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The picornavirus 3C proteases are required for the
processing of viral polyproteins during infections of
host cells. Here we report that the 3C protease of the
hepatitis A virus, like that of the encephalomyocardi-
tis virus, is a substrate for rapid, ubiquitin-mediated
degradation in vitro. Ubiquitin was shown to stimulate
the turnover of the hepatitis virus 3C protease, and
labeled protease was found to become incorporated
into a mixture of high molecular weight species, which
is characteristic of conjugation with polyubiquitin
chains. In the presence of methylated ubiquitin, a new
33 kDa species formed, consistent with the generation
of a monoubiquitin-3C protease conjugate. The rate of
degradation of the 3C protease was reduced by inhibi-
tors of the 26S proteasome. A similar evaluation of the
3C protease of poliovirus revealed that it is stable pro-
tein and is not conjugated with ubiquitin. It was also
determined that the hepatitis A and encephalomyocar-
ditis virus 3C proteases compete with each other for
conjugation with ubiquitin and for degradation. This
suggests that the two 3C proteases are both recognized
by the same ubiquitin system enzyme, or enzymes, re-
sponsible for selecting them as targets for destruction.
© 1997 Academic Press

Upon infection of a host cell by a member of the virus
family Picornaviridae, the synthesis of a large polypro-
tein coded for by the positive stranded viral RNA ge-
nome is initiated. Although the specific events which
lead to the generation of mature, functional viral pro-
teins from these polyprotein precursors depends upon
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the virus, all members of the Picornaviridae rely upon
a protease located in the P3 region of their polyprotein
precursor to catalyze the majority of the processing re-
actions. These proteases, designated the 3C proteases,
are 20 to 24 kDa cysteine proteases which appear to
be related to the trypsin protease group (1). The 3C
proteases act both inter and intra molecularly to cata-
lyze specific cleavages in their polyprotein precursors,
which also results in the release of the mature 3C pro-
teases (2,3).

We have shown that the 3C protease produced by
one picornavirus, the encephalomyocarditis virus
(EMCV?), is rapidly degraded by the ubiquitin-medi-
ated proteolytic system (4). Evidence gathered to date
suggests that ubiquitin-mediated proteolysis is respon-
sible for the degradation of a number of key cellular
regulatory proteins (for reviews see 5-8). Proteins de-
graded by the ubiquitin system are selectively modified
by conjugation, at the e-amino group of one or more
lysines, with polyubiquitin chains. This is accom-
plished by a reaction pathway that requires at least
three enzymes, these being a ubiquitin activating en-
zyme (E1), a ubiquitin conjugating enzyme (E2), and a
ubiquitin-protein ligase (E3). Multiple E2 and E3 en-
zymes exist, and the selection of the target substrate
appears to depend upon a specific E3 ligase, or an E3 in
conjunction with a particular E2 (5-12). The ubiquitin-
substrate protein conjugates are recognized and de-
graded by the 26S proteasome complex (5-8, 13-15). In
the case of the EMCV 3C protease, the ubiquitin sys-
tems present in rabbit reticulocytes and in mouse
mammary tumor cells have both been shown to be ca-
pable of catalyzing the synthesis of ubiquitin-3C prote-
ase conjugates and quickly degrading the 3C protease
protein (4,16,17).

A number of important questions remain about the
proteolytic degradation of the EMCV 3C protease, in-
cluding what role this turnover might play in the repli-
cation of the virus and how the protein is recognized
and acted upon by the ubiquitin enzyme system. Con-
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sidering the relatively small number of natural sub-
strates for ubiquitin-mediated degradation that have
been discovered, the emerging evidence for the com-
plexity of the system, and the potential importance of
selective degradation of viral proteins in modulating
infectious cycles, the value of finding answers to these
guestions is apparent. These explorations may be facili-
tated through the identification of other picornavirus
3C proteases that also serve as substrates for ubiqui-
tin-mediated proteolysis. Here we report the results
of experiments with two additional 3C proteases. The
information we have obtained indicates that the hepa-
titis A virus (HAV) 3C protease is a substrate for conju-
gation with ubiquitin and rapid degradation by the pro-
teasome, while the 3C protease of poliovirus is not. In
addition, we have obtained evidence suggesting that
the rabbit reticulocyte ubiquitin pathway enzyme, or
enzymes, which specifically recognizes the EMCV 3C
protease also participates in the conjugation of ubiqui-
tin to the HAV 3C protease.

