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Hepatitis A virus (HAV) 3C proteinase expressed in Escherichia coli was purified to homogeneity, and its
cleavage specificity towards various parts of the viral polyprotein was analyzed. Intermolecular cleavage of the
P2-P3 domain of the HAV polyprotein gave rise to proteins 2A, 2B, 2C, 3ABC, and 3D, suggesting that in
addition to the primary cleavage site, all secondary sites within P2 as well as the 3C/3D junction are cleaved
by 3C. 3C-mediated processing of the P1-P2 precursor liberated 2A and 2BC, in addition to the structural
proteins VP0, VP3, and VP1-2A and the respective intermediate products. A clear dependence on proteinase
concentration was found for most cleavage sites, possibly reflecting the cleavage site preference of 3C. The most
efficient cleavage occurred at the 2A/2B and 2C/3A junctions. The electrophoretic mobility of processing
product 2B, as well as cleavage of the synthetic peptide KGLFSQ*AKISLFYT, suggests that the 2A/2B junction
is located at amino acid position 836/837 of the HAV polyprotein. Furthermore, using suitable substrates we
obtained evidence that sites VP3/VP1 and VP1/2A are alternatively processed by 3C, leading to either VP1-2A
or to P1 and 2A. The results with regard to intermolecular cleavage by purified 3C were confirmed by the
product pattern derived from cell-free expression and intramolecular processing of the entire polyprotein. We
therefore propose that polyprotein processing of HAV relies on 3C as the single proteinase, possibly assisted
by as-yet-undetermined viral or host cell factors and presumably controlled in a concentration-dependent fashion.

Polyprotein processing is required for the temporal libera-
tion of the structural and nonstructural proteins of picornavi-
ruses prior to genome replication and capsid assembly. This
mechanism of regulation of gene expression usually is medi-
ated by proteinases (more than one) which are encoded as
integral parts of the viral polyprotein. Except for hepatitis A
virus (HAV), all picornaviruses studied so far have evolved at
least two proteolytically active centers which are parts of do-
mains P2 and P3 of the viral polyprotein and are encoded by
the genomic regions 2A and 3C (for reviews, see references 8,
12, and 17). The enterovirus and rhinovirus protein 2A is the
proteinase responsible for the so-called primary cleavage
which cotranslationally separates the precursor of the struc-
tural proteins P1 from that of the nonstructural proteins. Pro-
tein 2A of the cardioviruses and aphthoviruses catalyzes
cleavage of the P1-2A/2B site by an enzyme-independent
mechanism (12, 25). Except for the maturation cleavage which
splits VP0 into VP2 and VP4, all subsequent cleavages within
the polyprotein are mediated by 3C proteinase or its precur-
sors. In enteroviruses, the secondary cleavage cascade is char-
acterized by competition of proteinases 3Cpro and 3CDpro, the
latter being modified in its substrate specificity by the large
polymerase portion. Because of its slow growth in cell culture
and its mostly noncytopathic course of infection, HAV is
clearly set apart from other picornaviruses and has therefore
been assigned to the newly created genus Hepatovirus (9).
Sequence alignments as well as experimental evidence argue
for a different regulation of proteolytic processing in HAV,

which might account for some of the exceptional features of
the virus (7, 14, 16). One important aspect of these differences
is the fact that protein 2A apparently lacks any proteolytic
activity whereas the autocatalytic activity of 3C has been shown
in various recombinant systems (10, 11, 14, 28). In addition,
intermolecular cleavage activity of 3C was shown by incubation
of the recombinant enzyme with substrates generated by trans-
lation in vitro (11, 13, 19, 21, 26).
Recombinant expression of viral proteinases in Escherichia

coli has been largely facilitated by the pET expression system
first described by Rosenberg et al. (24); see also references 20,
22, and 26. With this system for the expression of different
parts of P2 and P3 of the HAV polyprotein, the role of 3C in
the context of its flanking regions has been investigated (19,
26). These data demonstrated the ability of 3C proteinase to
cleave the HAV polyprotein at all examined sites within do-
mains P1, P2, and P3, supporting the notion that 3C is the only
virus-encoded proteinase which is able to regulate the cascade
of proteolytic processing of the entire HAV polyprotein by
itself or in concert with as-yet-unidentified viral or host cell
factors.
In order to study the cleavage pattern and regulatory path-

