaDNA sequencer (Applied Biosystem 373A, Perkin-Elmer Co.).
acids, S, K and A, represent the first three amino acids in the
N-terminus of the Nla protease. The G is one additional aminaConstruction of expression vector for the TVMV Nla 27-kDa
acid attached to the N-terminus of the expressed Nla proteaggrotease In order to simplify the subcloning procedure, the
after the thrombin treatment. The thrombin recognition site is inBanHI site in the cloned DNA encoding the Nla protease was
a box and its cleavage site is indicated by an arrow. eliminated by the site-directed mutagenesis (Kuekell, 1987)
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using a primer, 5CGTCAGGCTGTGtATCCCCAAA- fluorescamine which is reactive to the primary amine group
ATATTTCC-3', corresponding to the nucleotides from 6,635 to (Udenfriendet al, 1972; Weigeleet al, 1972). The reaction was
6,664 in the TVMV genome. The mutated Nla protease gene wasarried out in the same way as described above for the HPLC
digested wittBanH| andEcaRlI, and was subcloned into pSKY analysis. The reaction was stopped by addition ofil 7@ 2%

to construct pSTVP). The entire nucleotide sequences were SDS and incubated with 1Q0 of 0.01% fluorescamine for two
determined to confirm the mutation without any change in otherhours before fluorescence measurement. The amount of the
region of the Nla protease gene by the dideoxynucleotide chaigenerated fluorescent amine-derivative was determined from the
termination method. The pSTVPR- was digested witlBanH]I emission intensity at 468 nm with the excitation at 386 nm by a
and EcoRl, and the resulting inserted DNA fragment was fluorescence spectrophotometer (Shimadzu RF-5000).
subcloned into pGEX-KG (Guan and Dixon, 1991) to construct

pGTVP (Fig. 1B).

: — _ Results and Discussion
Overexpression and purification of the recombinant TVMV

Nla protease The Nla protease was over-expressed inNucleotide and amino acid sequence of the Nla
Escherichia coliXL1-blue harboring pGTVP by inducing with protease gene The nucleotide sequences of the Nla
0.3 mM IPTG for 4 h at 2C. The bacterial cells were harvested C-terminal protease gene from TVMV were found to be
and resuspended with the lysis buffer (25 mM HEPES-KOH,jdentical to that previously reported one except one
pH 7.9, 100 mM KCI, 10% glycerol, 2mM EDTA and 1 mM pycleptide at the position 57 froni-Bnd of the Nla
DTT) containing the lysozyme (200 mg/ml. After incubation at C-terminal protease gene with a change from G to C

4°C for 30 min, the cell suspension was sonicated and the Ce”(Fig 2) (Domieret al, 1986). Such a change of the

debris was removed by centrifugation (12,00@, 4°C, 30 min). . . T
The supernatant was then bound to glutathione sepharose-4'%uCIeOtIde resulted in the substitution of the tryptophan by

resin (Pharmacia) for 30 min at@. The resin was washed three cysteine at the amino acid position _19 from the N-terminus
times with the thrombin digestion buffer (50 mM Tris-Hcl, ©f the Nla protease. The three amino acids, His-46, Asp-

pH 8.3, 100 mM NaCl and 2.5 mM CaflAfter the addition of 81, and Cys-151, which were supposed to be the catalytic
two resin volume of the thrombin digestion buffer, the resin triad in the active site of the potyviral Nla proteases, were
retaining the GST-Nla fusion protein was incubated witlu@of found to be conserved in the corresponding sites of the
thrombin for 30 min at room temperature. The proteins released
from the re_Sin were COHECtEd and Concentrated by Centriprep-1QCAAAGGCGCTACTTAAGGGAGTGCGAGATTTTAATCCAATCTCTGCTTGCGTATGCCTC 60
(Amicon) with a cut-off of 10 kDa. The concentrated samplewass « 2 . . kK ¢ v R D F N P I 8 A C V C L 20
diluted ten times with Mono S equilibration buffer (50 MM crreacancTeCTCoeATEEECATACTGAGAGACIGITIGECATTGETTTTGOCCCATAT 120
HEPES, pH 7.6, 10% glycerol, 1 mM EDTAand 1 mM DTT)and * ® ¥ € § b G ® § E R L F G I 6 F G P ¥ 40
applied onto Mono S column (Pharmacia) equilibrated with thearcarrcecasccrACATCTTITTAGARGEAACARTGCAGAGTTGACTATCARRACCATG 180
Mono S equilibration buffer, and then eluted with a linear * * » ¥ ¢Lile = = =y we s n s ww e
gradient of 0-0.4 M NaCl. The fractions were collected and " "0 = ACICRGRICTERNRCATICCICAICARACERGTTGRA0CATR 240
concentrated by using Centricon-10 (Amicon). The samples from
. . ACATAATAGTTATCAAAATGGCTAAGGACTTCCCACCATTCCCTCAARAACTAARATTC 200

