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Plasmids encoding ehimerie NL«type proteases made of sequences lrom the polyvivuses plum pox virus (PPVY und tobaceo etely virus (TEV) have
been construsted. Their proteolytic aetivity on the large nuclear inclusion protein (NIL)-capsid prowin (CP) junctien of sach virus was assayed
in Excherichia coli cells, The amino hall of the proteise seemed 10 be invalved neither in the enzymutic entalysis nor in substrate recognition, In
spite of the lurge homology among the PPV and TEV Nl,-type proteases, the exchiinge of frugments from the ciarboxyl halvex af the melceules
usually eaused w drastic deerease in the enzymatic setivity. Inuctive chimerie proteases didd not interfere with cleavage by PPV wild type protease
expressed from wsecand plasmid. The results suggest that the recognition and eatalytic sites of the NI, protedses are closely interlinked and, although
residues relevant for the correct interaction with the subsirate could be present in other purts of the protein, u main determinant for substrate
specificity should lie in a region situated, approximaiely, between positions 30 und 90 from the curboxyl end. This region includes the conserved
Hix ut position 360 of PPV or 155 of TEV, which his been postulated to interact with the Gin atpasition =1 of the eleavage sites.

Vil protease; Patyvirus; Chimeric proteins

1. INTRODUCTION

Plum pox virus (PPV) is a member of a potyvirus
group and expresses its genetic information through a
polyprotein of about 355 kDa that is proteolyticaily
processed, probably following a regulated . pathway
(1,2]. The virus-encaded NI, protein is responsible for
the processing at the central and carboxy-terminal
regions of the PPV polyprotein [1,3]. The cleavage sites
are characterized by conserved heptapeptides [3]; the
one corresponding to the NIy-CP. junction is still
recognized when introduced in a non-specific position
of the polyprotein {4].

The most extensively studied potyviral protease is the
NI, or 49 kDa protein of tobacco etch virus (TEV) [5].
Abundant information has been obtained on the nature
and specificity of the cleavage sites [6-9] as well as on
the mechanism of catalysis and the amino acid residues
involved in it [5,10-11]). The potyviral NIl;-type pro-
tease has been defined as a trypsin-like protease but
with a Cys as the active site nucleophile [11]. His-234,
Asp-269 and Cys-339 and His-239, Asp-274 and Cys-344
have been postulated as the catalytic residues of the
TEV 49 kDa [11] and PPV NI, [1] proteases, respective-
ly. However, no experimental data are available on the
residues of the NI, protease involved in the specific
recognition of the substrate. Although TEV and PPV
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NI, proteases are highly homologous [1] and the
cleavage sites of both viruses share some features [12],
the seven amino acid cassette of the TEV NIy-CP junc-
tion was not efficiently processed by the PPV protease
(d4); In this paper we describe the construction of
PPV-TEV chimeric proteases and their proteolytic ac-
tivity on PPV and TEV substrates in order to study the
compatibility of functional domains from different
proteins as well as to gain insight into the protein
regions responsible for the specificity of the enzymatic
reaction.

2. MATERIALS AND METHODS

2.1. Bacterial strains and plasmids

Cloning of plasmids was done in E. coli IM109 [13]. E. coli strain
CJ236 [14] was used in site directed mutagenesis experiments,

PPV and TEV ¢DNA fragments were obtained from pPPVI2 [13],
pTLO005Y and pTL.5495 (purchased from the American Type Culture
collection). Several restriction sites were introduced in the PPV and
TEV sequences by site directed mutagenesis, employing the method
described by Kunket et al. [14], to facilitate the correct exchange of
fragments. A Sa/l site was generated on a PPV BamHI-Hindlll frag-
ment (nt 6933-8019) at position 7210 using the oligodeoxynucleotide
pPCAAAAGAGTCGACTAAATAAG; pPPVI2s was obtained by
substituting the BamHI-Ncol fragment (nt 6933-7677) with the new
Sall site, for the corresponding one of pPPV12 [1]. A Smal site was
generated on a TEV Hincll-BamH] fragment (nt 4045-5915) at posi-
tion 4217 using the oligodeoxynucleotide pCATCGAATTCCCGG-
GAAAAGTC, A Srul site was introduced on.a TEV BamHI-Sall
fragment (nt 5915-7167) at position 6275 using the oligodeoxy-
nucleotide pGTTTAAAGGCCTACGTGA. Pvul, Xhol and BamHlI
restriction sites were independently generated at positions 6429, 6730
and 6891 on the TEV BamHI-Sall fragment (nt $§915~7167) carrying

