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Rabbit hemorrhagic disease virus, a positive-stranded RNA virus of the family Caliciviridae, encodes a
trypsin-like cysteine protease as part of a large polyprotein. Upon expression in Escherichia coli, the protease
releases itself from larger precursors by proteolytic cleavages at its N and C termini. Both cleavage sites were
determined by N-terminal sequence analysis of the cleavage products. Cleavage at the N terminus of the
protease occurred with high efficiency at an EG dipeptide at positions 1108 and 1109. Cleavage at the C
terminus of the protease occurred with low efficiency at an ET dipeptide at positions 1251 and 1252. To study
the cleavage specificity of the protease, amino acid substitutions were introduced at the P2, P1, and P1*
positions at the cleavage site at the N-terminal boundary of the protease. This analysis showed that the amino
acid at the P1 position is the most important determinant for substrate recognition. Only glutamic acid,
glutamine, and aspartic acid were tolerated at this position. At the P1* position, glycine, serine, and alanine
were the preferred substrates of the protease, but a number of amino acids with larger side chains were also
tolerated. Substitutions at the P2 position had only little effect on the cleavage efficiency. Cell-free expression
of the C-terminal half of the ORF1 polyprotein showed that the protease catalyzes cleavage at the junction of
the RNA polymerase and the capsid protein. An EG dipeptide at positions 1767 and 1768 was identified as the
putative cleavage site. Our data show that rabbit hemorrhagic disease virus encodes a trypsin-like cysteine
protease that is similar to 3C proteases with regard to function and specificity but is more similar to 2A
proteases with regard to size.

Rabbit hemorrhagic disease virus (RHDV) is a member of
the family Caliciviridae (39, 44, 51), which includes feline cali-
civirus, San Miguel sea lion virus, European brown hare syn-
drome virus, vesicular exanthema virus of swine and Norwalk
virus, which causes disease in humans. Caliciviruses are non-
enveloped RNA viruses that are characterized by a positive-
stranded genomic RNA of 7.5 to 8 kb, a major capsid protein
of 59 to 71 kDa, and a subgenomic RNA of 2.2 to 2.4 kb that
serves as mRNA for the capsid protein (10, 11, 24, 25, 29,
33–37, 44, 57).
Caliciviruses have some features in common with picornavi-

ruses and related plant viruses (potyviruses, comoviruses, and
nepoviruses) and are therefore grouped within the superfamily
of picornavirus-like positive-stranded RNA viruses (18). Like
other members of the picornavirus superfamily, caliciviruses
have a protein (VPg) covalently attached to the 59 end of their
genomic RNA (34). Furthermore, all members of the picorna-
virus superfamily encode a set of three conserved nonstruc-
tural proteins in their genomes: a nucleoside triphosphate-
binding protein that presumably functions as an RNA helicase,
a trypsin-like cysteine protease, and an RNA-dependent RNA
polymerase. The coding sequences of the three conserved non-
structural proteins are contained in a large open reading frame

and are arranged in the same order in the genomes of all
picornavirus-like viruses. In the case of RHDV, the three pro-
teins are encoded in the 59 two-thirds of an open reading frame
of 7 kb, ORF1, that contains not only the genes for the non-
structural proteins but also the coding sequence of the major
capsid protein (Fig. 1). For feline calicivirus and Norwalk virus,
two separate open reading frames, ORF1 and ORF2, that
apparently replace ORF1 of RHDV have been described. The
first open reading frame, ORF1, contains the genes for the
nonstructural proteins, while the second open reading frame,
ORF2, encodes the major capsid protein (25, 29, 35, 37).
Picornaviruses and their relatives among the plant viruses

express their genetic information via synthesis of large polypro-
teins from which functional proteins are generated by co- and
posttranslational proteolytic cleavages (17, 20, 41). The pro-
teolytic cleavage reactions are catalyzed mostly by cysteine
proteases that are themselves part of the polyproteins. These
cysteine proteases are structurally homologous to the cellular
serine proteases of the trypsin family (1, 3, 19, 31). On the basis
of their sizes, viral trypsin-like cysteine proteases (TCPs) were
divided into two classes, the large and the small TCPs (3). The
small TCPs comprise the 2A proteases, which are encoded by
entero- and rhinoviruses. These proteases are located imme-
diately downstream of the capsid proteins and catalyze cleav-
age at their own N termini, which results in the release of the
capsid protein precursor from the nascent polyprotein. The
large TCPs comprise the 3C and 3C-like proteases, which are
encoded by all members of the picornavirus superfamily. 3C
proteases and their counterparts in the plant viruses are lo-
cated immediately upstream of the putative RNA polymerases.
These proteases and their precursors are responsible for most,
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and in some cases all, of the cleavage reactions that are re-
quired to release the different functional entities of the viral
polyproteins. 3C and 2A proteases are not only different in
their sizes, functions, and locations in the polyprotein but also
differ in their cleavage specificities. Cleavage by 3C proteases
and most 3C-like proteases occurs preferentially after glu-
tamine and glutamic acid, whereas the 2A proteases of entero-
and rhinoviruses cleave after alanine, valine, threonine, phe-
nylalanine, and tyrosine (20, 41).
Recent studies have shown that the TCP of RHDV shares

some features with both the 3C and 2A proteases (7). Like 3C
proteases, the RHDV protease is located immediately up-
stream of the putative RNA polymerase. Moreover, sequence
comparisons show that amino acids that are thought to be
major determinants for the cleavage specificity of 3C proteases
are conserved in the TCP of RHDV (1, 3, 7, 19, 31). These
findings suggest that the RHDV protease resembles 3C pro-
teases in cleavage specificity. However, the amino acid se-
quence comparisons also show that the RHDV protease is
considerably shorter than 3C proteases and is more similar to
2A proteases with regard to size.
In the present study, various parts of the ORF1 polyprotein

of RHDV were synthesized in Escherichia coli and in vitro to
examine the proteolytic activity and substrate specificity of the
TCP of RHDV. These experiments led to the identification of
three cleavage sites in the C-terminal half of the polyprotein
that are recognized by the TCP. In addition, a mutational
analysis was performed at positions P2, P1, and P19 of the
cleavage site at the N-terminal boundary of the protease.