ways involved in the proteolytic cleavage cascade of HAV, we
have focused on investigations that apply a highly purified
recombinant HAV 3C proteinase. With a nested set of
polyprotein substrates spanning all parts of the HAV polypro-
tein, it was possible to study 3C cleavage specificity and to
define as-yet-unidentified products. Furthermore, the system
allowed the evaluation and ranking of cleavage efficiencies at
different sites in the HAV polyprotein. Fidelity of the process-
ing products formed by intermolecular cleavage was warranted
by comparison with products liberated from the HAV polypro-
tein by intramolecular cleavage. Among the processing prod-
ucts, proteins VP1-2A, 2A, and 2B were identified by comigra-
tion with the respective recombinant proteins expressed from
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the PCR-amplified genomic region, and thus their localization
on the viral genome was determined. Precursor protein
VP1-2A (PX), also found in HAV-infected cells, was a stable
cleavage product generated by the intermolecular action of 3C
(2, 6, 18). Our data suggest that the cleavage site preference of
3C proteinase might be responsible for the temporal regulation
of HAV polyprotein processing.

MATERIALS AND METHODS
Construction of plasmids. Proteinase 3C was derived from construct pET-

3CD* as described elsewhere (19, 26). The genomic region spanning all of 3C
and the 70 N-terminal amino acids of 3D (termed 3D*) was inserted into the
BamHI site of the expression vector pET-3a. To construct pP1-2ABC*, the
cDNA plasmid pHAV/7, containing the complete nucleotide sequence of HAV
strain HM175, was restricted at nucleotide (nt) 4962 (EcoRI), blunt ended, and
reannealed. pT7-HAS15 contains the complete cDNA of HAV strain HAS-15,
which was excised from plasmid pHAV53 and replaced in pGEM-7Zf(1) (26).
pP1-2AB* was generated by restriction of pT7-HAS15 at nt 3954 with XbaI and
blunt ending and reannealing of the cDNA. pET-DVP1-P2-P3* and the respec-
tive construct encoding the proteolytically inactive mutant (pET-DVP1-P2-P3*m)
were described before (26). pT7-DVP1-2ABC1 contains the HAV sequences
from nt 626 to 736 and from nt 2801 to 4760 of HAV strain MBB (16). D
indicates an N-terminally truncated protein, and * and 1 indicate C-terminally
truncated proteins.
Other 3C substrates and reference proteins corresponding to intermediate or

end products of polyprotein processing were obtained by PCR subcloning. pET-
VP1-2A and pET-VP1-2AB were constructed by PCR amplification of nt 2202 to
3236 and nt 2202 to 3989, respectively, of HAV strain HM175. The primers used
encoded the respective terminal nucleotide sequences, start or stop codons, and
restriction sites for insertion of the PCR fragments into the expression vector
pET-3 (24). cDNA clones encoding HAV proteins 2A, 2B, and 2C were obtained
in the same manner by amplification of the genomic regions between nt 2964 and
3236 (2A), nt 3237 and 3989 (2B), and nt 3990 and 4994 (2C).
Combined transcription and translation of cDNA in vitro. Circular cDNA (0.5

to 1 mg) was used in a 15-ml reaction mixture containing TNT reticulocyte lysate
supplemented according to the instructions of the manufacturer (Promega).
Proteins were labeled for 90 min at 308C with [35S]methionine (.37 MBq/mmol;
New England Nuclear), with 1.4 MBq/15-ml reaction mixture. Products of trans-
lation and processing were analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) followed by fluorography.
Bacterial expression and purification of recombinant 3C. Bacterial expression

of 3C with plasmid pET-3CD* has been described before (19, 26). Induced
bacteria were harvested by centrifugation, and 3C was purified by ion-exchange
chromatography according to the protocol of Malcolm et al. (21). Purified 3C
was dissolved in a buffer containing 50 mM Tris-HCl (pH 8.5), 2.5 mM EDTA,
and 2 mM dithiothreitol, and its final concentration was adjusted to 0.85 mg/ml.
Long-term storage was at 2708C. For two-dimensional PAGE, isoelectric focus-
ing was performed with nonequilibrated pH gel electrophoresis (NEPHGE)
according to the method of Bravo and was followed by SDS-PAGE (4). Gels
were either silver stained or analyzed by immunoblot with anti-3C (26).
Assay of proteinase activity on polyproteins and synthetic peptides. Purified

proteinase 3C was incubated with radiolabeled translation products for 4 h at
378C or for the time periods indicated. Processing reactions were stopped by the
addition of gel sample buffer, and the products were analyzed by SDS-PAGE and
fluorography. Immunoprecipitation of the processing products was performed as
described before (16, 19, 26).
The synthesis of peptide 2A-2B (KGLFSQ*AKISLFYT, where * designates