67



Volume 28) number 1,2 FEBS LETTERS

April 199]

the previously introduced St muadon, using the eligodeex:
ynugleotides pTOGTCCGATCGCTACATY, pTATCAACTCGAG:
ATGG and pTOGTGOGOATCCCATAAAD, rewpectively,

I all casex, viral eDNA beginning at the Smal dite of PPV (nt 4218y
or af TEV (nr 4217, introduced by mutation) was ligated (o the
BamH| site of pUCE filled in with Klenow enzymé, in phase with the
a-gafactosidase gene of the veetor, Chimerle plasmids cantalned dif-
ferent combinations of TEV and PPV remriction fragments (we Flg.
13. The names of the ¢lones specily the number of amino acids from
the amine end of the PPV NI, protein (P number Ty or of the TEV
49 kDa protein (T number Pyincludled in the chimerie protease encod-
ed by the plasmid. Two sericy of plasmlds differing in the 3* reglon
of the viral insert were construsted: p and 1 series (noted at the end of
the name of the plasmids) contained the Sefl-Pyel fragment of
pPPVIs (it 7209 1o the 3* end) and of pTL&I9S (mt 71689180,
respectively (see Fig. 1), The correct ligation of fragments was ¢check-
ed by restriction analysis and sequencing across the lgation points,
The numbering of the nueleotide sequences of PPV and TEV ¢DNA
was taken from Lain et al. [12) and Allison ¢t al, [16), respeetivély,
and that of the amino acid sequences of the N1, proteases from Gargia
etal. [t}

The medium copy number plasmid pPPVS20 hus been previously
described {18).

3, RESULTS

1.1, Chimeric plasmids

Fig. I shows the characteristics of the chimerle
plasmids employed in this study. Plasmids of p and t
series differ in the 3’ terminal region of the eloned
¢DNA, which codes for NIw and CP sequences, The
polyprotein encoded by the p plasmids contains most of
the PPV Nl protein and the compliete CP and, thus,
the PPV NIn-CP junction. Plasmids of the t series en-
code TEV NIy and CP sequences, including the Nly-CP
cleavage site, but CP is truncated at amino acid 221 and
fused to 13 amino acidy encoded by vector sequences.

The amino region of the polyprotein encoded by pP
plasmids consists of a 50.4 kDa amino-truncated CI
protein and the 6 kDa peptide from PPV and different
chimeric proteases formed by amino-terminal se-
quences of PPV and carboxy-terminal ones of TEV, On
the contrary, pT plasmids code for a 49.6 kDa trun-
cated CI and the 6 kDa TEV proteins and chiimeric pro-
tease, with the amino region from TEV and the
carboxyl one from PPV. A Pro— Leu mutation at posi-
tion 196 of the TEV protease, originated by the in-
troduction of a Srul sitc (sce section 2), was present in
all pT plasmids.

2.2, Immunalogical derection of viral polvpeptides

The preparation of the extracts, separation onSDS-polyucrylamide
gels and immunodetection of prowins transferred 1o nitrocellutose
membranes (0.2 am) were as previously-deseribed {1). The ami-PPV
CP serum was obtained from rabbits immunized with CP from
disrupted virions. The anti-TEV serum was purchased from the
American Type Culture Collection,