MATERIALS AND METHODS

Plasmid constructions and site directed mutagenesis. (i) Plasmids for expres-
sion in E. coli. Construction of recombinant plasmids was done by standard
cloning procedures (46). Plasmid pEX-P was constructed by ligating the 920-bp
EcoRI-HindIII fragment spanning codons 1023 to 1332 of ORF1 between the
EcoRI and HindIII sites of plasmid pEX34B, which is identical to plasmid
pEX31 except for a deleted PstI site in the ampicillin resistance gene (54). As
described previously, plasmid pEX-O contains a 1,039-bp EcoRI-XbaI fragment
ligated between the EcoRI and XbaI sites of plasmid pEX-34B (7). To construct
plasmid pEX-U, a 1,019-bp PstI-XbaI cDNA fragment spanning codons 1032 to
1371 of ORF1 was ligated with the 1-kb BglI-PstI fragment of plasmid pQE50
(Qiagen) and the 2.4-kb BglII-BglI fragment of plasmid pQE16 (Qiagen). Prior
to ligation, the 59 overhangs of the BglII and XbaI sites were filled in with Klenow
polymerase. Site-directed mutagenesis was performed by the method of Kunkel
with a mutagene phagemid in vitro mutagenesis kit (Bio-Rad) as described
previously (7). Plasmids pCW55 and pCW247 were used to obtain the single-
stranded template DNA for the mutagenesis reaction. Plasmid pCW55 contains
a 1,018-bp HindIII-HindIII fragment spanning codons 991 to 1331 inserted into
the HindIII site of pTZ18U (Bio-Rad). pCW247 contains a 2,000-bp SacI-XbaI
fragment (codons 703 to 1371) inserted between the SacI and XbaI sites of
plasmid pTZ19U (Bio-Rad). Oligonucleotides specifying single or multiple

amino acid substitutions were synthesized on a Biosearch 8700 DNA synthesizer
(New Brunswick Scientific, Edison, N.J.) by the phosphoamidite method (4).
Mutant sequences were identified by sequence analysis (47). For further analysis
of the mutants, the PstI-KpnI fragment (nucleotides 3105 to 3521) of the wild-
type plasmid pEX-O was replaced by the corresponding fragments bearing the
desired mutations. The substituted fragments were sequenced over the entire
length to ensure the absence of second-site mutations.
(ii) Plasmids for in vitro expression. As described previously (7), plasmid p672

(in pBS SK1) contains an RHDV cDNA insert of 4,391 bp that extends from
nucleotide 3077 to the poly(A) stretch at the 39 end of the genome and includes
the genes for the 3C-like protease, the RNA polymerase, and the VP60 capsid
protein. In this construct, the first AUG and the stop codon correspond to amino
acids 1023 and 2344, respectively, giving rise to a polyprotein of 143 kDa. Plasmid
pM1 was derived from p672, in which the catalytic site of the 3C-like protease
domain was mutated by replacement of the cysteine at position 1212 with a
glycine. Plasmids pM2 and pM3 were derived from clone p13 and are similar to
p672 but start more upstream, at nucleotide 2950 of ORF1, and end at the
poly(A) site. Therefore, the first AUG corresponds to amino acid 981, resulting
in a slightly larger polyprotein of 150 kDa. In pM2 and pM3 the potential
cleavage target sites QG (positions 1775 and 1776) and EG (positions 1767 and
1768) were mutagenized to LG and VG, respectively. Starting from the p13
sequence, sequential PCRs with mutagenic oligonucleotide primers were per-
formed to amplify a short fragment spanning the EG or QG sites. The resulting
amplification products were sequenced over the entire length to ensure the
absence of unwanted mutations. Subsequently, these fragments were used to
replace the equivalent wild-type sequences of p13, giving rise to the plasmids
pM2 and pM3.
Expression in E. coli. Expression of plasmids pEX-O and pEX-P and the

mutant derivatives of pEX-O was carried out as previously described (7). Over-
night cultures of transformed E. coli cells were induced by a temperature shift
from 28 to 428C. After an induction period of 2.5 h, the cells were lysed by the
addition of lysozyme and Triton X-100. The lysate was sonicated, and insoluble
material was collected by centrifugation. The pellet was washed with 1 M urea,
and protein was extracted with 7 M urea. Aliquots of the 7 M urea extracts were
then mixed with an equal volume of sample buffer (10% glycerin, 6 M urea, 2%
sodium dodecyl sulfate [SDS], 5% b-mercaptoethanol, 62.5 mM Tris-HCl [pH
6.8], 0.01% bromophenol blue, 0.01% phenol red), boiled for 5 min at 958C, and
analyzed by SDS–12% polyacrylamide gel electrophoresis (SDS–12% PAGE)
(27). After electrophoresis, proteins were visualized by staining with Coomassie
blue (7). For analysis of the mutant derivatives of plasmid pEX-O, the volume of
7 M urea extract loaded onto the gels was adjusted for the difference in cell
density of the E. coli cultures at the end of the induction period. For Western blot
(immunoblot) analysis of total bacterial lysates, 0.5 ml of the uninduced and 1 ml
of the induced bacterial cultures were harvested. The pelleted bacteria were
boiled in sample buffer for 3 min at 958C. Aliquots of the lysates were then run
on an SDS–12% polyacrylamide gel. Transfer of the proteins to nitrocellulose
membranes and incubation of the membranes with antiserum and substrate were
performed as described previously (57). For expression of plasmid pEX-U, an
overnight culture of transformed E. coli XL1 Blue cells (Stratagene) was diluted
50-fold into fresh Luria-Bertani medium, and growth was continued with selec-
tion (100 mg of ampicillin per ml) at 378C for 2.5 h. The culture was then induced
by the addition of isopropyl-b-D-thiogalactopyranoside (IPTG) to a final con-
centration of 1 mM. The bacteria were harvested after 1.5 h, and the pellet was
resuspended in 6 M guanidinium hydrochloride (pH 8) by stirring at room
temperature for 1 h. The lysate was loaded onto an Ni21-nitrilotriacetic acid-
Sepharose column (Quiagen), and unbound protein was removed with 6 M urea
(pH 8). Bound protein was desorbed from the column by successive elutions with
6 M urea (pH 6.3), 6 M urea (pH 5.5), and 6 M urea (pH 4.5). Aliquots of the
eluted fractions were boiled in sample buffer and analyzed by SDS–12% PAGE.
Protein sequence analysis. For protein sequence analysis, samples were sep-