the putative cleavage junction between 2A and 2B) and the competition assay for
the determination of the (Vmax/Km)rel value were performed as described else-
where (27). As a reference peptide, Ac-ELRTQ*SFS-NH2 was used (kindly
provided by B. A. Malcolm; see reference 21). The assay was performed in 175
ml containing 10 mM highly purified HAV 3C and 400 mM each peptide substrate
in a buffer of 50 mM Tris-HCl (pH 8.0), 2.5 mM EDTA, and 2 mM dithiothreitol
at 378C. Aliquots were removed at 4, 8, 16, 32, 60, 180, and 360 min, and the
reaction was stopped by transfer of 25-ml aliquots into UTRAFREE-MC tubes
(nominal molecular weight limit, 10,000; Millipore) containing 200 ml of 0.5 M
HClO4. After incubation on ice for 15 min and centrifugation (30 min, 48C,
14,000 rpm), the filtrate was directly used for reverse-phase high-pressure liquid
chromatography analysis. The extent of substrate conversion was determined by
analysis of the peak areas, and the data were processed as described elsewhere
(27).

RESULTS
Large-scale expression and purification of HAV recombi-

nant 3C proteinase. To study the substrate specificity of the
HAV 3C proteinase, the required amounts of enzyme were
produced by recombinant expression in the pET system (24).

Construct pET-3CD* codes for a fusion protein of 34 kDa
which is autocatalytically cleaved to yield soluble proteinase of
an apparent molecular mass of 26 kDa (19, 26). A 3-mg sample
of purified 3C was obtained from one liter of induced bacteria
(optical density at 600 nm, 1.2). On the basis of the estimated
isoelectric point of 3C (pI 5 8.5), a purification scheme with
DEAE-Sephadex A-25 and carboxymethyl (CM)-Sepharose
CL-6B was applied (21). Highly purified 3C was eluted from
CM-Sepharose at approximately 500 mM NaCl and subse-
quently analyzed by two-dimensional electrophoresis. Because
of the high pI value of 3C, separation by NEPHGE was chosen
for the first dimension, followed by SDS-PAGE. As shown in
Fig. 1, 3C was purified to near homogeneity, as judged from
the absence of contaminating proteins, and could be separated
into equal amounts of two isoforms migrating with slightly
different pIs. Both isoforms were identified by immunoblot
with an anti-3C serum (Fig. 1A). The presence of isoforms was
observed before (1, 5).
Proteolytic processing of P1-P2, P2, and P2-P3 precursor

polypeptides mediated by purified HAV 3C proteinase. To
examine proteolytic processing at various sites within the HAV
polyprotein, different parts of the polyprotein encoded by over-
lapping cDNA segments were used as substrates of purified 3C
proteinase (Fig. 2). The respective polypeptides were gener-
ated in a coupled in vitro transcription/translation system.
Parts of the HAV polyprotein were preferred over the com-
plete precursor molecule (P1-P2-P3) because it was shown that
in vitro translation of HAV RNA resulted in the formation of
aberrant initiation products which obscured the pattern of
cleavage products (15, 16). Translation products representing
P1-2ABC*, P1-2AB*, DVP1-P2-P3*m, and DVP1-2ABC1 mi-
grated with apparent molecular masses of 156, 120, 124, and 71
kDa, respectively (indicated by dots [pre] in Fig. 3, lanes 1a, 2a,
3a, and 4a, respectively). Polypeptides smaller than the ex-
pected size originated from internal initiation of translation
(15, 16). All translation products were incubated with purified
3C for 4 h at a final enzyme concentration of 200 mg/ml.
Polypeptides derived by processing from precursors P1-2ABC*
and P1-2AB* were almost identical and included VP3, VP0,
two forms of VP1-2A, VP0-VP3, and P1-2A (indicated by open
asterisks in Fig. 3, lanes 1b and 2b). In addition, a polyprotein
of 63 kDa which represents 2BC* was observed among the
processing products of P1-2ABC* (Fig. 3, lane 1b). In some
experiments, 2C* and 2B were detectable among the products
of P1-2ABC*, suggesting that cleavage within this polyprotein
at the 2B/2C junction is less efficient than cleavage within the
framework of the DVP1-P2-P3*m polypeptide (Fig. 3, lane 3b).
Small amounts of 2A produced by cleavage of P1-2ABC* and
P1-2AB* could be detected in gels of higher acrylamide con-
centration (see Fig. 5A). Identification of products was
achieved by immunoprecipitation (not shown) as well as comi-
gration with polypeptides generated by in vitro expression of
the respective PCR-amplified genomic regions (Fig. 3, VP1-2A
[lane 5], 2B [lane 6] 2C [lane 7]; data for 2A not shown). This
supports our earlier suggestion that VP1-2A and 2B are rep-
resented by amino acids 492 to 836 and 837 to 1087, respec-
tively, of the HAV polyprotein, and their mappings therefore
differ from those originally proposed (7). The origin of the two
forms of VP1-2A is unclear. The patterns produced by cleav-
age of P1-2ABC* and P1-2AB* suggest that HAV 3C protein-
ase catalyzes cleavage of the HAV polyprotein at sites VP0/
VP3, VP3/VP1, and 2A/2B and to a lesser extent also at the
VP1/2A and 2B/2C junctions as observed before (26).
Cleavage of the proteolytically inactive substrate DVP1-P2-