MATERIALS AND METHODS

Plasmid constructions. pHAV3C, which contains the sequence
coding for the HAV 3C protease with an N-terminal methionine, was
constructed as follows. The DNA coding for the HAV 3C protease
was amplified by PCR from pE5P-P3 (18), which was the generous
gift of Ellie Eherenfeld, using the primers ATGCAGATCCCATGG-
AATCTCAGTCAAC and CTGAGTAGGATCCACTTTCATAATTCA-
CTGACTTTCA. Following treatment with Nco | and EcoR I, the
sequence was ligated into the previously modified in vitro transcrip-
tion vector pGEM-3Z (4). The in vivo expression vector pETHAV3C,
was constructed by amplifying the HAV 3C coding-DNA from pE5P-
P3 using the first primer from above, along with the primer CACTTT-
CAGAATTCACTGACTTTC. Following treatment with Nco | and
BamH I, the sequence was ligated into pET3d (19). For the construc-
tion of pETP3C, which carries the sequence coding for the poliovirus
3C protease with an N-terminal methionine, the sequence coding for
the poliovirus 3C protease was amplified by PCR from pT7-1 (20),
which was the generous gift of Bert Semler, using the primers
CAGCAAAGGCCATGGGACCAGGGTTCGATTACGCAG and TCC-
ACTGGATCCCCTATTGACTCTGAGTGAAGTATGATC. Following
treatment with Nco | and BamH |, the sequence was ligated into
pET3d. The previously described pE3B’'CD* (4) was modified to re-
move sequences coding for extraneous flanking amino acids, by am-
plifying the EMCV 3C protease coding region using the primers GTT-
GGACACCATGGGACCAAACCCTGTG and AATACGACTCACTAT-
AGGGC. Following treatment with Nco | and EcoR I, the sequence
was ligated into the modified pGEM-3Z. The resulting plasmid,
pE3C, carries the sequence coding for the EMCV 3C protease with
an N-terminal methionine. The 3C protease coding sequence in pE3C
was mutated by PCR to change the codon for C,s¢ to A;s9, USing the
mutagenic primers GAAAGGGCTGGGCTGGATCAGCC and GGC-
TGATCCAGCCCAGCCCTTTC. This modified plasmid was desig-
nated pE3Cais9. Sequences inserted into vectors were confirmed by
sequence analysis with an Applied Biosystems automated DNA se-
quencer.

In vitro and in vivo synthesis of 3C proteins. RNA transcripts
were prepared from linearized in vitro transcription plasmids as pre-
viously described (4,16). In vitro translations in 58% (v/v) nuclease-
treated reticulocyte lysate (Promega) in the presence of L-[**S]-
methionine were carried out to generate [*°*S]-labeled 3C protease
proteins (4,16). pET vectors carrying 3C protease coding sequences
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were transformed into E. coli BL21 (pLysS), and expression was
induced as described (4). Poliovirus and EMCV 3C proteases and
EMCYV 3Cais protease were refolded from inclusion bodies and puri-
fied using the published scheme (4). HAV 3C protease was purified
from the soluble cell lysate fraction by filtration through Q-Sepharose
(Pharmacia) equilibrated with 50 mM Tris-HCI, pH 7.9, 1 mM DTT,
and 0.1 mM EDTA, followed by passage of the filtrate through a
column of Sephadex G-100 (Pharmacia) equilibrated with 50 mM
Tris, pH 7.6, 20 MM KC,H3;0,, 1 mM DTT, 0.1 mM EDTA. The purity
of the 3C protease preparations, as monitored by SDS-PAGE (21)
was greater than 95%. Correct refolding of the purified poliovirus
3C protease was tested by evaluating catalytic activity using in vitro
synthesized **S-labeled poliovirus P1 polyprotein generated by tran-
scription from pT7-1 digested with BstE Il and translation of the
RNA in reticulocyte lysate (22). Correct refolding of the purified
EMCYV 3C proteases was tested by evaluating catalytic activity using
in vitro synthesized *S-labeled EMCV LVPO polyprotein as pre-
viously described (4,16).

