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The helper component-proteinase (HC-Pro) encoded by potyviruses functions to cleave the viral polyprotein by an
autoproteolytic mechanism at the HC-Pro C-terminus. This protein belongs to a group of viral cysteine-type protein-
ases and has been shown previously to catalyze proteolysis between a Gly-Gly dipeptide. The amino acid sequence
requirements surrounding the HC-Pro C-terminal cleavage site of the tobacco etch virus polyprotein have been investi-
gated using site-directed mutagenesis and in vitro expression systems. A total of 51 polyprotein derivatives, each
differing by the substitution of a single amino acid between the P5 and P2’ positions, were tested for autoproteolytic
activity. Substitutions of Tyr (P4), Val (P2), Gly (P1), and Gly (P1) were found to eliminate or nearly eliminate proteolysis.
Substitutions of Thr (P5), Asn (P3), and Met {(P2), on the other hand, were permissive for proteolysis, although the
apparent processing rates of some polyproteins containing these alterations were reduced. These results suggest that
auto-recognition by HC-Pro involves the interaction of the enzymatic binding site with four amino acids surrounding the
cleavage site. Comparison of the homologous sequences of five potyviral polyproteins revealed that the residues
essential for processing are strictly conserved, whereas the nonessential residues are divergent. The relationship

between HC-Pro and other viral and cellular cysteine-type proteinases is discussed. @ 1992 Academic Press, Inc.

INTRODUCTION

The plant potyviruses belong to the ‘picornavirus su-
perfamily’ of positive-strand RNA viruses (Mathews,
1991). The potyviruses represent the largest, and per-
haps the most destructive, group of plant viral patho-
gens. Members of this group contain a genome of ap-
proximately 10-kilobases encoding a large polyprotein
precursor (Fig. 1; Dougherty and Carrington, 1988). A
protein termed VPg is attached covalently to the b’ ter-
minus of genomic RNA, while a poly(A) tail of variable
length resides at the 3’ terminus (Hari et al., 1979; Hari,
1981; Siaw et al., 1985).

The activities of three viral proteinases are required
for complete processing of the potyviral polyprotein.
Cleavage at six positions, each found within the C-ter-
minal two-thirds of the polyprotein, is catalyzed by the
Nla proteinase {Carrington and Dougherty, 1987b;
Carrington et al., 1988; Garcia et al., 1989; Helimann et
al., 1988). This enzyme functions by auto- or c¢is-pro-
teolysis at some sites and by a trans-proteolytic mecha-
nism at others (Carrington and Dougherty, 1987a). The
importance for substrate function of a heptapeptide
sequence surrounding each of the Nla-mediated cleav-
age sites in the tobacco etch potyviral (TEV) polypro-
tein has been well-characterized (Dougherty et al.,
1988, 1989; Dougherty and Parks, 1989). Processing
reactions near the N-terminus of the polyprotein are
catalyzed by two additional proteinases, the helper
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component-proteinase (HC-Pro) and the **35-kDa pro-
tein” (Carrington et al., 1989a; Verchot et al., 1991).
Like Nla, the proteolytically active domains of these
proteins are found within the C-terminal halves of the
respective molecules. The 35-kDa protein and HC-Pro
each catalyze a single proteolytic reaction that occurs
at their own C-terminal cleavage site. In addition, both
processing reactions appear to involve an autoproteo-
lytic mechanism {(Carrington et al., 1989b; J. Verchot
and J.C.C., unpublished observations).

Based on a systematic analysis of conserved resi-
dues by site-directed mutagenesis, HC-Pro appears to
resemble the cellular cysteine-type proteinases
(Barrett, 1986). Mutations affecting Cys649 and
His722 [numbering system beginning with the first po-
sition in the TEV polyprotein {(Allison et a/., 19886)] were
found to debilitate proteolytic activity (Oh and Carring-
ton, 1989), suggesting that these residues may form
part of the active site of the enzyme. Proteolytic pro-
cessing in cell-free reactions, and presumably /in vivo,
occurs between Gly763 and Gly764 (Carrington et al.,
1989a). Interestingly, proteinases that resemble HC-
Pro in terms of sequence similarity, putative active site
compoasition, and cleavage site specificity are encoded
by several other viruses and virus-like agents, including
the animal alphaviruses and the hypovirulence-asso-
ciated dsRNA of the chestnut blight fungus, Cryphon-
ectria parasitica (Choi et al., 1991a, b; Gorbalenya et
al,, 1991; Hardy and Strauss, 1989; Koonin ef &/,
1991; Shapira and Nuss, 1991; Strauss and Strauss,
1990).
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In this study, we have analyzed the amino acid se-
quence requirements of the HC-Pro C-terminal cleav-
age site. The effects of 51 amino acid substitutions
spanning seven residues surrounding and including
the Gly-Gly cleavage dipeptide have been analyzed us-
ing a cell-free expression system. The results indicate
that processing depends on the presence of four
amino acid residues flanking the cleavage site.