P3*m was assessed in the same manner. As recently shown,
processing products were identical to those generated by au-
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toproteolysis of the respective unmutated and proteolytically
active polypeptide precursor DVP1-P2-P3* (2). Proteins 2BC,
P3*m, 2C, 3ABCm, 2B, and DVP1-2A were the most prominent
products (indicated by filled asterisks in Fig. 3, lane 3b). 2A, as
a protein of approximately 10 kDa, could be resolved on a 15%
gel (see Fig. 4). P3*m and 3ABCm were usually found as stable
intermediates of intermolecular processing, and further cleav-
age of 3ABCm was observed in only a few experiments (see
Fig. 4B). This suggests that cleavage at the 3C/3D junction
occurred in a part of the P3*m polypeptides whereas sites
within 3ABCm were not efficiently processed in this system (13,
26). 2A, DVP1-2A, 2BC1, 2C1, and 2B were also produced by
3C-mediated cleavage of DVP1-2ABC1 (indicated by filled
asterisks in Fig. 3, lane 4b; 2C1 and 2B migrate at the same
position). The results with regard to intermolecular cleavage of
the P2 and P2-P3 proteins (including the C terminus of VP1)
confirm our earlier conclusions that sites 2A/2B and 2C/3A are

FIG. 1. Two-dimensional separation of purified HAV proteinase 3C analyzed by immunoblot (A) and silver staining (B). 3C purified by ion-exchange chroma-
tography was separated by NEPHGE (first dimension) and SDS-PAGE (second dimension). Molecular mass standards are marked on the sides.

FIG. 2. Schematic representation of overlapping coding regions representing
parts of the HAV genome. Ç indicates an N-terminally truncated protein, and *
and 1 indicate C-terminally truncated proteins; ✻ indicates a Cys residue of the
active site mutated to Ala. None of the constructs encodes an active proteinase,
and proteins derived from them can therefore serve as substrates for intermo-
lecular cleavage mediated by proteinase 3C.

FIG. 3. Cell-free translation and proteolytic processing by purified recombi-
nant 3C of P1-2ABC* (lanes 1), P1-2AB* (lanes 2), DVP1-P2-P3*m (lanes 3),
and DVP1-2ABC1 (lanes 4). cDNAs of HAV plasmids depicted in Fig. 2 were
transcribed and translated in a cell-free system for 90 min to yield radiolabeled
substrates (lanes a; pre [dot] marks uncleaved precursor polypeptides). For
subsequent proteolytic cleavage, purified 3C was added at a final concentration
of 200 mg/ml and incubation was continued for 4 h at 378C (lanes b). Cleavage
products of P1-2ABC* (lane 1b) and P1-2AB* (lane 2b) are marked by open
asterisks, and those of DVP1-P2-P3*m (lane 3b) and DVP1-2ABC1 (lane 4b) are
marked by filled asterisks. In vitro translation of VP1-2A (lane 5), 2B (lane 6),
and 2C (lane 7) is also shown. Molecular mass standards are marked on the left.
Polypeptides 2C and 3ABC migrated in a reversed position compared with
results shown in our earlier report (25). DVP1-2A, derived from DVP1-P2-P3*m
and DVP1-2ABC1, migrated with different mobility because of heterogeneous N
termini.
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completely cleaved by 3C proteinase whereas junction 2B/2C is
processed only partially (26). Compared with the bacterial
expression system, sites within 3ABC were processed very in-
efficiently in the cell-free system (10, 16, 26). Our data indicate
that processing of all nine potential cleavage sites within the
HAV polyprotein is catalyzed by 3C proteinase alone. How-
ever, the efficiency of cleavage varies for each site and depends
on the expression systems used.
Substrate specificity and cleavage efficiency of 3C. Initial