Evaluation of the stabilities of the 3C proteases and susceptibility
to conjugation with ubiquitin. RNA transcripts coding for the 3C
protease proteins were translated, as described above, in nuclease-
treated reticulocyte lysate containing an ATP-synthesis system, and
the reactions were terminated by the addition of 0.1 mg/ml cyclohexi-
mide. For measurements of protein degradation rates, the mixtures
were then incubated at 30°, and aliquots were removed at the indi-
cated times and precipitated with acetone (4,16). In some cases, the
reaction mixtures were supplemented with 0.1 mM added ubiquitin
(Sigma). Evaluation of the effects of ATP-y-S (Sigma) was carried
out as previously described (16). For tests of the effects of MG132
(Peptide Inst. Inc.), reaction mixtures consisted of a final concentra-
tion of 50% (v/v) nuclease-treated reticulocyte lysate (Promega), and
included 10% (v/v) of a terminated 3C protease in vitro translation
reaction mixture, 20 mM HEPES-KOH, pH 7.8, 2 mM ATP, 2 mM
Mg(C,H30,),, 1 mM DTT, and either 0.05% DMSO or 0.05% DMSO
plus 50 uM MG132. The mixtures were incubated at 30° and aliquots
were removed at the indicated times and precipitated with acetone.
All precipitated aliquots were analyzed by 12% SDS-PAGE, autoradi-
ography, and, in some cases, liquid scintillation counting (4,16). For
detection of the formation of monoubiquitin-3C protease conjugates,
terminated in vitro translation reaction mixtures were incubated at
30° in the presence of 0.1 mM reductively methylated ubiquitin
(4,23). Aliquots were removed at the indicated times, precipitated
with acetone, and analyzed by 12% SDS-PAGE and autoradiography.

Evaluation of the competitive effects of pure 3C proteases. Reac-
tion mixtures contained a final concentration of 40 % (v/v) nuclease-
treated reticulocyte lysate, and included 20% (v/v) of a terminated
3C protease in vitro translation reaction mixture, 20 mM HEPES-
KOH, pH 7.8, 2 mM ATP, 2 mM Mg(C,Hz0,),, 1 mM DTT, the indi-
cated concentration of added purified 3C protease preparation, and
0.25 mM either added ubiquitin or Me-ubiquitin. Aliquots were re-
moved at the indicated times, precipitated with acetone, and ana-
lyzed by 12% SDS-PAGE and autoradiography.

RESULTS

Evaluation of the 3C proteases as substrates for ubi-
qguitin-mediated degradation. The stabilities of the
HAYV and poliovirus 3C proteases in the rabbit reticulo-
cyte lysate system were determined. The reticulocyte
ubiquitin-mediated system is one of the most thor-
oughly characterized, and it has often been employed
in studies of the ubiquitin-mediated turnover of specific
proteins (5-8). In vitro synthesized *S-labeled 3C prote-
ases were incubated in reticulocyte lysate in the pres-
ence or absence of added ubiquitin, and the relative
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FIG. 1. A. SDS-PAGE analysis of reaction mixtures containing
the %°S-labeled 3C proteases incubated in reticulocyte lysate in the
presence of added ubiquitin. HAV 3C protease samples are in lanes
1 - 4, EMCV 3C protease samples are in lanes 5 - 8, and poliovirus
3C protease samples are in lanes 9 - 12. Aliquots were removed from
the reaction mixtures at: 0 min (lanes 1, 5, and 9), 30 min (lanes 2,
6, and 10), 90 min (lanes 3, 7, and 11), and 240 min (lanes 4, 8, and
12). B. Measurements of the amounts of the *S-labeled 3C proteases
remaining as a function of time, in the absence (- ® -) and presence
(- O -) of added ubiquitin. Bars represent the standard deviations for
three measurements.