arated on SDS–12% polyacrylamide gels. Following electrophoresis, the gels
were soaked in Western transfer buffer (10 mM 3-cyclohexylamino-1-propane-
sulfonic acid [CAPS] [pH 11], 20% methanol) for 20 min. Electrotransfer to a
polyvinylidene difluoride membrane was then performed overnight at 100 V in a
Hoefer TE72 Transphor apparatus. After transfer, the membrane was stained
with 0.1% Ponceau S in 1% acetic acid for 1 min. The blot was destained with 1%
acetic acid and rinsed in water. Sections of the membrane containing the relevant
protein were excised and subjected to an automated Edman degradation. Alter-
natively, the samples were applied in duplicate on the same gel. After transfer,
the membrane was cut into two strips. One strip was stained with copper phtha-
locyanine 3,49,40,4--tetrasulfonic acid (Aldrich) as described by Bickar and Reid
(5) to identify the relevant protein band. The corresponding part of the unstained
membrane was excised and used for protein sequence analysis.
In vitro transcription and translation. In vitro transcription with either T3 or

T7 RNA polymerase was carried out as described by the manufacturer, using 1
mg of plasmid DNA linearized with the appropriate restriction enzyme. In vitro
translation was in a volume of 25 ml containing 12.5 ml of rabbit reticulocyte
lysate (Promega) and 2.5 ml of [35S]methionine (Amersham) at 10 mCi/ml. The
amount of template RNA added to the translation mixture was normalized to
give equimolar quantities. The reaction mixture was incubated for 60 min at
308C, unlabeled L-methionine was added, and two aliquots were removed and
further incubated at 308C in the presence or absence of extract from E. coli cells

FIG. 1. Schematic diagram of the RHDV genome. The genomic and sub-
genomic RNAs of RHDV are depicted as black bars with VPg drawn as circles
at their 59 ends. The open reading frame ORF1 is depicted as an open bar, and
the limits of ORF1 are indicated by vertical lines and the positions of the first and
last nucleotides. The amino acid sequence of the primary translation product of
the subgenomic RNA is shown from the N-terminal methionine at position 1766
in ORF1 to the threonine at position 1781.
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expressing the RHDV 3C-like protease. Samples were taken after 60 min and
analyzed on SDS-polyacrylamide gels.

RESULTS

Identification of the cleavage site at the N terminus of the
protease. We have shown previously that the 3C-like protease
of RHDV exhibits proteolytic activity upon expression in E.
coli and efficiently cleaves the ORF1 polyprotein at a site that
has been tentatively mapped to the N-terminal boundary of the
protease (7). To identify the exact position of the cleavage site,
plasmids pEX-O and pEX-P were constructed. Plasmid
pEX-O contains codons 1023 to 1371 of ORF1 fused to the
N-terminal 98 codons of the RNA polymerase of bacterio-
phage MS2. Plasmid pEX-P differs from plasmid pEX-O in
lacking codons 1333 to 1371 of ORF1. According to our pre-
vious work, the protease domain is located within amino acids
1100 to 1300 of the ORF1 polyprotein and therefore upstream
of the deleted part. Both plasmids were expressed in E. coli.
After 2.5 h of induction of E. coli cells harboring plasmid
pEX-P, two abundant proteins of 21 and 28 kDa were ex-
tracted from inclusion bodies and identified by SDS-PAGE
(Fig. 2A, lane 1). A protein of 46 kDa, which probably corre-
sponds to the uncleaved fusion protein, was also detected. This
protein was present in very small amounts, indicating almost
complete cleavage of the fusion protein. Expression of plasmid
pEX-O resulted in two major products of 21 and 31 kDa (Fig.
2A, lane 2). Again, only a small amount of the putative un-
cleaved fusion protein with an apparent molecular mass of 48
kDa was detectable. The 21-kDa protein was recognized by an

antiserum against the MS2 polymerase part of the fusion pro-
teins (Fig. 2A, lanes 4 and 5), showing that this protein repre-
sents the N-terminal cleavage product of fusion proteins O and
P (Fig. 2B). The 28- and 31-kDa proteins represent the C-
terminal cleavage products as shown by their reaction with
antiserum against fusion protein J (Fig. 2A, lanes 7 and 8).
This fusion protein comprises the C-terminal part of fusion
protein P (amino acids 1172 to 1332 of the ORF1 polyprotein)
and the N-terminal region of the MS2 polymerase. The anti-J
serum therefore recognizes the 21-kDa N-terminal cleavage
products and the C-terminal cleavage products of the fusion
proteins O and P. Inactivation of the protease by substitution
of the putative active-site residues abolished the formation of
the 21-, 28-, and 31-kDa cleavage products, indicating that the
generation of these products is due to self-cleavage of the
protease (data not shown).
The expression products of plasmids pEX-O and pEX-P

were separated by SDS-PAGE and transferred to polyvinyli-
dene difluoride membranes to determine the cleavage site at
the putative N terminus of the protease. The 28- and 31-kDa
C-terminal cleavage products were identified by staining and
subjected to an automated Edman degradation. The sequence
GLPGF was obtained for both cleavage products. This se-
quence is found at positions 1109 to 1114 in the ORF1 polypro-
tein upstream of the putative active-site residues of the pro-
tease and is preceded by glutamic acid at position 1108.
Cleavage at the N terminus of the protease thus occurs at the
EG dipeptide at positions 1108 and 1109.