MATERIALS AND METHODS
Plasmids, strains, and site-directed mutagenesis

Several recombinant plasmids were assembled us-
ing complementary DNA derived from the highly aphid
transmissible strain of TEV (obtained from W. G.
Dougherty, Oregon State University). The vectors used
for these constructs (pTL7SN and pTL7SN.3) each
contain a bacteriophage SP6 promaoter for transcrip-
tion in vitro, the TEV &’ nontranslated region to facilitate
efficient translation initiation of transcripts during cell-
free protein synthesis, and a multiple cloning site for
insertion of coding sequences that lack their own start
codon (Carrington and Freed, 1990). Both vectors also
contain the M 13 IG region to permit production of sin-
gle-stranded DNA in Escherichia coli. The vectors
differ from one another in that pTL7SN.3 contains
cDNA representing the TEV 3’ noncoding region and
polyadenylate tail.

Complementary DNA corresponding to TEV nucleo-
tides 1631-2681 was inserted into pTL7SN, generat-
ing pTL7SN-1527 (Fig. 1). Except for the presence of
the M13 |G region, this plasmid is similar to pTL-1527
described previously (Carrington et al., 1989a,b). The
plasmid pTL7SN.3-0027 contains TEV cDNA repre-
senting nucleotides 1-2681 (Verchot et al., 1991). The
plasmids pTL7SN.3-0027/H10 and pTL7SN.3-0027/
Pst were derived by site-directed mutagenesis of
pTL75N.3-0027. The former contains a mutation that
converts the codon for His722 to one that specifies
Ser, while the latter contains a replacement of the se-
guence AACCGA with CTGCAG (a Pstl site) at nucleo-
tides 2440-2445.

The chloramphenicol acetyltransferase (CAT) gene
(bounded by EcoRI restriction sites) was inserted into
the EcoRl site of pTL7SN. The 5’ and 3’ ends of the CAT
coding sequence were modified by site-directed muta-
genesis to introduce Pstl restriction sites. The CAT
coding sequence was then excised by Pstl digestion
and inserted at the introduced Pstl site of pTL7SN.3-
0027/Pst, forming pTL7SN.3-0024/CAT (Fig. 1). This
plasmid encodes a polyprotein consisting of the 35-
kDa protein, HC-Pro, the HC-Pro C-terminal cleavage
site, and CAT.

CI 6 Nla_ NIb Cap
71 E]P49'? 58 D30

HC-Pro
35 52 ¢ 50
B 1 I

I I I poly(A)
SP6 CODE
- —t pTL7SN.3-0027
»—r pTL7SN.3-0027/H10
»—t PTL7SN.3-0027/Pst
W YG3%  PTL7SN.3-0024/CAT

pTL7SN-1527

Fic. 1. Genetic map of tobacco etch virus (TEV), and relevant fea-
tures of recombinant plasmids used in this study. (Top) The position
of the single open reading frame in the TEV genome is indicated by
the shaded rectangular box, while the genome-linked protein at-
tached to the %' terminus is illustrated by the dark shaded box. Se-
quences encoding proteolytic cleavage sites are shown by vertical
lines. Proteolysis at the cleavage sites is mediated by the Nla pro-
teinase (open boxes), HC-Pro (solid circle), and the 35-kDa protein-
ase (solid box). The approximate molecular weights (in kilodaltons) of
TEV-encoded proteins are shown above the genetic map; some pro-
teins, such as Nla (Dougherty and Parks, 1991), may undergo further
proteolytic processing. Abbreviations: HC-Pro, helper component-
proteinase; Cl, cylindrical inclusion protein; Nla, nuclear inclusion
protein "“a;"" NIb, nuclear inclusion protein *'b;"" Cap, capsid protein;
poly(A), polyadenylate tail. (Bottom) The TEV sequence represented
as complementary DNA in each recombinant plasmid is shown to
scale below the genetic map. Each plasmid contains a bacterio-
phage SP6 transcriptional promoter and the TEV &' nontranslated
region. Asterisks indicate the positions of site-directed mutations.
The gene for chloramphenicol acetyltransferase (CAT) was fused
in-frame to the TEV sequence after nucleotide 2439, which is six
nucleotides from the &’ end of the “'50-kDa protein” coding region.
The HC-Pro-mediated cleavage site encoded by these plasmids is
indicated by the vertical line attached to the solid circle.