(:%1;8” so‘uo 70‘00 90‘00 (g:"ngg,
fm a P x B 4 re ]
r 0 Tex[ Nig T NiD T 0 ]
PRV TEV
ra nt Al =8 ne aa
pP4d6 SmaI-Sall 4238-7209 1~436 - - -
pP4OTT Smal-RamBI 4230-6932 1-407 BanRI-Sal: 6891-7167 402-430
pPP3SAT Smal-Xhol 4238-6768 1-384 XhoI-Sall 6730-7167 344-430
pP2527T Smal-Pvul 4238~6467 1-2852 Pvul-Sall 6429-7167 247~430
pP207T Smal-8tul 4238-6313 1-207 Stul-Sall 6275-7167 197-430
pT430 - - - Smal-Sall 42171-7167 0-430
pPTAOOP BamfAI~Sall €933~7209 405-~436 Smal-BanRI 4227-6890 1-400
pT349P Xhol-Salrl 6769-7209 349-436 Smaz-Xhol 4217~6729 1-349
pT245P Pyul-38all 6468-7209 251~436 Smal~-Pvul 4217-6428 1~245
pTl95P Stul-8al1l 6314~-7209 200~436 Smal-Stul 4217-6274 1-198

series p 7210-9786 from PRV
sezies t 7168-9180 fzom TEV

Fig. 1. Characteristics of the PPV-TEV chimeric ¢cDNA clones used in this study. A cistron map is shown on the top of the Figure; length scale
indicates the PPV nucleotides and, in parentheses, the ends of cloned TEV ¢DNA. Restriction endonuclease sites relevant for the constructions
are also indicated; Sm'= Smal; St=Stul; P=Pwul; X=Xhol; B=BamHI; S = Sall; Ps=Pstl, Pstl site at position 9180 of TEV ¢DNA was not
present in PPV ¢cDNA. The Figure shows the restriction fragments (rs) derived from each viral cDNA which make up the 5/ region of the plasmid
inserts, and the nucleotides that they comprise (nt), The specific amino acids of the regions of the chinreric proteases corresponding to each virus
are presented in the column aa. Because of the sequence homology between PPV and TEV proteases, some amino acids at the junction should
be considered as included in both regions of the chimeric proteins although no duplications or extra residues were produced in any of the
constructions. The origin of the 3 region of the ¢cDNA sequence of each series of plasmids is shown at the bottom of the Figure. Details of the
construction of the plasmids are given in section 2,

68



Valume 381 number 1,2

3.2, Cleavage ai PRV NIw-CP junction

Cleavage at the PPV N1w-CP junction was evaluated
by iImmunodetection of the free CP released from the
polyprotein, in Western blots of extructs of E, coli cells
harboring the plasmids encoding the chimeric protease.
Essentially, complete processing at the NI,-CP site was
carried out by the protcases encoded by pP436p,
pT195Pp and pT245Pp which contain the complete se-
quence, amino acids 200-436 and amino acids 351-436
of the PPV NI, protease, respectively (Fig. 2A, lanes a,
Jand I, Fig. 4). The PPV region of the TI95P protease
includes His-239, Asp-274 and Cys-344  which
presumably form the catalytic triad [2], as well as
His-360 which has been implicated in substrate binding
[17). However, the catalytic His is TEV.encoded
(residue 234) in T245P protease, the remaining residues
mentioned above being PPV-encoded, The protease en-
coded by pP407Tp, which consists of the PPV NI, pro-

tein with the 29 carboxy-terminal amino acids replaced

by the corresponding ones of the TEV protease, was on-
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Fig. 2. Cleavage at PPV NIu~CP junction by PPV and TEV NI,

proteases. Extracts were prepared from cells harboring the indicated

plasmids either alone (A) or in addition to pPPVS20 (B), transferred

to nitrocellulose membranes after electrophoresis and probed with

anti-PPV. CP:serum. The molecular masses of biotinylated protein

markers are indicated beside the panels, The arrow shows the position
of PPV CP.
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Iy partially active (Fig. A, lane b, Fig. 4), although It
contained the catalytie triad and His 360 from PPV,
The confusing pattern of uncleaved products im-
munoreacting with anti-CP serum seems 0 mainly
originate from internal initiations of translation along
the PPV ORF {1} and cleavages at other sites of the
polyprotein (not shown). The TEV protease and the rest
of the chimeric proteins were unable to cleave the PPV
NIw~CP junction (Fig. 2A, lanes e-h, Fig. 4). ‘

Cleavage at the NIw~CP site of the polyproteins en-
coded by the different pP and pT plasmids of the p
series by exogenous wild type PPV protease encoded by
the medium copy number pPPVS20 was assayed in E.
coli cells harboring two plasmids. Fig. 2B shows that
proteolytic processing took place in all cases; the effi-
ciency of the cleavage performed by the wild type pro-
tease was not affected by the expression of any of the
chimeric ones.