FIG. 2. Expression of the TCP of RHDV in E. coli. (A) E. coli cells harboring plasmid pEX-O (O) or pEX-P (P) were induced by a temperature shift to 428C, and
inclusion bodies were prepared after 2.5 h of induction. The inclusion bodies were extracted with 7 M urea, and the extracted proteins were separated on SDS–12%
polyacrylamide gels. Proteins were visualized by staining with Coomassie blue. In parallel, whole-cell lysates of induced and uninduced (n.i.) bacteria were resolved on
SDS–12% polyacrylamide gels and analyzed by Western blotting with antiserum against the MS2 polymerase and antiserum to fusion protein J as described in Materials
and Methods. Lane M, marker proteins. (B) Schematic diagram of the cleavage products of fusion proteins O and P. The fusion proteins are depicted as bars, and the
protease region of the RHDV part is indicated by stippled boxes. Arrows point to the positions of the cleavage sites at the N and C termini of the protease. The
difference between the cleavage efficiencies at these sites is indicated by the thickness of the arrows. Numbers above the bars indicate the size of the MS2 part and the
size of the entire fusion protein in amino acids. Numbers below the bars show the positions of the N- and C-terminal amino acids of the RHDV part. The locations
of the observed cleavage products are indicated by horizontal arrows below the bars and the apparent molecular masses of the products are given. Pol, polymerase.
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Identification of the cleavage site at the C terminus of the
protease. The Western blot analysis of the expression products
of plasmids pEX-O and pEX-P revealed some minor bands in
addition to the major bands, which arise from cleavage at the
N terminus of the protease. A 37-kDa protein was generated
from both fusion proteins. This protein was recognized by the
MS2 antiserum (Fig. 2A, lanes 4 and 5) and the anti-J serum
(lanes 7 and 8), indicating that it represents an N-terminal
cleavage product which extends beyond the cleavage site at the
N terminus of the protease (Fig. 2B). The 37-kDa band was not
observed upon expression of an inactive protease mutant (data
not shown). From this finding it could be concluded that the
37-kDa band is generated not by bacterial proteases but by
self-cleavage of the protease at its own C terminus. Cleavage of
fusion protein O at this site also led to a 14-kDa C-terminal
cleavage product (Fig. 2B) which was detected by the anti-J
serum (Fig. 2A, lane 8). The corresponding cleavage product
of fusion protein P with an expected molecular mass of 10 kDa
was not observed, probably because it migrated out of the gel.
A minor band of 15 kDa was recognized by the anti-J serum
but not by the anti-MS2 serum. This protein was generated
from both fusion proteins (Fig. 2A, lanes 7 and 8) and there-
fore represents an internal cleavage product that is cleaved at
its N and C termini. The 15-kDa protein most likely represents
the mature protease (Fig. 2B).
In order to determine the position of the C-terminal cleav-

age site, expression plasmid pEX-U was constructed (Fig. 3).
This plasmid contains a cDNA fragment that covers the com-
plete protease gene and extends from codon 1032 to codon
1371. Six histidine codons followed by a stop codon were fused

in frame to the 39 end of this cDNA fragment. The hexahisti-
dine tail was included to allow affinity purification of the ex-
pected C-terminal cleavage products of the polyprotein en-
coded in plasmid pEX-U. The expression products of plasmid
pEX-U were extracted from induced E. coli cells under dena-
turing conditions and applied to an Ni21-metal chelate col-
umn. Bound protein was eluted by a pH step gradient. Three
proteins with molecular masses of 30, 26, and 15 kDa were
specifically retained by the column and eluted at pH 5.5 (Fig.
3, lanes 4 to 9). A microsequence analysis of the 30-kDa pro-
tein showed that this protein was generated by cleavage at the
EG dipeptide at positions 1108 and 1109. It should be noted
that cleavage at this site was complete as indicated by the
absence of the uncleaved protein, which has a calculated mo-
lecular mass of 40 kDa. N-terminal sequence analysis of the
15-kDa protein led to the amino acid sequence TSNFF. This
sequence occurs only once in the ORF1 polyprotein, at posi-
tions 1252 to 1256, and is preceded by glutamic acid at position
1251. Provided that no further processing occurs after the
primary cleavage, the C terminus of the protease is generated
by cleavage at the ET dipeptide at positions 1251 and 1252.
Of the amino acids that constitute the catalytic triad of

trypsin-like proteases, the nucleophilic serine or cysteine is
located most closely to the C termini of the enzymes. In 2A
proteases and 3C proteases of enteroviruses, the distance be-
tween the catalytic cysteine and the C-terminal amino acid is in
the range of 36 to 40 residues. In the RHDV protease, the
glutamic acid at position 1251 is located 39 amino acids down-
stream of the putative catalytic cysteine, consistent with our