Saturation mutagenesis using pTL7SN-1527 was
targeted to codons for seven amino acid residues
surrounding the HC-Pro C-terminal cleavage site. Oli-
gonuclectides containing multiple codon possibilities
for residues between the P5 and P2’ cleavage site po-
sitions were used for mutagenesis. {The nomenclature
for cleavage site positions will follow that of Schechter
and Berger (1967), where the positions to the N-ter-
minal side of the scissile bond are indicated by P1, P2,
etc., and the positions to the C-terminal side are indi-
cated by P1’, P2, etc.] Mutagenesis was conducted by
the method of Kunkel et a/., (1987). Plasmids were
screened by dideoxynucleotide sequence analysis.
Mutagenized plasmids and the resulting polyproteins
were named according to both the amino acid residue
affected by the substitution and the identity of the sub-
stituting residue. For example, a mutagenized deriva-
tive of pTL7SN-1527 that results in a substitution of Gly
with Ala at position 763 in the TEV polyprotein is given
the designation G763A.

In vitro transcription and translation

Plasmids were linearized by digestion with Pwull,
which cleaves within vector sequences, and tran-
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scribed using bacteriophage SP6 RNA polymerase as
described (Carrington and Dougherty, 1987b; Melton
etal., 1984). Synthetic RNA transcripts were translated
in a rabbit reticulocyte lysate (Promega) in the pres-
ence of [*®*S]methionine (New England Nuclear).

Pulse-chase analysis of proteolytic processing

Pulse-chase analysis of cell-free translation prod-
ucts encoded by pTL7SN-1527 transcripts was con-
ducted as described previously (Oh and Carrington,
1989). Briefly, transcripts were translated under nor-
mal conditions for 5 min in the presence of [*®S]-
methionine, after which nonradiolabeled methionine
(20 mM) was added to inhibit further radiolabel incorpo-
ration. Samples were removed to 5 vol protein dissocia-
tion buffer (Laemmli, 1970) at various times after addi-
tion of methionine and analyzed by SDS-polyacryl-
amide gel electrophoresis and autoradiography.
Transcripts from pTL7SN-1527 encode a ~47-kDa
polyprotein (with 21 methionine residues) composed of
the HC-Pro proteolytic domain, the HC-Pro C-terminal
cleavage site, and a short segment of the adjacent 50-
kDa protein {Fig. 1). Processing of the polyprotein
yields products of ~37 kDa (the HC-Pro fragment; 14
methionine residues} and 10 kDa. The levels of poly-
protein precursor and HC-Pro-related cleavage prod-
uctwere assessed by video-based image analysis (den-
sitometry) of autoradiographs. To normalize for differ-
ences in methionine content that would affect
autoradiographic signal intensity, values for the cleav-
age product were multiplied by 1.5. Percentage proteo-
lytic processing at each time point was determined by
the following formula:

[product] X 1.5

X .
[precursor] + [product] X 1.5 100

RESULTS

Substitution of sequences downstream of the P2’
position of the HC-Pro C-terminal cleavage site

The transcripts from pTL7SN.3-0027 encode a
~97-kDa polyprotein that undergoes HC-Pro-me-
diated proteolytic processing between Gly763 and
Gly764 to yield products of 87 and 10 kDa (Carrington
et al,, 1989a; Fig. 2, lane 1). The 87-kDa product is
stable in the rabbit reticulocyte system, whereas in the
wheat germ extract it is processed further to yield the
35-kDa protein and HC-Pro (Verchot et a/., 1991). To
determine if amino acid residues to the C-terminal side
of the P2’ position around the HC-Pro cleavage site are
necessary for HC-Pro activity or substrate recognition,
we have analyzed the proteolytic activity of the
pTL7SN.3-0027/Pst-derived polyprotein, which con-