each purification step were analyzed by 15% SDS-PAGE an@is}: = v 1 « m 2a x D F P » ¥ P 0 K L K F 100
Stained Wlth COOmaSSie brllllant blue G-250 Staining' AGACAGCCTACCATCAAAGATAGAGTGTGCATGGTATCCACARATTTTCAGCAGANALAGT 360
R ¢ p T I K D RV C M V S5 TN F QQ Q K 8 120
Activity assay by HPLC Two synthetic nonapeptides, acetyl- arcrcracreracTeTeTeAGCAICACACATTGIGCATARAGAGGACACTTCATTCTGE 420
Glu-Asn-Asn-Val-Arg-Phe-GIn-Ser-Leu-amide (VPSB) and Vv ¢ ¢ . Vv 8 & § s K 1 ¥V H K B D T 8 F W 140
acetyI-Arg-GIu-Thr-VaI-Arg-Phe-GIn-Ser-Asp-amide (VPSF), CAACACTGGATAACAACAAAGGATGGACAATCTGCAAGTCCCCTGGTTICAATCATTGAT 480
were obtained from PeptidoGenic Inc. The VPSB and (V=TS efede s pmvs x> e
peptides contain the P3-Cl and NIb-CP junction sequences; ;" T eCeATCChCRICCTOAIGEATAIGAICANTERTACCRATTACTTCG NG 229
respectively (Fig. 1A) (Hellmanat al, 1986; 1988). The typical

. . - GAATTTCCTGAGAAGTTCGTAGCTACATATCTTGATCCCCCTCATGGTTGGTGCAAGAAT 600
reaction for the measurement of the proteolytic activity waSe ¥ » = x * v A T v L D 2 2 D G W € K N 200
carried out in the buffer Containing 40 mM HEPES, pH 7.6, TGGARGTTCAATGCTGATAAGATCAGTTGEGGTTCCTTTACATTAGTTGAGGATGCGCCC 660
150 mM KCl and 1 mM DTT with 0.2 mM peptide substrate and ¥ ¥ ¥ ¥~ 2 D X 1 § W ¢ § F T L V E D A P 220
the Nla protease at 1 mM. The enzymatic reaction was carried OUhacATGACTTCATGGCCARGARRACTETTGCCGCCATCATGGACGATTIGGTCCGCACT 720
for 20 min at 25C and stopped by adding 3QDof 10% acetic ~ ® 2 © F ¥ A X K T VAR T MDD LovoRoT o 24
acid before the product formation exceeded 5-15%. Two hundre@* 72
microliters of the resulting mixture was analyzed by high
performance liquid chromatography (Model HP1090, Hewlett- Fig. 2. Nucleotide sequence of the cDNA encoding the TVMV
Packard) on a Vydac reverse-phasgg €Column (4.6 mm  Nla protease and its deduced amino acid sequence (GenBank
ID X 25 cm) with an acetonitrile gradient and a flow rate of accession number: AF222050). The nucleotide different from that
1 ml/min. Absorbance at 220 nm was monitored to identify peakseported previously (Domiest al, 1986) and the resulting amino
from the products and the substrate. acid are shown in bold. The amino acids in boxes represent the

putative catalytic triad of the active site in the Nla protease

Activity assay by fluorescamine reaction The proteolytic ~ (Bazan and Flettrick, 1989). The underlined nucleotides indicate
activity of TVMV Nla protease was also analyzed by use ofthe internalBanHI site.
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TVMV Nla protease (Doughertgt al, 1990). The amino- The concentration of the purified Nla protease was
acid sequence of the TVMV Nla protease was very similadetermined by measuring the absorbance at 280 nm (Pace
to those of other potyviral Nla proteases from TEV, PVY, et al, 1995) or by Bradford assay. No significant
PPV, and TuMV with 70% in homology, which means thatdifference was found between these two methods.
more than three amino acids out of five were identical inApproximately 2 mg of the Nla protease could be obtained