experimental evidence for the substrate specificity of 3C was
provided by cleavage of synthetic peptides encompassing the
potential cleavage sites in the HAV polyprotein (13). From this
study, it was concluded that sites within P1 and P3 are cleaved
by 3C less efficiently than those within P2, sites 2B/2C and
2C/3A being the best. To further elucidate the efficiency of 3C
in catalyzing cleavage at the nine sites within the frame of the
polyprotein, the influence of time and 3C concentration was
studied. Preferential cleavage among the various sites was ob-
served when increasing amounts of purified 3C were tested on
the substrates described above. Figure 4A shows the cleavage
pattern derived from substrate DVP1-P2-P3*m following incu-
bation with increasing concentrations of 3C. P3*m was cleaved
off the substrate at an enzyme concentration as low as 0.2
mg/ml (Fig. 4, lane 1). Ten times more enzyme was needed for
the liberation of DVP1-2A and 2A (Fig. 4, lane 2). 3ABCm
appeared when the concentration of 3C was raised to 20 mg/ml
(Fig. 4, lane 3). Products 2C and 2B were detectable when 3C
was applied at a concentration of 200 mg/ml (Fig. 4, lane 4).
These data suggest that sites 2C/3A and 2A/2B (at amino acid
position 836/837 of the HAV polyprotein) are very efficiently
cleaved. Both junctions may be considered as primary targets
of 3C within the HAV polyprotein when the enzyme is added
in trans. The order of subsequent cleavages was 3C/3D and
2B/2C, as implied by the amounts of enzyme required for their
efficient cleavage.
To examine the kinetics of processing, DVP1-P2P3*m was

subjected to intermolecular cleavage by purified 3C (200 mg/
ml, incubation periods ranging from 1 to 4 h; Fig. 4B). No
hierarchic order of processing could be established by this
approach since all polypeptides produced at this enzyme con-
centration appeared at the shortest time interval tested. Even
1/10 of the enzyme (20 mg/ml) and shorter incubation periods
(5 to 60 min) applied to the same substrate indicated that all
cleavages performed at a given enzyme concentration occurred
very rapidly (within 5 min). Uncleaved intermediate products,
however, were not processed any further even after prolonged
incubation periods (Fig. 4C). Supplementation of trans-cleav-
age assays with S10 extracts of HAV- or mock-infected cells
had no influence on the extent of cleavage within the P2 and P3
domains of the HAV polyprotein (23). Preincubation of the
purified enzyme with reticulocyte lysate excluded the possibil-
ity that instability of the enzyme in the cell-free system is
responsible for the lack of 3C activity after prolonged incuba-
tion periods. Furthermore, subsequent addition of alternate
substrates to a cleavage assay mixture indicated that the en-
zyme is not inhibited by accumulated products (data not
shown).
Processing of the P1-P2 domain of the HAV polyprotein was

assessed in the same manner with P1-2ABC* as the substrate
(Fig. 5A and B). The site most readily cleaved by 3C was the
2A/2B junction, liberating P1-2A and 2BC* (Fig. 5A, lane 3).
Further cleavage within P1-2A to yield VP3-VP1-2A, p55
(VP0-VP3 and VP3-VP1), VP0, VP3, 2A, and two forms of
VP1-2A was achieved by incubation with the 10-fold higher
concentration of 3C (Fig. 5A, lane 4). These cleavages oc-
curred only in a small portion of the precursor molecules, since
the amount of P1-2A did not decrease significantly with in-
creasing concentrations of 3C. By immunoprecipitation, fur-
ther processing intermediates derived from cleavage of P1-
2ABC* were identified. As shown in Fig. 5B, anti-VP1 reacted
with P1-2A, P1, VP3-VP1-2A, VP3-VP1 (p55), and VP1-2A.
The high-molecular-weight cleavage intermediates were also

FIG. 4. Proteolytic processing of DVP1-P2-P3*m with application of various concentrations of purified 3C (A) and with various incubation periods (B and C). (A)
Radiolabeled DVP1-P2-P3*m was incubated for 4 h at 378C with amounts of purified proteinase 3C as follows: 0.2 mg/ml (lane 1), 2 mg/ml (lane 2), 20 mg/ml (lane 3),
and 200 mg/ml (lane 4); lane 5, uncleaved substrate. (B and C) Proteinase 3C at 200 mg/ml (B) and 20 mg/ml (C) was used to cleave the same substrate for the time
intervals indicated. Molecular mass standards and HAV proteins are marked.
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precipitated by anti-VP3-VP1 and anti-VP0 in addition to the
respective end products. Anti-2C3A* recognized 2BC*, a
polypeptide of 63 kDa which comigrates with VP3-VP1-2A.
Essentially similar processing patterns were produced when
increasing concentrations of 3C were applied on P1-2AB* and
DVP1-2ABC* as substrates. However, no order of processing
could be deduced from kinetic studies with P1-P2 precursors
(data not shown).
To compare intra- and intermolecular processing of the