CAT—

Fia. 2. Synthesis and processing of HC-Pro-containing polypro-
teins in vitro. Synthetic mRNA transcripts were translated in a rabbit
reticulocyte lysate in the presence of [¥S]methionine. Radiolabeled
products were separated by SDS-PAGE and detected by autoradiog-
raphy. Translation products were encoded by transcripts from
pTL78N.3-0027 (lane 1), pTL7SN.3-0027/H10 (lane 2), pTL7SN.3-
0027/Pst (lane 3), and pTL7SN.3-0024/CAT (lane 4). The 87-kDa
product has been shown to result from HC-Pro-mediated proteolysis
at its C-terminus and is a polyprotein consisting of the 35-kDa pro-
tein and HC-Pro (Carrington et al., 1989a); further processing of this
polyprotein by the 356-kDa proteinase is inhibited in the rabbit reticulo-
cyte lysate system. The 97-kDa product represents a full-length,
nonprocessed polyprotein. Note that the pTL7SN.3-0027/Pst- and
pTL7SN.3-0024/CAT-derived polyproteins undergo proteolysis at
the HC-Pro C-terminus.

tains a substitution of the Asn766-Arg767 dipeptide
with Leu-GIn at the P3"-P4' positions. This change had
little or no effect on formation of the 87-kDa proteolytic
product in vitro (lane 3). For comparison, processing of
the polyprotein derived from pTL7SN.3-0027/H10,
which contains a mutation affecting His722 at the pu-
tative active site of the enzyme, was completely inhib-
ited (lane 2).

The mutation that resulted in amino acid substitu-
tions at the P3' and P4’ positions also resulted in the
incorporation of a Pstl restriction site. This site was
utilized to replace the coding sequence for the N-ter-
minal region of the "50-kDa protein’' with the se-
quence encoding CAT. Cell free translation of
pTL7SN.3-0024/CAT transcripts resulted in the accu-
mulation of the 87-kDa product and CAT (Fig. 2, lane
4), indicating that proteolytic processing by HC-Pro
was not affected. These results suggest that all se-
guences necessary for proteolytic activity reside to the
N-terminal side of the P3’ position.

Amino acid substitutions between the P5 and P2’
positions of the HC-Pro C-terminal cleavage site

To examine the roles of specific amino acid residues
surrounding the HC-Pro C-terminal cleavage site, poly-
proteins were synthesized from transcripts derived
from pTL7SN-1527 containing mutations at codons for
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Fig. 3. Amino acid sequence and substitutions around the HC-Pro
C-terminal cleavage site. The wild-type sequence between the P8
and P4’ positions is shown in boldface. The amino acid substitutions
that were analyzed in this study are listed directly below the wild-
type residues. Mutations were introduced into pTL7SN-1527 (see
Fig. 1). Arrow indicates the scissile bond.

residues between the P5 to P2’ positions. The ~47-
kDa polyprotein encoded by pTL7SN-1527 contains a
~37-kDa segment from the C-terminus of HC-Pro, the
cleavage site, and a short segment from the 50-kDa
protein; as demonstrated previously, HC-Pro-mediated
proteolysis yields products of 37- and 10-kDa (Carring-
ton et al., 1989a). A total of 51 plasmids encoding poly-
protein derivatives, with a minimum of five substitu-
tions at each of the seven cleavage site positions, were
generated (Fig. 3).

Representative examples of translation products de-
rived from each of the seven sets of mutagenized plas-
mids are shown in Fig. 4. The amino acid substitutions
at the P5 (Thr in wild type) and p2’ (Met) positions ap-
peared to have relatively little effect on processing
(compare to the nonmutagenized control lanes labeled
wt). The precursor polyprotein encoded by each of the
13 plasmids with alterations affecting these two posi-
tions underwent proteolysis to generate the 37-kDa
product. Similarly, nine of 10 polyproteins with substi-
tutions at the P3 {Asn) position exhibited proteolytic
processing competence similar to the wild-type poly-
protein. Only one substitution, Asp for Asn, at the P3
site appeared to be significantly inhibitory to proteoly-
sis [P3 {N), lane D).