70% of the amino acids (Alliscet al,, 1986; Domieet al, per liter of the bacterial culture.
1986; Lainet al, 1988; Nicolas and Laliberte, 1992; The finding that TVMV Nla protease is not cleaved into
Robagliaet al, 1989). smaller proteins implies that the TVMV Nla protease

might be different from TuMV or TEV Nla protease in
Expression and purification of the Nla protease The structural flexibility or stability. Otherwise, the self-
recombinant plasmid, pGTVP, was designed to express theleavage occurring at the C-terminus of the TuMV and
TVMV Nla protease as a fusion protein with a glutathioneTEV Nla proteases might play a specific role for TuMV
S-transferase (GST) at the N-terminus (Fig. 1B). Theand TEV. The role of the autocatalytic truncation of the
fusion protein, GST-Nla, was expressed at a high level irC-terminal residues in TuMV and TEV Nla proteases is not
E. coli (Fig. 3). Most of the fusion proteins formed clear until now. The truncation of the twenty-four
inclusion bodies at 3C while they became soluble when C-terminal amino acids of TEV Nla protease reduced the
the temperature was lowered down to®@70One major catalytic efficiency by approximately 20-fold, suggesting
protein of 53 kDa, which corresponds to the expected sizéhat the C-terminal residues might play a role in the
of the fusion protein of GST-Nla, was bound specifically to substrate specificity (Parkst al, 1995). In contrast, the
the glutathione-resin (Fig. 3, lane 3). This is in contrastelimination of the C-terminal twenty amino acids of TuMV
with the result obtained for TuMV or TEV Nla protease Nla protease did not significantly affect ttrans-cleavage
(Kim et al, 1995; Parkset al, 1995); the TuMV Nla between 6K and CI or between NIb and CP as well as the
protease was expressed as a doublet of 53- and 51-kés-cleavage between Nla and NIb (Kigt al, 1996b;
proteins. The fusion protein was bound to glutathionel998), suggesting that the C-terminal twenty amino acids
affinity resin and digested with thrombin to release themight not be important for the processing of the-6K,
27-kDa Nla protease from the resin into supernatant whileNIb-CP and Nla-NIb junction sequences. In order to
GST remained bound to the resin. The thrombin digestiounderstand the biological significance of the self-cleavage
of GST-Nla was expected to produce protease with onef the Nla protease more clearly, it is necessary to analyze
extra amino acid, glycine, at the N-terminus. Thethe stability or flexibility of the Nla proteases as well as
N-terminus of the purified Nla protease was confirmed bytheir effects on the proteolytic activity.
the N-terminal sequencing with Edman degradation
method (data not shown). The Nla protease was purified t&roteolytic activities of the Nla protease The specific
homogeneity by Mono S chromatography (Fig. 3, lane 5) proteolytic activities of the TVMV Nla protease were
determined by the use of either analytical HPLC or
fluorescence spectrometry. For the HPLC method, the
peptide substrate and product were separated gy C
reverse chromatography and monitored by measuring the
absorbance at 220 nm (Fig. 4). The Nla protease was

==
expected to cleave GIn-Ser peptide bond of VPSB to
<€ 45 generate two products, acetyl-Glu-Asn-Asn-Val-Arg-Phe-

2 3 4 5 6

<29 GIn and Ser-Leu-amide. It could be shown that the product
—— e— | - 24 peak at the retention time of 7.6 min increased while the

substrate peak at the retention time of 8.5 min decreased
along with the incubation time. The cleavage of VPSF was
- analyzed in the same way as that used for VPSB. The areas
=- = of the two peaks were integrated to quantify the extent of
the proteolytic reaction.

Fio. 3. SDS-PAGE sis of the TVMV Nla 27-kD ; The catalytic activity of TVMV Nla protease was also
9. 9. SDS-FALE analysis ot the a c/-xba prolease ,,alyzed using fluorescamine which is specifically reactive
during its purification. Each lane represents the unlnduceofl

(lane 1) and the induced (lane 2) cell lysate& ofoli XL1-blue 0a prlm_ary amine group. Th? pept_lde substrate _W'th the
harboring pGTVP, GST-Nla bound to glutathione resin (lane 3),2c€tylation at the N-terminus is not reactive to
the resin after thrombin-digestion of the proteins bound to thdluorescamine. If the peptide substrate is cleaved by the
resin (lane 4), the protease released from the resin after thrombifla protease, the primary amine group will be newly
digestion of the proteins bound to the resin (lane 5), and th@enerated and reactive to fluorescamine. When the
protease purified by Mono S chromatography (lane 6). fluorescamine reacts with a primary amine group, it