HAV polyprotein, full-length HAV cDNA was transcribed and
translated in the cell-free system with pT7-HAS15 as a tem-
plate (Fig. 5C). After 60 min of translation, P1-2A, P3, 2BC,
3D, and 3ABC appeared as processing products followed by
2C and 2B (90 min). After 120 min, VP1-2A was detected, and
after 16 h, VP0 and VP3 were detected. VP1 was not found.
These data allow us to establish a hierarchy of processing
which supports our above-mentioned findings on intermolec-
ular processing, indicating that within the complete HAV
polyprotein sites 2A/2B, 2C/3A, and 3C/3D are most readily
cleaved. Processing of junctions VP0/VP3 and VP3/VP1 was
catalyzed by 3C after long incubation periods and only to a
small extent, whereas VP1-2A and 3ABC remained uncleaved
under these conditions.
Processing at the VP1/2A and 2A/2B cleavage sites. Among

the genera of the picornavirus family, the site of primary cleav-
age within the polyprotein differs. Primary cleavage in the
entero- and rhinovirus polyprotein occurs at the C terminus of
P1, whereas in the cardio- and aphthovirus group the primary
cleavage product is P1-2A, resulting from cleavage at the
2A/2B junction (8, 12, 17). Not only sequence alignment but
also our experimental data suggest that HAV is unique in
employing only one proteinase for the cleavage of all sites in its
primary translation product and that no proteolytic activity
seems to be encoded in the P2 domain of the HAV polyprotein
(7, 14, 16, 26).
Our results described above show that cleavage of the

VP1/2A junction in polyproteins DVP1-P2-P3*m and DVP1-
2ABC1 was efficiently catalyzed by 3C. Cleavage at this site
was less pronounced in substrates P1-2ABC* and P1-2AB*,
implying that structural features of the precursor molecules

might limit the accessibility of this junction. To test the con-
formational prerequisites required for cleavage at site VP1/2A,
shorter constructs encoding only VP1-2A and VP1-2AB were
expressed by cell-free translation and subjected to proteolysis.
In both cases, the largest protein corresponds in size to the
expected precursor (VP1-2A and VP1-2AB, respectively), and
the polypeptides of smaller sizes most likely were synthesized
from internal translation initiation sites which were mapped at
the appropriate distances from the initiation codon (indicated
by the suffix i in Fig. 6). Since the proportion of the higher- to
the lower-molecular-weight proteins remained unchanged dur-
ing time course experiments, it can be concluded that no pro-
teolytic activity resides either in VP1-2A or in VP1-2AB (data
not shown).
Processing at the putative primary cleavage sites (VP1/2A

and 2A/2B) mediated by 3C was assessed by subjecting sub-
strates VP1-2A and VP1-2AB to increasing amounts of puri-
fied 3C (Fig. 6). Additional protein bands were not observed
when VP1-2A was incubated with 3C (Fig. 6, lanes 1 and 2).
However, processing of VP1-2AB gave rise to 2B and polypep-
tides that comigrated with the two most prominent translation
products of VP1-2A (Fig. 6, lanes 3 to 9). For complete cleav-
age of the 2A/2B junction, 140 mg of 3C per ml was necessary
(Fig. 6, lane 7).
Cleavage at the 2A/2B junction was further assessed by sub-

jecting the synthetic peptide KGLFSQ*AKISLFYT to purified
3C. The prediction of this putative 2A/2B cleavage signal is
based on an alignment of all known 3C cleavage sites. Correct
processing of the proposed junction between Gln and Ala in
the 2A-2B peptide was verified by amino acid sequencing of
the cleavage products (underlined sequence). Furthermore, in
a competition assay with peptide Ac-ELRTQ*SFS-NH2
(2B/2C junction) as a reference, the 2A-2B peptide was effi-
ciently processed [(Vmax/Km)rel 5 0.85 6 0.14 (mean 6 stan-
dard deviation)]. The results indicate that the proposed 2A/2B
site serves as a substrate of 3C and its cleavage within the
polyprotein liberates a 2B polypeptide of approximately 26
kDa. Our findings that processing of P1-2ABC* or the com-
plete polyprotein did not yield mature VP1, but rather P1 and
2A or VP1-2A, are consistent with the lack of VP1-2A cleav-