In contrast to the effects of substitutions at the three
sites described above, substitutions at the P4 (Tyr), P2
(Val), P1 (Gly), and P1’ (Gly) positions dramatically inhib-
ited proteolysis (representative examples are shown in
Fig. 4). Significant levels of processing occurred only
with polyproteins containing Phe in place of Tyr and
Leu in place of Val at the P4 and P2 sites, respectively,
in which cases approximately 50% of the precursor
was cleaved after the 60 min translation period [Fig. 4,
P4 (Y) and P2 (V)]. Trace amounts of processing prod-
uct were detected after synthesis of some altered poly-
proteins containing substitutions at the P2 and P1’ po-

sitions [Fig. 4, P2 (V) and P1'(G)], although these minor
levels of proteolysis were not observed consistently.
Alterations affecting the P1 position appeared to com-
pletely inhibit processing of each of the nine polypro-
teins tested [Fig. 4, P1 (G)].

To determine the relative autoproteoiytic processing
rates of the various altered polyproteins, we have con-
ducted a pulse-chase analysis in which cleavage reac-
tion progress over time was monitored. /n vitro synthe-
sized proteins were pulse labeled during the initial 5
min of the translation reaction and then chased for up
to 160 min. The time courses for protein processing of
the wild-type polyprotein, as well as five altered poly-
proteins that exhibited varying degrees of proteolytic
efficiency, are shown in Fig. 5. Full-size, radiolabeled
products were first detected 7.5 min after translation
initiation (5 min pulse plus 2.5 min chase). Approxi-
mately 50% of the wild-type polyprotein was found to
process within the first 2.5 min of the chase period (Fig.
5A). Several of the mutant-derived polyproteins with
substitutions at the P5, P3, and P2’ positions, exempli-
fied by the M765L polyprotein, were shown to process
with rates comparable to the wild-type polyprotein (Fig.
5B). Several other polyproteins were found to cleave at
considerably slower rates (panels C-F).

The processing time-courses for wild-type and all 51
altered polyproteins were quantitated by video image
densitometry of autoradiographs. Relative to the poly-
protein encoded by the wild-type sequence, polypro-
teins containing substitutions at the P5, P3, and P2’

position - P5(T) P4 (Y) P3 (N) P2 (V)
aa-L G Y G C F D L FV H wt A R F

L

n o
PrECUTSOT — — “ ———— * -
product —* s -w. . - ' 1'!'. -

position - Pl (G) P1' (G) P2' (M)
aa-D F K vV 1 M wt D K R wt

precursor — * & — -

P ————

product —

FiG. 4. Cell-free synthesis and processing of polyproteins contain-
ing wild-type and altered HC-Pro C-terminal cleavage sites. Polypro-
teins were synthesized using pTL7SN-1527 (mutagenized) tran-
scripts and analyzed as described under Materials and Methods and
in the Fig. 2 legend. Wild-type transcripts from pTL7SN-1527 en-
code a 47-kDa polyprotein precursor that can undergo proteolysis to
yield a 37-kDa product. The cleavage site position, and the wild-type
residue at that position (in parentheses), are shown at the top of
each panel. The amino acid substitution is given above each lane.
Data are shown for representative examples of each set of polypro-
teins. The single-letter code for amino acids is used. Abbreviations:
a.a., amino acid; wt, wild-type.
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Fig. 5. Pulse-chase analysis of polyproteins containing substitu-
tions around the HC-Pro C-terminal cleavage site. [*®S]Methionine
labeling of cell-free translation products was conducted for 5 min,
after which excess nonlabeled methionine was added. Aliquots
were removed at the times indicated (in min) after initiation of the
chase and analyzed by SDS—-PAGE and autoradiography. The poly-
protein designation, which indicates the nature of the amino acid
substitution around the cleavage site (see Materials and Methods),
is given above each panel. Proteolytic processing is shown for wild-
type and five ““‘mutagenized’’ polyproteins that exhibited a range of
processing efficiencies.

positions underwent proteolysis at slightly slower
rates, although the final levels of product after the 40-
min chase generally were within 25% of the wild-type
product (Figs. 6A, 6C, and 6G). As also indicated in
Figs. 4 and b, proteolysis of a few polyproteins {(such as
N761D) containing exchanges at these three positions
was impaired more dramatically. The processing time
courses for polyproteins altered at the P4, P2, P1, and
P1’ positions confirmed that most of these polyproteins
were inactive. The Y760F and V762L polyproteins dis-
played proteolytic competence whereby approxi-
mately 75% of each precursor was processed after
160 min; the apparent cleavage rates, however, were
much slower than wild type (Figs. 5D and 5E; Figs. 6B
and 6D). Some polyproteins affected at the P1’ position
were marginally active (such as G764M and G764A),
with approximately 10% product formation after the
160-min incubation (Fig. 6F). No processing was mea-
sured at any time point using polyproteins containing
P1 substitutions (Fig. 6E).