FIG. 3. Identification of the cleavage site at the C-terminal boundary of the TCP. (Left) E. coli cells harboring plasmid pEX-U were induced with IPTG for 1.5 h
and subsequently lysed with guanidinium-hydrochloride. The lysate was loaded on an Ni21-nitrilotriacetic acid-Sepharose column, and unbound protein was removed
by washing with 6 M urea (pH 8). Bound protein was then eluted by a stepwise reduction of pH. Successive fractions eluted at pH 8, 6.3, and 5.5 were separated by
SDS-PAGE and stained with Coomassie blue. Lane M, marker proteins. (Right) Schematic diagram of the uncleaved fusion protein and the C-terminal cleavage
products. The uncleaved fusion protein is depicted as a bar in the upper half of the panel. The protease is indicated by stippled boxes, and vector-derived sequences
are indicated by black bars. Arrows point to the positions of the cleavage sites at the N and C termini of the protease. The amino acids flanking each cleavage site are
given in the one-letter code. The difference between the cleavage efficiencies at these sites is indicated by the thickness of the arrows. Numbers below the bars indicate
the positions of the N- and C-terminal amino acids of the RHDV part and the positions of the N- and C-terminal amino acids of the protease. The lower part of the
panel shows the location of the C-terminal cleavage products. The N-terminal amino acid sequences of the cleavage products are given in the single-letter code within
the bars.
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conclusion that the ET dipeptide constitutes the C-terminal
boundary of the protease.
In addition to the expected cleavage products, a third pro-

tein of 26 kDa was specifically retained by the Ni21-chelate

column (Fig. 3, lanes 6 to 9). Attempts to sequence this protein
failed. The origin of this protein therefore remained unclear. It
may represent a bacterial contaminant or a cleavage product of
the fusion protein that is due to proteolytic degradation by

protease

FIG. 4. Site-directed mutagenesis of the cleavage site at the N terminus of the protease and expression of the cleavage site mutants in E. coli. (A) Schematic diagram
of the cleavage site mutants. Individual amino acid substitutions were introduced at the P2, P1, and P19 positions of the cleavage site at the N terminus of the protease.
The sequence of the wild-type protein is shown from position P4 to P49, and amino acid replacements are indicated below this sequence. The single-letter code for amino
acids is used. Pol, polymerase. (B to D) Expression of cleavage site mutants in E. coli. E. coli cells harboring plasmid pEX-O and derivatives of pEX-O encoding single
amino acid substitutions at position P2 (B), position P1 (C), and position P19 (D) of the cleavage site at the N-terminal boundary of the 3C-like protease were induced
by a temperature shift to 428C, and inclusion bodies were prepared after 2.5 h of induction. The inclusion bodies were extracted with 7 M urea, and the extracted
proteins were separated by SDS-PAGE and stained with Coomassie blue. Amino acids at the relevant positions are indicated above the lanes. Lane 14 in panel B shows
a 7 M urea extract of E. coli cells that did not harbor an expression plasmid. Lanes M, marker proteins.
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bacterial proteases or aberrant self-cleavage of the protease.
This protein may also correspond to an additional cleavage
product with an unknown function, although this is unlikely.
Cleavage specificity of the protease. Cleavage sites that are

recognized by viral proteases are partially defined by sequence
determinants in the immediate vicinity of the scissile bond. In
general, the most stringent sequence requirements are ob-
served at the P1 position. Additional sequence determinants
are usually located upstream of the scissile bond (positions P2
to P8) and at position P19 on the C-terminal side of the scissile
bond. On the basis of these observations, we decided to exam-
ine the substrate specificity of the protease at the P1 and P19
positions by introducing amino acid substitutions at the cleav-
age site at the N terminus of the protease. The P2 position was
included in this study because it is the only position upstream
of P1 that is strictly conserved for both cleavage sites at the N-
and C-terminal boundaries of the protease. The amino acid
substitutions that were analyzed in this study are shown in Fig.
4A. Mutated cDNA fragments containing single-codon substi-
tutions were transferred into plasmid pEX-O for further anal-
ysis of the mutants. The resulting derivatives of pEX-O were
expressed in E. coli cells, and the expression products were
extracted from inclusion bodies and analyzed by SDS-PAGE.
The effect of the mutations on cleavage efficiency was moni-
tored by the accumulation of the uncleaved fusion protein,
which has an apparent molecular mass of 48 kDa, and the
concomitant reduction in the amounts of the 21- and 31-kDa
cleavage products. A 7 M urea extract of induced E. coli cells
harboring the parental plasmid pEX-O was used for compar-
ison, and an extract of E. coli cells lacking an expression plas-
mid served as a control.
Replacement of the tyrosine at position P2 of the wild-type

protein had only a small effect on cleavage efficiency (Fig. 4B).
Nearly 100% cleavage was observed for the phenylalanine,
leucine, and methionine mutants. The other mutants showed a
slight reduction in cleavage efficiency as indicated by the ac-
cumulation of the uncleaved fusion protein. In general, inhi-
bition of cleavage was stronger for mutants carrying small and
polar amino acids at position P2. The greatest reduction in the
extent of cleavage was observed for the serine and glutamic
acid mutants (Fig. 4B, lanes 7 and 13). The relatively large
decrease in the cleavage efficiency of the mutant carrying glu-
tamic acid at position P2 is probably due to a competition
between this amino acid and the following glutamic acid for the
P1 binding site of the protease. In summary, the analysis indi-
cated a preference for large and hydrophobic amino acids at
position P2.
Amino acid substitutions at positions P1 and P19 caused a

significant reduction in cleavage efficiency up to complete in-
hibition of cleavage. At position P1, the protease accepted only
glutamic acid, glutamine, and aspartic acid as substrates (Fig.
4C, lanes 1 to 3). Of these three amino acids, glutamic acid was
the most- and aspartic acid the least-suited substrate for the
protease. Cleavage of the glutamine mutant was less efficient
than cleavage of the wild-type protein but significantly better
than cleavage of the aspartic acid mutant. No cleavage was
detected for the mutants with the other amino acid replace-
ments at position P1, including the asparagine mutant. These
data showed that efficient cleavage strongly depends on both
the size of the side chain and the carboxylate or carboxamide
group of the amino acid at position P1. Furthermore, the data
indicate a more favorable interaction of the protease with the
carboxyl groups of glutamic acid and aspartic acid than with
the carboxamide groups of glutamine and asparagine.
At position P19, glycine allowed the highest cleavage effi-