FIG. 5. (A) Polypeptides produced by intermolecular cleavage of P1-2ABC* mediated by various concentrations of purified 3C. (B) Identification of cleavage
products by immunoprecipitation, with anti-VP1, anti-VP0, anti-VP3-VP1, and anti-2C3A*. The arrowhead marks P1. (C) Kinetics of cell-free translation and
proteolytic processing of the complete HAV polyprotein derived from cDNA clone pT7-HAS15. Samples were analyzed by SDS-PAGE on a 15% gel and fluorography.
Molecular mass standards are shown on the left. HAV proteins are indicated.
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age. In combination, these results provide circumstantial evi-
dence that P1-P2 processing at the VP3/VP1 site, and thus the
liberation of the N terminus of VP1, renders the VP1/2A site
uncleavable, resulting in the stable intermediate VP1-2A,
which has been observed as a precursor of VP1 in HAV-
infected cell culture (2, 6, 18).

DISCUSSION

Recently, we and others provided evidence that the activity
profile of HAV 3C proteinase differs from that of other picor-
naviruses in catalyzing cleavage of the primary as well as the
secondary sites in the HAV polyprotein and that it is the only
virus-encoded proteinase of HAV (15, 16, 26). In these reports,
the specific activity of 3C proteinase could not be assessed in
detail since either crude bacterial extracts or the self-cleaving
system containing precursors of 3C was used. In other studies,
purified recombinant proteinase was tested for its activity to-
wards synthetic peptides and polypeptides of the P1 domain of
the HAV polyprotein (13, 21). Utilizing a purified enzyme for
intermolecular cleavage assays, we now show that proteinase
3C alone is indeed sufficient to cleave all junctions in the HAV
polyprotein. The extent of intermolecular cleavage at different
sites within the HAV polyprotein is dependent on the concen-
tration of 3C applied. Junctions P1-2A/2B and P2/P3 were
most efficiently cleaved. Cleavages mediated by 3C within the
P1 and P3 domains were performed to a lesser extent. Differ-
ences in affinities to various cleavage sites might be responsible
for the regulated liberation of the viral structural and nonstruc-
tural proteins by 3C. As shown earlier, the range of products
obtained by intermolecular cleavage of the proteolytically in-
active precursor polypeptide DVP1-P2-P3*m was identical to
the proteins found after intramolecular processing of the re-
spective DVP1-P2-P3* polypeptide and comparable with pro-
cessing products of the complete HAV polyprotein (26). In
addition, processing products VP0, VP3, and VP1-2A corre-
spond to the respective polypeptides detected in HAV-infected
cells (data not shown here; see references 2, 6, 18, and 29).
The specificity of 3C was assessed by identification of the

processing products employing immunoprecipitation and
comigration with recombinant reference proteins. In all in-

stances, cleavage at the nine putative sites could be shown,
although to various extents. Processing product 2B was partic-
ularly interesting, since it migrated at a mobility different from
what has been proposed earlier (7). Comigration with a recom-
binant protein expressed from the PCR-amplified genomic re-
gion between nt 3237 and 3989 suggested that the N terminus
of 2B comprises amino acids AKIS and a following chain and
is located further upstream in the HAV polyprotein. This ob-
servation is in line with the cleavage of a synthetic oligopeptide
representing the respective junction. The relative cleavage ef-
ficiency of the 2A-2B peptide used here was higher than that
determined for a peptide site proposed earlier (7, 13). Comi-
gration with the PCR-derived translation product strongly sug-
gested that VP1-2A comprises amino acids 492 to 836 of the
HAV polyprotein. Since a protein of similar electrophoretic
mobility (38 kDa) was observed in HAV-infected cells, it can
be assumed that processing of in vitro-synthetized substrates by
purified 3C truly reflects the processing pattern in vivo (2, 6,
18). The relative stability of VP1-2A in vivo and in vitro may
argue for a function of VP1-2A different from that of VP1.
Among the products derived by inter- and intramolecular

processing of the in vitro-produced P3 domain, 3ABC was a
stable intermediate, implying that sites 3A/3B and 3B/3C are
not efficiently cleaved when produced in the cell-free system. It
is interesting to note that 3BC and 3C are generated when this
region is expressed in vivo (10, 11, 26, 28). Most probably,
either the reticulocyte lysate system is devoid of factors neces-
sary to cleave 3ABC or proteins produced in the cell-free
system are subject to misfolding (3).
The relative cleavage efficiency of 3C at the various sites was