amounts of labeled protein present were measured as
a function of time. As Fig. 1A and B show, the HAV
3C protease is quickly degraded, although the rate is
less than that of the EMCV 3C protease, data for which
is included to allow comparison. The presence of sup-
plemental ubiquitin resulted in an increase in the ini-
tial rate at which the proteases were degraded, as well
as in an increase in the extent to which degradation
occurred. The poliovirus 3C protease, on the other
hand, proved to be quite stable, with less than 15 per-
cent disappearing over a four hour period. The presence
of additional ubiquitin did not increase the rate at
which this degradation occurred. An examination of
lanes 1 through 8 of the autoradiogram in Fig. 1A,
reveals the presence, at early times in the incubation,
of labeled species with incrementally larger masses
than either the HAV or EMCV 3C proteases. These
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species, which are more clearly visible in the EMCV
protein samples, disappear with time and are charac-
teristic of the formation of a heterogeneous mixture of
polyubiquitin-substrate protein conjugates (4). These
apparent conjugates are absent in the poliovirus sam-
ples (lanes 9 through 12). The secondary protein bands
which migrate immediately below the major 3C prote-
ase bands in the gel lanes containing the EMCV and
poliovirus protein samples most likely result from
translation initiation at nearby downstream in frame
start codons which exist within favorable Kozak con-
sensus sequences (24).

Further evidence that the rapid turnover of the HAV
3C protease occurs via ubiquitin-mediated proteolysis
was obtained by including methylated ubiquitin in the
reaction mixtures. The blocked amine groups allow Me-
ubiquitin to become incorporated into monoubiquitin
conjugates with other proteins, but the formation of
the polyubiquitin chains required for efficient degrada-
tion is prevented (23). As shown in Fig. 2, in the pres-
ence of Me-ubiquitin a new, easily detected, labeled
species with a molecular mass consistent with that of
monoubiquitin-HAV 3C protease appeared. It has been
shown that a similar species which is synthesized from
the EMCV 3C protease contains both the EMCV pro-
tein and ubiquitin (4). The results in Fig. 2 also reveal
that the poliovirus 3C protease does not become incor-
porated into monoubiquitin-3C protease conjugates un-
der these conditions.

The data presented thus far support the idea that,
like the EMCV 3C protease, the 3C protease of HAV
is rapidly degraded by the ubiquitin-mediated system,
while the poliovirus 3C protease is not. Since proteins
tagged with polyubiquitin chains are recognized and
degraded by the proteasome, experiments were carried
out to ascertain the involvement of the proteasome in
the HAV 3C protease turnover. The effects of two inhib-
itors of proteasome activity were evaluated. The ATP
analog ATP-yS, which supports the conjugation of ubi-
quitin to substrate proteins but does not support the
ATP-dependent functioning of the proteasome, was
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FIG. 2. SDS-PAGE analysis of reaction mixtures containing the
%S-labeled 3C proteases incubated in reticulocyte lysate in the pres-
ence of added Me-ubiquitin. HAV 3C protease samples are in lanes
1 - 3, EMCV 3C protease samples are in lanes 4 - 6, and poliovirus
3C protease samples are in lanes 7 - 9. Aliquots were removed from
the reaction mixtures at: 0 hr (lanes 1, 4, and 7), 1 hr (lanes 2, 5,
and 8), and 4 hr (lanes 3, 6, and 9).
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FIG. 3. A. SDS-PAGE showing the effects of ATP-yS on the *S-
labeled HAV 3C protease incubated in reticulocyte lysate in the pres-
ence of added ubiquitin. Minus ATP-yS samples are in lanes 1 - 5,
and plus ATP-yS samples are in lanes 6 - 10. Aliquots were removed
from the reaction mixtures at: 0 min (lanes 1 and 6), 30 min (lanes
2 and 7), 60 min (lanes 3 and 8), 120 min (lanes 4 and 9); and 180
min (lanes 5 and 10). B. SDS-PAGE showing the effects of MG132
on the *S-labeled HAV 3C protease incubated in reticulocyte lysate
in the presence of added ubiquitin. Minus MG132 samples are in
lanes 1 - 6, and plus MG132 samples are in lanes 7 - 12. Aliquots
were removed from the reaction mixtures at: 0 min (lanes 1 and 7),
10 min (lanes 2 and 8), 20 min (lanes 3 and 9), 30 min (lanes 4 and
10), 60 min (lanes 5 and 11), and 120 min (lanes 6 and 12).