ciency (Fig. 4D). A slight reduction in the extent of cleavage

was observed for the alanine and serine mutants (lanes 2 and
6). All other mutants exhibited a more pronounced inhibition
of cleavage. Complete inhibition of cleavage was observed for
the proline and valine mutants (lanes 3 and 12). In summary
the following order of relative cleavage efficiency was apparent
at position P19: G . A, S . H, N . D, R . T, Y . L . P, V.
This order revealed for position P19 a strong preference for
amino acids with small side chains and a weaker preference for
polar amino acids.
It is apparent from Fig. 4C and D that inhibition of cleavage

at the natural cleavage site by certain amino acid substitutions
resulted in the appearance of additional bands not observed
for the wild-type protein. In particular, two proteins of 28 and
34 kDa were produced in considerable amounts. Both proteins
were recognized by MS2 antiserum (data not shown) indicating
that they represent N-terminal cleavage products of the fusion
proteins. Neither of the two proteins was produced when the
protease was inactivated by replacement of the putative active-
site residues (not shown). These findings suggested that the 28-
and 34-kDa proteins are aberrant cleavage products that were
generated by self-cleavage of the protease at cryptic cleavage
sites. Indeed, several potential cleavage sites located within the
protease region (ES at positions 1159 and 1160, EG at posi-
tions 1169 and 1170, and DS at positions 1218 and 1219) may
account for the observed cleavage products. The amount of the
aberrant cleavage products increased in parallel to the inhibi-
tion of cleavage at the N-terminal boundary of the protease,
whereas the extent of cleavage at the C-terminal boundary of
the protease was significantly reduced in mutants that exhib-
ited impaired cleavage at the N-terminal boundary (not
shown). This observation suggested that cleavage at the N
terminus of the protease results in a shift in conformation of
the protease that is a prerequisite for cleavage at the ET
dipeptide. Alternatively, the impaired cleavage at the protease-
polymerase junction may be explained by improper folding of
the polypeptide chain due to the presence of the amino acid
substitution at the N-terminal boundary of the enzyme. The
same argument may also be applied to explain the results of
the cleavage site mutations; impaired cleavage at the N-termi-
nal boundary of the protease may be due to improper folding
of the protease instead of reduced recognition by the substrate
binding pocket. However, this seems unlikely to us, since sub-
stitution of the amino acid at position P2 has almost no effect
on recognition of the natural cleavage sites.
Taken together, our results indicate that the sequence EG is

the optimal substrate of the TCP of RHDV. Furthermore, our
data show that the amino acid at position P1 is the most
important sequence determinant for substrate recognition. It is
also obvious that the requirement for glutamic acid at position
P1 and glycine at position P19 is not absolute. The protease
may accept glutamine and aspartic acid at position P1 and
various amino acids at position P19 with a concomitant reduc-
tion in cleavage efficiency compared with that for the optimal
sequence EG. Finally, our data show that the optimal sequence
(YEG) has been selected at the N-terminal boundary of the
protease, whereas the suboptimal sequence YET is present at
the C-terminal boundary, consistent with the difference in
cleavage efficiency at the two sites.
Identification of the cleavage site between the putative poly-

merase and the capsid protein VP60. We have shown previ-
ously that the TCP of RHDV is able to cleave the viral
polyprotein at the boundary between the putative polymerase
and the capsid protein. The cleavage gives rise to a capsid
protein species of 60 kDa that is indistinguishable in size from
the translation product of the subgenomic RNA. This finding
indicates that the cleavage site is located close to the first
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methionine encoded by the subgenomic RNA (M-1766), which
is the presumed N-terminal amino acid of the major capsid
protein species. Two potential cleavage sites are in close prox-
imity to the methionine at position 1766. Both of these sites
fulfill the sequence requirements for efficient cleavage. The
first site, an EG dipeptide at positions 1767 and 1768, imme-
diately follows the methionine. The second site, a QG dipep-
tide, is located seven amino acids downstream of the EG
dipeptide. To determine if cleavage occurs at one of these sites,
two plasmids (pM2 and pM3) in which the glutamine codon
and the glutamic acid codon were changed individually by
site-directed mutagenesis into a leucine codon and a valine
codon, respectively, were constructed (Fig. 5). A third mutant
(pM1), in which the protease was inactivated by a change of
the cysteine codon at position 1212 into a glycine codon, was
also used in this study. All three mutant constructs were de-
rived from the parental plasmid p672 or p13, each of which
contains the protease gene, the polymerase gene, and the com-
plete capsid protein gene. Figure 5 shows the in vitro transla-
tion products from each plasmid after separation by SDS-
PAGE. Expression of the parental plasmid p672 gave rise to
two major proteins of 60 and 83 kDa, which represent the fully
processed capsid protein VP60 and the remaining part of the
polyprotein containing the protease fused to the polymerase,

respectively (Fig. 5, lane 1). In addition, a less abundant prod-
uct of 73 kDa was also visible. This protein most likely origi-
nates from further processing of the 83-kDa protein at the EG
at positions 1108 and 1109, which is located 90 amino acids
downstream of the N terminus of the polyprotein encoded by
plasmid p672. Incubation of the p672 in vitro translation reac-
tion mixture with the RHDV 3C-like protease expressed in E.
coli resulted in an increase in the amount of the 73-kDa band,
while the 83-kDa protein decreased in parallel (Fig. 5, lane 2).
In contrast, no change in the amount of the cleavage product
VP60 was observed. These findings showed that the fused
protease-polymerase protein generated in this assay does not
cleave the EG at positions 1108 and 1109 as efficiently as it
does the cleavage site at the boundary between the polymerase
and the capsid protein. Interestingly, in this assay no process-
ing was detectable at the C terminus of the protease. As ex-
pected, in vitro expression of plasmid pM1, which encoded the
inactive protease, showed no processing of the 144-kDa
polyprotein (Fig. 5, lane 3). However, cleavage could be re-
stored completely by addition of the protease expressed in E.
coli (lane 4). The same cleavage products as for p672 were
obtained from plasmid pM2, which encodes the glutamine-to-
leucine exchange at the putative QG cleavage target site (Fig.
5, lanes 5 and 6). In contrast, the replacement of the glutamic
acid codon at position 1767 with valine (plasmid pM3) (lane 7)
completely abolished cleavage at the polymerase-capsid pro-
tein boundary. The cleavage could not be restored even after
addition of exogenous protease (Fig. 5, lane 8), indicating that
the lack of proteolysis was not due to an altered activity of the
protease present in the translation product. Taken together,
these data strongly suggest that cleavage between the poly-
merase and the capsid protein occurs at the EG dipeptide at
positions 1767 and 1768.
In summary, we have identified three natural cleavage sites