evaluated by comparison of the product patterns formed when
the various domains of the HAV polyprotein were exposed to
increasing concentrations of the purified enzyme. The amounts
of intermediate and end products varied significantly depend-
ing on the enzyme concentration used and allowed ranking of
the cleavage sites. This was most clearly observed in the liber-
ation of P3*m, which was detected at the lowest 3C concentra-
tion tested (12 nM), from the DVP1-P2-P3*m precursor
whereas, for instance, 2B appeared at an enzyme concentration
as high as 12 mM. The apparently very efficient intermolecular
cleavage at site P2/P3 is in accordance with data obtained in
translation kinetics of the respective autoproteolytically active
protein, in which P3 was the first processing intermediate to be
detected (11, 14, 16, 26). Additionally, our finding is consistent
with cleavage experiments with a synthetic peptide which rep-
resents the 2C/3A junction (13).
In addition to the respective intermediate products, cleavage

of the P1-P2 domain and parts of it resulted in the expected
end products VP0, VP3, VP1-2A, 2A, 2B, and 2C, indicating
that all sites of this region of the polyprotein are recognized as
substrates of 3C. In contrast to another report, mature VP1, a
protein of approximately 33 kDa, was not observed as process-
ing product derived from either P1-P2, P1-2AB, VP1-2A, or
VP1-2AB (21). The fact that we had obtained clear evidence
for cleavage of the VP1/2A site by using substrate DVP1-P2-
P3*m suggests that the N-terminal region of VP1 plays an
important role in the regulation of processing at the VP1/2A
site (26). It can be concluded that processing at both termini of
VP1 is mutually exclusive in the in vitro system, resulting in
either P1 and 2A or VP1-2A. Obviously, P1 is not further
processed under the experimental conditions used. Since both
VP1 and VP1-2A are produced under in vivo conditions, we
assume that host cell factors are involved in the liberation of
mature VP1 (2, 3, 18).
When full-length RNA was translated and cotranslationally

FIG. 6. Cell-free translation and intermolecular cleavage of VP1-2A (lanes 1
and 2) and VP1-2AB (lanes 3 to 9). Purified 3C was applied at a concentration
of 400 mg/ml (lane 2) or in various concentrations to cleave VP1-2AB (un-
cleaved, lanes 1 and 3): 1.4 mg/ml (lane 4), 3 mg/ml (lane 5), 14 mg/ml (lane 6),
140 mg/ml (lane 7), 400 mg/ml (lane 8), and 700 mg/ml (lane 9). Samples were
analyzed by SDS-PAGE on a 15% gel and fluorography. Molecular mass stan-
dards (in kilodaltons) are shown on the left. HAV proteins are indicated.
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cleaved by 3C, evidence that processing occurred in an ordered
manner was obtained. As P1-2A, P3, and 2BC were the first
products visible, it can be concluded that junctions 2A/2B and
2C/3A are the preferred sites for cleavage. Longer periods
were required to separate 2B and 2C and ultimately to process
P1-2A. These data imply that junctions 2A/2B and 2C/3A are
the sites of primary cleavage which are mediated by the only
virus-encoded proteinase 3C that subsequently catalyzes all
secondary cleavages also. Whether these cleavages occur by a
mono- or bimolecular reaction mechanism and whether pre-
cursors of 3C are involved in these reactions cannot be proven
by translation and processing of the complete polyprotein.
Our attempts to rank the susceptibilities to intermolecular

cleavage of the various sites within the HAV polyprotein by
time course studies failed, since even short time intervals could
not resolve different processing patterns. Although no time
dependence could be established, a pronounced effect of en-
zyme concentration was observed for all substrates tested.
These data support the order found for autocatalytic process-
ing of the polyprotein in vitro. Partition of the primary trans-
lation product between domains P2 and P3 was equally as
efficient as cleavage between P1-2A and 2BC. This is mani-
fested by the liberation of P1-2A from P1-2ABC* and P1-
2AB* at an enzyme concentration similar to that necessary to
cleave site 2C/3A within polyprotein DVP1-P2-P3* as well as
the respective synthetic peptide. Our evidence that intermo-
lecular processing of the HAV polyprotein depends on the
proteinase concentration rather than on the incubation period
favors the idea that the course of events in the infectious cycle
may be controlled by the amount of 3C liberated from the
polyprotein. While the initial production of nonstructural pro-
teins required for RNA replication might be effected by only
small quantities of proteinase, later processing events liberat-
ing the structural proteins possibly depend on larger concen-
trations of 3C.
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