found to reduce the rate of degradation of the HAV
3C protease (Fig. 3A). Moreover, the presence of this
compound resulted in the accumulation of a significant
guantity of higher molecular mass labeled material,
which very likely represents a heterogeneous mixture
of polyubiquitin-3C protease conjugates (4). The pep-
tide analog inhibitor of proteasome proteolytic activity,
MG132 (25) was also discovered to reduce the rate of
HAYV 3C protease degradation (Fig. 3B). In our hands
this inhibitor produces a smaller accumulation of poly-
ubiquitin-substrate protein conjugates than does ATP-
vS. These results indicate that the actual degradation
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of the HAV 3C protease is accomplished by the protea-
some.

Evaluation of the 3C proteases as competitive inhibi-
tors of degradation and ubiquitin conjugate formation.
Given that both the HAV and EMCV 3C proteases are
degraded by the ubiquitin-mediated system, the ques-
tion arises as to whether the two proteins share fea-
tures that allow them to be recognized by the same
ubiquitin conjugating pathway factor or factors. In or-
der to test this possibility, HAV, poliovirus, and EMCV
3C proteases were purified to near homogeneity from
expressing E. coli cells. These proteins were then evalu-
ated for their ability to inhibit the degradation, and
incorporation into ubiquitin conjugates, of labeled in
vitro synthesized 3C proteases. While performing these
experiments, it was discovered that the EMCV 3C pro-
tease catalyzes the hydrolysis of the HAV 3C protease
at one or more undetermined sites. The result is an
HAYV 3C protease reduced in mass by about 1 kDa (data
not shown). A mutant of the EMCV 3C protease was
therefore prepared, in which the catalytic cysteine at
position 159 (26) was changed to alanine. This protein
was employed in the experiments involving labeled
HAV 3C protease.