DISCUSSION

We have employed an in vitro expression system in
combination with site-directed mutagenesis to investi-
gate the roles of amino acid residues surrounding the
C-terminal cleavage site of HC-Pro during autoproteo-
lysis. Four residues (occupying the P4, P2, P1, and P1’

positions) were found to be crucial for proteolytic func-
tion. On the other hand, amino acid residues at the P5,
P3, and P2’ positions were found to play relatively
minor roles. All substitutions at these sites, including
those that involved exchange of chemically noncon-
servative residues, permitted proteolysis although gen-
erally at slightly reduced rates. As revealed by insertion
of chloramphenicol acetyltransferase, protein se-
guence to the C-terminal side of the P2’ position also
appeared to have little effect on processing. Signifi-
cantly, the four amino acid residues defined as critical
in this study are strictly conserved among the homolo-
gous cleavage sites from polyproteins encoded by five
potyviruses, while each of the noncritical residues oc-
cupies a variable position (Fig. 7). We propose that the
sequence Tyr-Xaa-Val-Gly-Gly between positions P4
and P1’ constitutes an essential, highly conserved mo-
1if required for HC-Pro-mediated cleavage site function
in potyviral polyproteins.

The majority of the mutations affecting Tyr at the P4
position and Val at P2 eliminated most or all proteolytic
processing. However, conversion of Tyr (P4) to Phe, a
structurally conservative substitution, was tolerated.
This suggests that the presence of Tyr in the wild-type
sequence reflects the necessity of an R group with an
aromatic ring in the P4 position. Similarly, polyproteins
containing Leu rather than Val in the P2 position re-
tained a significant level of proteolytic activity, indicat-
ing the possible requirement for a residue containing a
hydrophobic, branched side chain. The intolerance of
any substitutions at the P1 and P1’ positions suggests
a stringent requirement for a Gly-Gly dipeptide framing
the scissile bond.

Due to the presence of essential Cys and His resi-
dues within the proteolytic domain, HC-Pro has been
postulated to belong to the cysteine proteinase super-
family (Oh and Carrington, 1989), which has as
members the well-characterized enzymes papain and
actinidin. Using synthetic peptides, papain has been
demonstrated to contain an active site that can accom-
modate or interact with substrate residues between
the P4 and P3' positions and to bind preferentially 1o
substrates containing Phe in the P2 position
(Schechter and Berger, 1967, 1968). Our data support
the notion of an extended substrate recognition pocket
within HC-Pro, but they also suggest that residues in
addition to that in the P2 position participate in cleav-
age site/active site interactions. The most straightfor-
ward interpretation of our results is that residues at the
P4, P2, P1, and P1’ positions interact with residues at
subsites [termed S4, S2, S1, and S1' according to
Schechter and Berger (1967)] within a binding pocket
near the active center of the molecule. Alternatively,
one or more of the residues occupying the four “‘es-



HC-PRO CLEAVAGE SITE 313
100 P5 (T) 1004 P4 (Y) 100+ g —i— N761C
o —— o = ol —— N761K
2 0] v 2 70 —— YI60L ] NTeIY
g . = *
2 604 ——TISV 2 60 —— Y7606 % e —— N761G
(3] .
2 s0- —— TISOL 3 3] — Y605 3 % —e— N7611
g —— TT9A & 30 yer & ] —— N76ID
. S 20 —o— N761L
& 5] ﬁ —— 6 W 2] R . —o— YI60C 30 NT61F
10 —e— 04 104
0 T T T T T T T 1 Trs9Y -10 T T T T T T T 1 Y7608 Ot T T T T r r " N761V
0 5 10 15 20 25 30 35 40 0 20 40 60 80 100 120 140 160 05 10 15 20 25 30 35 40— N761H
Time (min) Time (min) Time (min)
D F
T
e P2(V) . P1G) 0. PI'(G) "
901 A Wi 90| —t— Wt —o— G763P 90 -
80 80 80 —#— G764E
o —i— V762A oy W= G763 —y— G763V ug oo
£ 707 g Py £ 27 —o— GT64H
% 7 —o— VI62F B 60 —e— G764 7 &
B s0- @ 5o —e— G763D § 50 —— GT64A
40 —e— V762R 40 40
E 304 E 304 —%— GT63F 104 —e— G764V
® 207 — V162G ® 20} —— G763K W 20 4 8 G761
10 —e— V621 S _ —— GI63M 0 # —5— G764M
1 ey v V7621 -10 e % G763T -10 e ——o— G764L
20 4 60 8 100 120 140 160 0 20 40 60 80 100 120 140 160 20 40 &0 . 80 100. 120 140 160
Time (min) Time (min) Time (min)
100 P2' (M) —— wt
904 —— M765V
80~
e ] —o— M7651
2 0 —— MT765Y
[
8 50 4 —eo— M765L
o ‘3‘3' —s— M7655
® o] —v— M765D
10 —e— M765K
0 ) ——x— M765R