3.3. Cleavage at TEV NI-CP junction

The immunodetection with anti-TEV serum of the
truncated TEV CP released from the viral polyproteins
encoded by the different plasmids of the t series allowed
the evaluation of the proteolytic activity of the chimeric
proteases on the TEV NI,-CP site. When processing at
NIs-CP junction did not take place, a complex pattern, -
similar to that revealed with anti-PPV CP serum for the
p series (see above), was detected with anti-TEV serum,

The TEV 49 kDa protease encoded by pT430t plasmid
had a Pro—Leu mutation at position :196 which was
also present in the rest of the pT plasmids (see section
3.1). This mutation did not affect the activity of the
TEV 49 kDa protein on the TEV NI,~-CP cleavage site
(Fig. 3, lane f, Fig. 4). The protease encoded by
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Fig. 3. Cleavage at TEV NI,-CP junction by PPV .and TEV
proteases. Extracts were prepared from cells harboring the indicated
plasmids, - transferred to a nitrocellulose membrane . after
electrophoresis and probed with anti-TEV serum. Half of the amount
of the rest of the samples was loaded on lanes e and f. The molecular
masses of biotinylated protein markers are indicated beside the
panels. The arrow shows the position of the truncated TEV CP,
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pP207Tt, which containy aming acidy 197-430 of the
TEV 49 kDa protein, including the catalyric triad and
His-335, was as active ax the complete TEV protease
(Fig. 3, lanes ¢,f, Fig. 4). The replacement of a TEV
region containing the catalytic: His-234 by the cor-
responding one of PPV (P252T protease) produced a
drastic decrense of cleavage at TEV NI~CP site (Fig. 3,
lane d, Fig. 4), in contrast with the normal activity on
the PPV Nlu~CP site of the converse exchange (T245P,
Fig. 2A, lane i, Fig. 4). Also contrasting with the PPV
activity, a TEV protease with the 30 carboxy-terminal
amino acids replaced by the PPV ones (T400P protease)
was essentially inactive for processing at the TEV
NI-CP junction (Fig: 3, lane g, Fig. 4).

Plasmid pP354T codes for « chimeric protease with
the complete catalytic triad of PPV but with the 87
carboxy-terminal residues, including His-353, specific
of TEV. We could not detect proteolytic activity of
P3354T protease on the PPV NI,-CP site (Fig. 2A, lane
¢). However, it processed, although with very low effi-
ciency, the TEV cleavage site (Fig. 3, lane ¢, Fig. 4).
This low activity disappeared with further replacement
of TEV amino acids by PPV ones; no cleavage at the
TEV NI,-CP junction by P407T protease, with only the
29 carboxy-terminal amino acids of TEV origin, was
detected (Fig. 3, lane b, Fig. 4). No activity on the TEV
NIp-CP site could ecither be attributed to T349P pro-

- tease, the converse chimera to P354T, with the catalytic
triad of TEV and 89 carboxy-terminal amino acids of
PPV, or to T245P and T195P proteases (Fig. 3, lanes

(23 41{2691(339H353) (430)
2392 74 )40 !6 438

| ) j NIy -CP
L] 0 CH E_Pl T_Ei
P436 [ 1 ¢ N
TSP  (RRTZZIZrZ ] [5 N
T24BP QIR } c N
T349P  QIIZIIZIZZI Iz N N
Ta00UP RZZZZZZZ7 ISP IIG PN I 7 i) N N
PPV IRV
TA30 (L2777 rro7 27z 7r 7777 N C
P207T I Iz N ¢
P252T ¢ TrrrrZrrrrrZ) N )
P354T L yrrcrs) N P/N
P4OTT Pz p N