in the ORF1 polyprotein of RHDV that constitute the N- and
C-terminal boundaries of the protease and the boundary be-
tween the putative polymerase and the VP60 capsid protein. It
should be kept in mind, however, that bacterial and cell-free
expression systems were used in this study, since RHDV can-
not yet be propagated in cell culture. We therefore cannot
exclude the possibility that in vivo cleavage differs in some
aspects from the results reported here, although it is unlikely
that cleavage sites other than the ones reported here are rec-
ognized in the C-terminal half of the ORF1 polyprotein by the
TCP in vivo.

DISCUSSION

In a previous report, we have shown that the ORF1 polypro-
tein of RHDV contains a TCP that is involved in the proteo-
lytic processing of the polyprotein. In the present study a
mutational analysis was performed to study the substrate spec-
ificity of the protease. In addition, three natural cleavage sites
in the C-terminal half of the ORF1 polyprotein that are rec-
ognized by the TCP were identified. The results of these stud-
ies show that the RHDV protease, like many other viral pro-
teases, tolerates only a limited number of amino acids at the P1
position (8, 12, 15, 16, 32, 38, 42, 45). Aside from glutamic acid,
which is the optimal substrate at the P1 position, cleavage was
observed only after glutamine (Gln) and aspartic acid (Asp),
whereas no cleavage was detectable when asparagine (Asn)
was present at the P1 position. This finding indicates a specific
interaction of the substrate binding pocket of the protease with
the carboxylic groups of Glu and Asp that is more favorable
than the interaction with the carboxamide groups of glutamine
(Gln) and asparagine. Furthermore the lack of cleavage after

FIG. 5. Identification of the cleavage site between the putative polymerase
and the capsid protein VP60. In vitro transcripts were prepared from plasmids
p672, pM1, pM2, and pM3 and translated in a rabbit reticulocyte lysate in the
presence of [35S]methionine. After 1 h, the translation reaction was chased with
unlabeled L-methionine, and two aliquots were removed and further incubated in
the absence (2) or presence (1) of exogenous protease expressed in E. coli.
After 60 min, samples were removed and analyzed on SDS-polyacrylamide gels.
Lane M, marker proteins.
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asparagine strongly suggests that amino acids other than Glu,
Gln, and Asp are not accepted by the protease at position P1.
Direct experimental proof for this conclusion for several amino
acids (G, P, S, F, and Y) was obtained in this study.
Preferred cleavage after glutamic acid and glutamine is a

characteristic feature of picornaviral 3C proteases and most
3C-like proteases of the picornavirus-like plant viruses (17, 20,
41). In contrast to the RHDV protease, most 3C and 3C-like
proteases appear to prefer glutamine over glutamic acid at the
P1 position. The specificity for glutamine is attributed to spe-
cific interactions of the amino acid at position P1 with two
conserved amino acids in the substrate binding pocket of 3C
proteases. These amino acids, a threonine upstream of the
nucleophilic cysteine and a histidine downstream of the cys-
teine, are capable of forming hydrogen bonds with the carbox-
amide group of the glutamine at position P1, as shown by the
X-ray structural analysis of the 3C protease of human rhino-
virus (31). In the RHDV protease, both amino acids are con-
served at the corresponding positions in the primary sequence.
It has already been shown by site-directed mutagenesis that the
histidine is important for proteolytic activity. Thus, our data
strongly support the notion that the histidine is important for
substrate recognition and specificity. However, for final proof
of this hypothesis, X-ray structural analysis of the protease will
be required. Such an analysis should also reveal the structural
basis for the preferred cleavage after glutamic acid instead of
glutamine.
At the P19 position, 10 amino acids were selected to replace

the glycine in the wild-type sequence. Two of the mutations,
namely, the changes to alanine and serine, had almost no effect
on cleavage efficiency, whereas all other amino acid replace-
ments inhibited cleavage considerably. The extent of cleavage
was comparable for acidic (D), basic (R), aromatic (Y), and
aliphatic (L) amino acids. Nearly complete inhibition of cleav-
age was observed for the proline and valine mutants. Taken
together, these results suggest that the substrate specificity of
the RHDV protease at the P19 position, in contrast to that at
the P1 position, is not due to specific interactions of the P19
amino acid with the substrate binding pocket but is dictated
mainly by steric hindrance and conformational constraints.
Several viral proteases exhibit a strong specificity for certain

amino acids at the P2 position of a cleavage site. For example,
the 2A protease of poliovirus prefers amino acids with small
side chains at the P2 position, and the Sindbis virus Nsp2
protease exhibits a pronounced specificity for glycine (22, 50).
Our results indicate that the amino acid at the P2 position is
only a minor determinant for cleavage specificity of the RHDV
protease. This finding was surprising, because the P1 and P2
positions show the strongest conservation of all cleavage sites
(Fig. 6). However, we cannot exclude the possibility that the
protease exhibits a particularly relaxed sequence specificity in
the assay system used. It is also unclear whether any other
position further upstream of the scissile bond is an important
determinant for efficient recognition by the TCP, as described
for a large number of viral proteases (6, 9, 15, 16, 28, 40, 45, 49,
53, 56). Further studies with other assay systems including
additional cleavage sites will be required to completely define
the features of the primary sequence that define a cleavage
site. Nonetheless, the available data should allow the identifi-
cation of potential cleavage sites in the N-terminal half of the
ORF1 polyprotein that might be recognized by the RHDV
protease.
Our data show that cleavage of the EG dipeptide bond at the