As shown in Fig. 4A, purified HAV 3C protease was
found to inhibit the degradation of the labeled versions
of both itself and the EMCV 3C protease in reticulocyte
lysate. Purified EMCV 3C protease proved to be an
even more potent inhibitor of the turnover of itself and
of the HAV 3C protease. This result is consistent with
the idea that these two proteins compete with each
other for degradation. Purified poliovirus 3C protease
had no effect on the degradation of either the HAV or
EMCV 3C proteins. That the purified EMCV 3Cais¢
protein lacks catalytic activity was confirmed by dem-
onstrating its inability to cleave the EMCYV polyprotein
capsid precursor LVPO (Fig. 4B; ref. 16). This mutant
protein is, however, as effective as the wild type protein
in inhibiting the degradation of the labeled in vitro
synthesized EMCV 3C protease (Fig. 4C). In an at-
tempt to determine if the observed reductions in degra-
dation rates could be caused, at least in part, by compe-
tition for a limiting component of the ubiquitin conju-
gating pathway, the effects of the purified 3C proteases
on the synthesis of labeled Me-ubiquitin-3C protease
conjugates were tested. The EMCV 3C protease was
observed to strongly inhibit the attachment of Me-ubi-
quitin to both labeled HAV and EMCV 3C proteases
(Fig. 5). Neither the purified HAV or poliovirus 3C pro-
teins measurably inhibited the incorporation of either
labeled protein into conjugates with Me-ubiquitin.
While these results suggest that both the HAV and
EMCV 3C proteases are conjugated to ubiquitin in
pathways that share at least one substrate-recognizing
component, the failure of the purified HAV protein to
act as an inhibitor of conjugate synthesis may indicate
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FIG. 4. A. SDS-PAGE showing the effects of added purified 3C
proteases on the degradation of the **S-labeled HAV and EMCV
3C proteases in reticulocyte lysate. Aliquots were removed from the
reaction mixtures at 2 hr, except for the samples in lane 1, which
were removed at 0 hr. The samples analyzed are: no added protease
(lanes 1 and 2); 2, 4, and 8 uM added HAV 3C protease (lanes 3, 4,
and 5, respectively), 2, 4, and 8 uM added EMCV 3Ca;s50 protease
(lanes 6, 7, and 8, respectively, top panel only), 2, 4, and 8 uM added
EMCV 3C protease (lanes 6, 7, and 8, respectively, bottom panel
only), and 2, 4, and 8 uM added poliovirus 3C protease (lanes 9, 10,
and 11, respectively). B. Activity assay of the EMCV 3C and 3Casg
proteases. %S-labeled EMCV LVPO polyprotein was incubated with
EMCYV 3C or 3Cass0 proteases as described in Materials and Methods.
Aliquots were removed from the reaction mixtures at 2 hr, except
for the sample in lane 1, which was removed at 0 hr. The samples
analyzed are: no added protease (lanes 1 and 2), added 3C protease
(lane 3), and added 3Ca;s0 protease (lane 4). C. SDS-PAGE showing
the effects of added purified EMCV 3Ca;59 protease on the degrada-
tion of **S-labeled EMCV 3C protease in reticulocyte lysate. Aliquots
were removed from the reaction mixtures at 2 hr, except for the
sample in lane 1, which was removed at 0 hr. The reactions analyzed
are: no added protease (lanes 1 and 2) and 2, 4, and 8 M added
EMCYV 3Cais9 protease (lanes 3, 4, and 5, respectively).
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differences exist in the kinetic details of the two pro-
cesses.

DISCUSSION

Previous reports have suggested, based upon indirect
evidence, that the 3C protease of HAV might be unsta-
ble in reticulocyte lysate (27) and in infected cells (28).
The results of this study confirm that the HAV 3C pro-
tease is a rapidly degraded protein, and that it, like the
EMCYV 3C protease (4), is a substrate for the ubiquitin-
mediated proteolytic system. In vitro synthesized *S-
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labeled HAV 3C protease was shown to be degraded in
the rabbit reticulocyte lysate system with a half-life of
approximately 60 min, which is about twice the value
for the EMCYV protein (4). Evidence that this turnover
involves the conjugation of ubiquitin to the HAV 3C
protease includes the stimulation of the degradation
by increased ubiquitin concentration and the synthesis,
in the presence of Me-ubiquitin, of a product with the
expected mass of about 33 kDa for a monoubiquitin-
3C conjugate. ATP-yS and MG132 were both found to
markedly reduce the rate at which the HAV 3C prote-
ase is degraded, implicating the 26S proteasome as the
proteolytic agent (4,25).

In contrast to the results with the HAV 3C protease,
the 3C protease of poliovirus was found to be quite
stable in the reticulocyte lysate system. No evidence
for the conjugation of ubiquitin with this protein was
observed, and the addition of ubiquitin did not diminish
the stability of the protein. It is possible that reticulo-
cytes lack a ubiquitin conjugating system enzyme
which is required for the recognition of the poliovirus
3C protease. Such an enzyme may be present in the
virus's natural human host cells, but preliminary ex-
periments in which concentrated cytoplasmic extracts
of cultured human lung fibroblasts were added to la-
beled poliovirus 3C protease in reticulocyte lysate did
not induce either the synthesis of ubiquitin-3C prote-
ase conjugates or the degradation of the protein (data
not shown).