Fig. 4. Summary of the proteolytic activity of several PPV-TEV
chimeric proteases. The location of the catalytic triad and the His
postulated to interact with Gln at position — 1 of the cleavage site is
indicated in a map of the Nly-type protease, at the top of the Figure.
The number of these residues in the PPV and TEV (in parentheses)
proteases is also shown. The PPV and TEV regions of the chimeric
proteins are represented by open and hatched bars, respectively. P426
and T430 are the wild type PPV NI, protease and the 49 kDa TEV
protease with a P~L substitution at position 196, respectively, The
level of proteolytic activity of the different chimeric proteases on the
PPV or TEV- NI,~CP junctions is symbolized by C (complete), P
(partial), and N (no or very low activity),
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h-j, Fig. 4). Surprisingly, the wild type PPV NI, pro-

- tease seemed to be able to recognize the TEV NI=CP

site, but with cven less efficiency than P334T protease,
since a very faint band at the position of the free trun-

¢ated TEV CP could be detected when a large amount

of bacterial extract was applied to the gel (the band is
difficult to see in Fig. 3, lane a).

4. DISCUSSION

The results of sequence analysis and biochemical ex-
perimentation suggest that the potyviral NIy proteases

- are a subgroup of trypsin-like proteases [17,18). The

NI proteins of TEV and PPV share 50.6% of identical
amino acids [1] and recognize cleavage sites defined by
conserved heptapeptides. Although their consensus se-
quences are different, several features, such as the
presence of polar residues, mainly Glu, at position —6,
hydrophobic amino acids at position -4, Gin at posi-
tion ~ 1 and small amino acids at position + 1, are com-
mon to both viruses {12]. In spite of these similarities,
the proteolytic processing is virus specific: the inability
of PPV NI, protease to cleave an artificial TEV site has
been previously reported (4] and only extremely poor

. activity could be detected on the natural TEV NIu-CP

junction (Fig. 3, lane a, Fig. 4). No cleavage by the TEV
protease of the PPV NIy~-CP site could be observed
(Fig. 2A, lane [, Fig. 4), even when the electrophoresis
gels were overloaded.

Chimeric proteins consisting of PPV and TEV pro-
tease sequences have been constructed and the results of
the analysis of their proteolytic activities on the PPV
and TEV NI,~-CP junctions are summarized in Fig. 4.
Since the chimeric proteases ‘are flanked by one
cleavage site of each virus, the release from the polypro-
tein of the protease depended on its proteolytic activity
at each cleavage site. However this should not be rele-
vant for the analysis of the proteolytic activity on the
NI,-CP junction since normal trans cleavage at this site
has been reported for potyviral NI, proteases which
form part of a polyprotein [1,10]. Chimeric proteins:
consisting of about half of each protease (P207T,
T195P) were fully active on the NI,~CP cleavage site of
the virus supplying the carboxyl half of the chimera,
which contains the catalytic triad, and inactive on that
of the virus providing the amino half (Fig. 2A, Fig. 3,
lanes e and j, Fig. 4). This result is in agreement with the
activity in a cell-free extract of a mutant TEV protease
lacking the 202 amino terminal residues {5]. Although a
role in the in vivo processing cannot be ruled out, the in
vitro and in E. coli results, together with the recent
mapping of the potyviral VPg at the amino terminus of
the Nly protein [19,20], suggest that the amino half of
the NI, protease is not relevant for the proteolytic ac-
tivity.

The efficient cleavage on the PPV NI,-CP site by the
T245P protease, which contains the catalytic Asp and
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Cys from PPV and the catalytic His from TEV (Fig.
2A, lane |, Fig. 4) indicates that structural similarity
among PPV and TEV NI, proteases is enough to allow
the coupling of fragments from different viruses in an
active eatalytie center. However, the decrease in pro-
teolyvtic activity of the converse ehimern, P232T, onthe
TEV NI.~-CP site (Fig. 3, lane d, Fig. 4), shows the ex-
istence af restrictions to the compatibility. On the other
hand, both c¢himeric proteases maintain substrate
specificity, only curting when the carboxyl reglon of the
protein and the cleavage site belong 1o the sume virus
(Fig. 4). Thus, these proteases do not require their own
catalytic His (239 in PPV; 234 in TEV) for the specific
recognition of the substrate. However, some involve-
ment of the catalytic His in substrate recognition can-
not be ruled out since preliminary results seemed to
indicate that T245P protease (with TEV His-234) cleav-
ed, with very low efficiency, at the TEV 6 kDa-NI, site
(but not at the TEC CI-6 kDa site), while cleavage at
this junction could not be detected in cells praducing
T195P protease (with PPV His-239) (unpublished
results),