0

T T T T 1 T T
5 10 15 20 25 30 35
Time (min)

40

FiG. 6. Pulse-chase analysis of polyproteins containing substitutions around the HC-Pro C-terminal cleavage site. A processing time-course
analysis was conducted for each of the modified polyproteins as described in the text and in the Fig. 5 legend. Percentage processing at each
time point was determined by video densitometry of autoradiographs. Due to no detectable proteolytic processing of most of the polyproteins

containing substitutions at the P4, P2, P1, and P1’ positions, several of the data points in (B, D, E, and F) are superimposed.

sential’’ positions may be involved in proper folding of
the enzyme or secondary structure formation around
the cleavage site. Both possibilities should be consid-
ered seriously in view of the fact that the P4-P1 resi-
dues constitute the C-terminus of the proteolytic en-

zyme itself, and that proteolysis at this site appears to
proceed through an autolytic mechanism.

The family of viral cysteine-type proteinases to which
HC-Pro appears to belong includes the nsP2 protein of
alphaviruses (Sindbis virus) and p29 and p48 encoded
by the dsRNA genetic element associated with hypo-
virulence of Cryphonectria parasitica strain EP713 (see
Introduction). Analyses of cleavage sites processed by

P6 PS5 P4 P3 P2 PiI PI' P2' P}’ . ) ) )
TEV K T Y NV G GMN these proteinases now provides further confirmation of
eV K T Y L V G G S E their relatedness. The cleavage sites recognized by
PVY K HY RV G G V P ) 4 :
TVMVY A Q Y K V G G L V HC-Pro, p29, and p48 are characterized by dipeptides
psBMVY K M Y R V G G T Q containing small, noncharged R groups (Gly and Ala) in

Fia. 7. Comparison of HC-Pro C-terminal cleavage sites from poly-
proteins encoded by five potyviruses. Identical residues at each po-
sition are indicated in boldface. The single-letter amino acid designa-
tion is used. Abbreviations and published references for sequences:
TEV, tobacco etch virus (Allison et al., 1986); PPV, plum pox virus
(Maiss et al., 1989); PVY, potato virus Y (Robaglia et al., 1989);
TVMV, tobacco vein mottling virus (Domier et af., 1988); PSBMV,
pea seedborne mosaic virus {Johansen, 1990).

the P1 and P1’ positions (Carrington et a/., 1989a; Choi
et al., 1991b; Shapira and Nuss, 1991). With the ex-
ception of the site between the nsP3 and nsP4 pro-
teins, which contains Tyr in the P1’ position, the nsP2-
mediated cleavage sites in the alphavirus polyprotein
are composed of Gly, Ala, and Cys residues (Strauss
and Strauss, 1990). For cleavage sites recognized by
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HC-Pro, p48, and nsP2, the residues occupying the P2
positions have been shown to be necessary for sub-
strate function (Shapira and Nuss, 1991; Shirako and
Strauss, 1990; this study). Like the cellular cysteine-
type proteinases, the interaction of residues at the
substrate P2 and binding pocket S2 sites appears to
play a dominant role in promoting the processing reac-
tion. In addition, the P4 positions of both HC-Pro and
p48 cleavage sites are critical (Shapira and Nuss,
1991; this study).

Information concerning the cleavage site require-
ments for viral proteinases such as HC-Pro will be use-
ful for the development of potential inhibitors that may
have antiviral activity. One can envision transgenic
plants that produce peptide competitors that reduce
the activity of viral proteinases. The possibility also ex-
ists to modify known proteinase inhibitors to facilitate
binding to the viral enzymes. In addition, knowledge of
essential cleavage site features will be necessary for
the identification of residues and structures that facili-
tate specificity within the binding site region of these
proteinases.
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