(kDa)
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A generates a distinct fluorophore (Bohlen al, 1973)

(Fig. 5A). The fluorescence of this product was measured
at 466 nm after excitation at 386 nm. As shown in Fig. 5B,
the emission level increased along with the incubation time
of the reaction with the protease. The actual emission
values of the product were obtained by the subtraction of
the emission value obtained in the absence of the Nla
protease. These values were converted to the
B Time (min) concentrations of the product from the calibbration curve

0o L obtained by using glycine with a reactive group as a

mAU
4

Kinetic parameters of the Nla protease The kinetic
parameters k., and K,,, were determined by the
Lineweaver-Burk plot analysis of the proteolytic activities
obtained from three independent measurements.Klhe
andK, values were 0.216 mM and 0.071srespectively,
for VPSB while they were 0.217 mM and 0.079s
respectively, for VPSF (Table 1). Considering that the
consensus cleavage-site sequence recognized by the
TVMV Nla protease is Xaa-Xaa-Val-(Arg/Lys)-Phe-
GIn*(Ser/Gly), where Xaa is any amino acid and the
asterisk denotes the cleavage site (Domgieal, 1986;
Hellmannet al, 1988), the similar values of the kinetic
Fig. 4. HPLC analysis of the proteolytic activity of the purified Parameters for VPSF and VPSB might be due to the
Nla protease toward the nonapeptide substrate, Ac-Glu-Asn-Asnlocation of the same amino acids at the positions P4
Val-Arg-Phe-GIn-Ser-Leu-amide, containing the P3-Cl junction through P1 for both peptides. The kinetic parametéfs,
sequence. The Nla protease was incubated with the peptidend k.., determined by the fluorescamine conjugation
substrate for 04), 60 @), and 120 min€). The product and the  method were 0.171 mM and 0.103"'srespectively, which
substrate were separated by use of the reverse phasel@nn  \ere a little different from those obtained by the HPLC
and monitored by measuring the absorbance at 220 nm. Thgnaiysis. This might be due to the difference in emission
fheeatit?;ttrg?er?r?gtlﬁz IITL%SUSI Sr (fsm:(;ti/rglj 7.6 min correspond o nsities between glycine and the peptide in conjugation
P P Y- with fluorescamine. Actually, the emission levels of the

kj\\A standard.

Time (min)

C .
@
20+
g

Time (min)

mAU

Acetyl-ENNVRFQSL-amide B

Nla Protease 2501 1

.

. Acetyl-ENNVRFQ-COOH
Fluorescamine

Emission Level

12.59 2
l f NH,-SL-amide
3
—SL-amide 0.0 e e
40,0 450,0 500.0 0.0
Wavelength (nm)

Fluorescent amine derivative

Fig. 5. Analysis of the proteolytic activity by fluorescamine conjugation reacttonThe schematic diagram of the fluorescamine
conjugation reaction. The reaction product of VPSF,I8H-amide, reacts with fluorescamine and is converted to a fluorescent amine
derivative emitting maximally at 466 nm when excited at 386 BnThe emission spectra of the fluorescamine-conjugated product of
NH,-SL-amide, which was generated by the proteolytic activity of the Nla protease. The height of the emission spectrumadsgroporti

to the amount of the generated product. The VPSF was incubated with the Nla protease for 60 (1), 30 (2), and 0 min (3), and the
fluorescamine conjugation reaction was carried out for 2 h. The reaction mixture obtained in the absence of the Nla pnadase sho
the residual emission level (4).
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Table 1. Kinetic parameters of the TVMV Nla protease.

Assay Method HPLC Fluorospectrometry
Substrat® VPSB (P3/Cl) VPSF (NIb/CP) VPSB (P3/Cl)
Range (mM) 0.01-2.0 0.04-2.0 0.04-2.0
Vinax (MM/min) 0.0042:+ 0.0001 0.0047 0.0001 0.0062+ 0.0003
K (MM) 0.216+ 0.002 0.217+ 0.011 0.171+ 0.032
keat(s€CH° 0.071+ 0.003 0.079+ 0.002 0.103+ 0.005
keaf Ky (M1 - sec? 327.1+ 15.1 364.5+ 18.5 603.9+ 29.2

%The sequences of peptide substrates are described in Materials and Methods and their corresponding sites in the viral genome ar
indicated in parentheses.