A drastic drop in activity was observed in chimeric
proteases consisting of a large amino-terminal frag-
ment, including the complete catalytic triad, from one
virus and a small carboxyl one, including His-360
(PPV) or -355 (TEV), from the other (T349P and
P354T), indicating that a precise interaction between
the catalytic site and the carboxyl region of the protein
is required for the enzymatic activity. However, the
P354T protease retained a very low, but reproducibly
observed, activity at the NI,-CP cleavage site of TEV,
the virus that codes for its 86 carboxy-terminal amino
acids, while it was unable to cut at the NIy-CP junction
of PPV, the virus from which its catalytic center derives
(Fig. 2A, Fig. 3, lane ¢, Fig. 4). On the other hand, se-
quences preceding the 29 carboxy-terminal amino acids
confer specificity of substrate recognition since the
P407T chimera, the PPV protease with the last 29
amino acids replaced by the corresponding TEV ones,
was partially active on the PPV NI,-CP site, but inac-
tive on the TEV site (Fig. 2A, Fig. 3, lane b, Fig. 4),
Some  deletion/substitution mutations *have been
previously described at this region of the PPV protease
[1,15]; it is noteworthy that AB7 protease, with 16 non-
specific amino acids instead of the 30 carboxy-terminal
ones, was almost as active as the wild type NI, protein
[1,15], being clearly more efficient than P407T protein,
in which the carboxy-terminal amino acids were replac-
ed by homologous ones. Thus, structural rather than
amino acid sequence features are required on the car-
boxyl end of the molecule. In this sense, the lack of ac-
tivity of the T400P. protease on both substrates (Fig.
2A, Fig. 3, lane g, Fig. 4) seems to indicate more strict
structural requirements at the carboxy-terminal region
of the TEV protease. A deletion mutant of the TEV 49
kDa protease, lacking the last 30 amino acids, was
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reported to be unable to ¢leave in trans at the NI-CP
site, but conserved some activity For ¢is processing at its
amino border [5]; we could not detect autoprocessing
activity of the T400P chimeric protease (unpublished
results),

PPV NI, protease expressed from an independent
medium copy number plasmid wax able to cleave at the
PPV N[-CP sites of all the chimeric constructions
(Fig. 2B), indicating that the inactive hybrid proteases
did not interfere with the recognition and processing of
the substrate by the wild type protease.

In summary, although the potyviral NI, proteases,
particularly the PPV ones, are sufficiently malleable to
allow some homologous exchanges of fragments, that
may be of concern to the catalytic region, they seem to
have stringent structural requirements which are easily
disturbed in chimeric constructions, even when they are
built with proteins so homologous as PPV NI, and TEV
49 kDa proteases. The results described in this paper
suggest that the sequences involved in substrate recogni-
tion lie in the carboxyl region of the protease. In par-
ticular, the activity of the P354T protease on the TEV
NI,-CP site (but not on the PPV one) and of P407T
protease on the PPV NI,-CP site (but not on the TEV
one) seem to indicate that there are important deter-
minants for substrate specificity in the region located
between amino acids 354 and 407 of PPV protease, in-
cluding His-360 (355 in TEV) which has been postulated
to be involved in the interaction with Gln at position
- 1 of the cleavage sites [17]. However, the scarcity of
the activity of P384T and the ability of PPV NI, pro-
tease to recognize the TEV NI,-CP site, although it
took place at an almost undetectable level, makes our
conclusion only tentative. In any case, the close and
precise interaction which seems to connect the regions
involved in the recognition of the substrate and. in
catalysis makes the possibility very unlikely that they
exist as two different functional domains.
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