The apparent slow turnover rate of the poliovirus
3C protease suggests that rapid degradation of the 3C

HAV 3C =+

-
) - -

FIG. 5. SDS-PAGE showing the effects of added purified 3C pro-
teases on the incorporation of the **S-labeled HAV and EMCV 3C
proteases into monoubiquitin conjugates during incubation in reticu-
locyte lysate in the presence of Me-ubiquitin. Aliquots were removed
from the reaction mixtures at 40 min. The reactions analyzed are:
no added protease (lane 1), 8 uM added HAV 3C protease (lane 2),
8 uM added EMCV 3C protease (lane 3), and 8 uM added poliovirus
3C protease (lane 4).

123



Vol. 238, No. 1, 1997

proteases will not prove to be a necessary event for the
successful replication of all picornaviruses. It remains
to be seen what role, if any, the destruction of 3C prote-
ases plays in the infectious cycles of HAV and EMCV.
The poliovirus, HAV, and EMCV proteases all have
different substrate specificities (2,3,18), and it is proba-
ble that if the HAV and EMCYV proteases recognize any
cellular proteins as substrates during their infectious
cycles, these proteins are different than those known
to be cleaved by the poliovirus 3C protease (29-31).
Stability of the poliovirus 3C protease may therefore
be vital for efficient poliovirus replication, but the pres-
ervation of mature HAV and EMCV 3C protease func-
tion in infected cells may interfere with HAV and
EMCYV reproduction. The evolution of the HAV and
EMCYV 3C proteases, which share little sequence ho-
mology (32-33), into substrates for the same highly se-
lective cellular proteolytic system, lends support to the
possibility that the rapid degradation of these proteins
is an important event in the replication of HAV and
EMCV.

In spite of the lack of similarity between the HAV
and EMCYV 3C protease sequences, data was obtained
which suggests that both proteins are recognized by
the same ubiquitin system enzyme, or enzymes, which
selects them for degradation. The HAV and EMCV 3C
proteases were shown to compete with each other for
access to the reticulocyte proteolytic machinery, as in-
dicated by the ability of each to reduce the rate at which
the other is degraded. The EMCYV protein was found to
be the stronger competitor in these experiments. The
poliovirus 3C protease was determined not to serve as
an inhibitor of the degradation of either of the other
two other 3C proteases, which is consistent with the
evidence that it is not a substrate for the ubiquitin
system. While at least some of the competition between
the HAV and EMCYV 3C proteases for degradation may
occur during the binding of the polyubiquitin-3C prote-
ase conjugates to the 26S proteasome complex, compe-
tition between the two 3C proteins definitely occurs
during the ubiquitin conjugation stage. This is indi-
cated by the observation that the purified EMCV 3C
protease strongly inhibits the formation of conjugates
between Me-ubiquitin and the labeled in vitro synthe-
sized HAV 3C protease. The most straightforward in-
terpretation of this result is that the EMCV 3C prote-
ase binds to an enzyme of the ubiquitin conjugation
pathway that is required for the recognition of both the
EMCV and HAV 3C proteases. The most likely candi-
date for this unidentified protein is an E3 ubiquitin-
protein ligase, since the members of this class of en-
zymes appear to be responsible for protein substrate
recognition by the ubiquitin pathway (5-12). The puri-
fied HAV 3C protease did not act as an inhibitor of
ubiquitin-EMCV or HAV 3C protease conjugate syn-
thesis, at least under the conditions employed here.
One explanation for this is that the HAV 3C protease
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binds to the recognizing-enzyme with an affinity which
is considerably lower than that of the EMCV 3C prote-
ase. The data may also indicate that the attachment
of ubiquitin is a rate-limiting step in the degradation
of the EMCV 3C protease, but not in the destruction
of the HAV 3C protein. In any case, the identification
of two ubiquitin system substrates which share recog-
nition elements will facilitate the search for what these
elements are. This in turn will assist in the under-
standing of how substrate proteins are recognized by
the ubiquitin conjugation pathway.
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