N-terminal boundary of the protease is much more efficient
than cleavage of the ET dipeptide bond at the protease-poly-
merase junction. Since the P19 position is clearly an important

determinant for substrate recognition, it is likely that the ex-
change of glycine for threonine is mainly responsible for the
slow cleavage at the C-terminal boundary of the protease.
However, the presence of the threonine at the P19 position is
probably not the sole factor that contributes to the slow cleav-
age at the protease-polymerase junction, since replacement of
the EG dipeptide at the N terminus of the protease by an ET
dipeptide did not reduce cleavage efficiency at the altered site
to the low level of cleavage that was observed at the C-terminal
cleavage site. It remains to be determined if other divergent
positions in the vicinity of the ET dipeptide contribute to the
inefficient cleavage at the protease-polymerase junction.
The varying of rates of cleavage is an important means by

which viruses utilizing polyproteins for gene expression regu-
late the levels of individual gene products. This regulation is
particularly obvious in cases in which long-lived precursors are
produced that serve essential functions in the replication cycle
distinct from those of their constituent proteins that are even-
tually produced by proteolytic cleavage of the precursor. In the
poliovirus system, for example, it is well documented that the
3CD protease-polymerase precursor is much more active in
proteolytic processing of the capsid protein precursor than the
mature protease (26, 58). On the other hand, cleavage of the
3CD protein is required to activate the polymerase portion 3D
of the 3CD protein (21). Similar to the case for the RHDV
system, the 3CD precursor of poliovirus accumulates, because
cleavage at the N terminus of the 3C protease is more efficient
than cleavage at its C terminus. Although the exact functions
of the corresponding RHDV proteins remain to be fully elu-
cidated, it seems likely that the slow cleavage of the protease-
polymerase precursor of RHDVmight be used in a way similar
to that of the corresponding 3CD poliovirus protein to activate
or inactivate some function that is associated with the precur-
sor protein or its cleavage products.
In our previous studies we have demonstrated that the TCP

of RHDV cleaves at the boundary between the polymerase and
the capsid protein. It is shown here that this cleavage occurs at
an EG dipeptide. This dipeptide immediately follows the N-
terminal methionine of the primary translation product of the
subgenomic RNA. Parra et al. (43) concluded from a micro-
sequence analysis that the major capsid protein species from
mature virions carries the initiator methionine at its N termi-
nus. From that observation together with the data reported
here, it seems likely that the primary translation product of the
subgenomic RNA is not cleaved at the EG dipeptide and that
the major capsid protein species is actually derived from the
subgenomic RNA. Many viral proteases require a minimum of
four amino acids on the N-terminal side of a scissile bond to
cleave efficiently at this site (13, 14, 23, 30, 48, 52, 55). In the
primary translation product of the subgenomic RNA, only one
amino acid is located upstream of the EG dipeptide. The
failure of the protease to cleave the translation product of the
subgenomic RNA is therefore probably due to the short dis-

FIG. 6. Comparison of the amino acid sequences flanking the three cleavage
sites identified in this study. The sequences are shown in the one-letter code from
position P7 to position P59. The location of each cleavage site within the RHDV
polyprotein is indicated to the left of the sequences. Pol, polymerase; VP60,
capsid protein; X, protein that precedes the protease in the ORF1 polyprotein.
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tance between the scissile bond and the amino terminus of the
protein.
The data presented here imply that two different capsid

protein species that have different N termini are generated.
One capsid protein species is generated by translation of the
genomic RNA and subsequent cleavage by the 3C-like pro-
tease at the junction of the putative polymerase and the capsid
protein. This capsid protein species is two amino acids shorter
than the other capsid protein, which is generated by translation
of the subgenomic RNA. At present it is not known if the
shorter capsid protein species is incorporated into virions. The
smaller protein has not been demonstrated so far, but it may
have been overlooked because of its low abundance and the
fact that it has nearly the same size as the translation product
of the subgenomic RNA.
Despite all of the similarities between other 3C-like pro-

teases and the RHDV TCP with regard to function and sub-
strate specificity, one important difference has to be men-
tioned. The results presented here show that the TCP of
RHDV is considerably smaller than 3C and 3C-like proteases.
From the N-terminal glycine at position 1109 to the C-terminal
glutamic acid at position 1251, the RHDV protease comprises
143 amino acids, whereas known 3C proteases are composed of
more than 180 amino acids. The TCP of RHDV is even smaller
than 2A proteases, which are composed of 146 to 149 amino
acids. To our knowledge, the TCP of RHDV is the smallest
known trypsin-like protease.
Recent studies indicate that the 3C protease of poliovirus is

able to bind to the 59 end of the viral RNA. This interaction
appears to be required for initiation of minus-strand RNA
synthesis (2). It is apparent from our previous amino acid
comparisons (7) that many of the residues that have been
implicated in the RNA binding activity of the poliovirus and
rhinovirus 3C proteases (2, 31) are absent from the TCP of
RHDV and from 2A proteases. The absence of these residues
accounts at least in part for the smaller size of the RHDV
protease and 2A proteases compared with 3C proteases. It
therefore could be that the RHDV TCP fulfills only part of the
functions identified for picornaviral 3C proteases. Certainly, it
will be interesting to elucidate the three-dimensional structure
of the RHDV protease and to determine if the protease ex-
hibits RNA binding activity similar to that of the poliovirus 3C
protease.
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