P The numbers of substrate concentrations for VPSB (HPLC), VPSF (HPLC), and VPSB (fluorospectrometry) are fourteen, ten, and
seven, respectively. The kinetic parameters by HPLC-VPSB were not different regardless of the ranges of the substrat@M.04-2.0
and 0.01-2.0 mM.

“keq Was calculated fronv,,,, using the molecular weight of the Nla protease as 27-kDa.

Table 2. Comparison of the kinetic parameters of the potyviral Nla proteases and related chymotrypsin-like cysteine proteases.

Protease K, (mM) Kear(s€C Y Keal Ky (M1 - seC?) Reference

TVMV Nla 27-kD&f 0.216+ 0.02 0.071+ 0.003 327 This study

TEV Nla 49-kDa 0.069+ 0.024 0.18+ 0.022 2600 Parkst al, 1995

TuMV Nla 27-kD& 1.15+ 0.16 0.33* 0.041 296 Kim et al, 1995
2.22+0.16 0.32+0.01 144 Kimet al, 1996a

Hepatitis A virus 3C 2.1 0.5 1.8+ 0.1 857 Malcolmet al, 1992

Poliovirus 3C 1.3+ 0.5 0. 692 Weidner and Dunn, 1991

aKinetic constants of the TVMV Nla are the values from the first column of Table 1.

P Kinetic constants of the first row and the second row of the TuMV Nla protease were determined by using undecapeptide and
nonapeptide, respectively.

“keofKrm value was calculated frotq,, and K, reported in the references cited.

4k value was calculated fron,,,, data reported in the reference using the molecular weight of the picornaviral 3C protease as
20-kDa.

fluorophores generated from different amino acids areanalysis combined with the site-directed mutagenesis of
known to be quite different among them (Udenfriendl., the putative catalytic residues, it has been suggested that
1972). Thus, the analysis of the proteolytic activity by usethe potyviral Nla protease may take a chymotrypsin-like
of the fluorescamine conjugation reaction should betertiary fold like that of the homologous picornaviral 3C
modified to obtain the accurate kinetic parameters. protease (Bazan and Fletterick, 1988; 1989; Dougtetrty
The overall catalytic efficiencyk /K, of the TVMV  al, 1989; Gorbalenyat al, 1989; Kimet al, 1996c). The
Nla protease was similar to those of other potyviral Nlacomparison of the kinetic parameters suggests that the
proteases and picornaviral 3C protease (Table 2). Howevecatalytic powers of the potyviral Nla proteases are different
the K, value of TVMV Nla protease was five or ten times among them and lower than those of hepatitis A virus and
lower than that of TuUMV Nla protease while it was three poliovirus 3C proteases. Such a difference should be
times higher than that of TEV Nla protease. This differencaunderstood in the point that the potyviral Nla protease
might be attributed partly to the length of the peptidemight have evolved to optimize the viral replication rate in
substrate used; th€,, value of the TEV Nla protease was a given environment. The unusual biochemical property of
obtained for the peptide of sixteen amino acids wkjleof the TuMV Nla protease with the low-temperature optimum
the TuMV Nla protease was obtained for the activity has been considered to be acquired during
undecapeptide. The longer peptide seems to have highewolution to meet with the environmental conditions of the
affinity for the Nla protease as judged by e values of  host plants (Kimet al, 1996a).
the TuMV Nla protease for different length peptides In conclusion, the TVMV protease exhibits the
(unpublished data). It is noticeable that the TVMV Nla biochemical properties without the C-terminal self-
protease exhibits the lowekt,, among the proteases in cleavage and with low turnover numbers which are distinct
comparison. from those of other potyviral Nla proteases. Such
On the basis of the primary and secondary structuralifferences might result from the adaptation of the virus to
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the different environmental conditions exposed to the hos6arcia, J. A., Riechmann, J. L., and Lain, S. (1989) Proteolytic
plants. More detailed structural and biochemical analyses activity of the plum pox potyvirus Nla-like protein in

of the potyviral Nla proteases are necessary for a bett%a'rzcsi‘gh%“c/:"a Ifecl)ilrgwsomgyerlje%a%l\ﬁ_iw'Riechmann 3 L. and

understanding of their distinct biochemical properties and martin, M. T. (1990) Mutational analysis of plum pox
the mechanism of the adaptation to environmental potyvirus polyprotein processing by the Nla protease in
conditions. Escherichia coliJ. Gen. Virol.71, 2773-2779.
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