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The use of protease inhibitors causes the accumulation of very large polypeptides
(polyprotein) in tissue culture cells infected with either poliovirus or echovirus 12.
The effectiveness of the inhibitor varies, depending on the cell line chosen. In in-
fected monkey kidney cells, polyprotein is not cleaved when a chymotrypsin in-
hibitor is added, but in infected HeLa cells a trypsin inhibitor is most effective. There-
fore, at least a part of the proteolytic activity is supplied by the host cell. Extracted
viral polyprotein can be cleaved in vitro by trypsin or chymotrypsin. As estimated
by migration in sodium dodecyl sulfate gels and antigenicity, chymotrypsin cleavage
of the poliovirus polyprotein yields fragments which are similar to the in vivo
product. The polyprotein is not in soluble form but is attached to a fast-sedimenting,
membrane-bound structure. Proteolytic activities in cell extracts were assayed using
polyprotein as substrate, and infected and uninfected extracts produced qualita-
tively dissimilar cleavages.

Several laboratories described almost simul-
taneously a polypeptide cleavage process in
picornavirus-infected cells (9, 11, 17). Indications
that the process involved the cleavage of larger
viral polypeptides into smaller ones were derived
from pulse-chase experiments using radioactive
amino acids (9, 17) and were also inferred from
the use of combinations of amino acid analogues,
which caused the accumulation of very high-
molecular-weight proteins in infected, but not in
uninfected, HeLa cells (10, 11). From the latter
experiment, it was suggested that the messenger
ribonucleic acid (RNA) of poliovirus was acting
as one cistron and that its product was a large
polyprotein which was subsequently cleaved into
appropriate-sized polypeptides during or after
translation. A difflculty in the experiments using
amino acid analogues was that the pulse-chase
experiments failed to show cleavage of the
accumulated protein; thus its precursor role was
not testable. However, confirmation of a large
translation product has been provided recently
by Roumiantzeff et al. (14) who demonstrated a
protein of very high molecular weight synthesized
in vitro bypoliovirus polysomes. They also showed
that partial degradation of the protein occurred
in unfractionated cell extracts. Additional evi-
dence for precursors was revealed in the charac-
terization of a temperature-sensitive mutant of

1 Contribution no. 1952 from the Experimental Station, E. I.
DuPont de Nemours and Co., Wilmington, Del. 19898.

poliovirus (6). At the nonpermissive temperature,
proteins distinctly larger than normal viral pro-
teins accumulated in infected cells. When the
temperature was lowered, proteolysis of those
same proteins occurred, suggesting the resump-
tion of cleavage.

Evidence that cleavage is enzymatic was in-
ferred from the enzyme inhibitor, diisopropyl-
fluorophosphate (DFP; 10), which also caused
accumulation of large proteins. Although in-
terpretation of the result is made ambiguous by
the nonspecificity of the inhibitor, several ques-
tions occur. Are there one or more proteolytic
enzymes involved? Are the cleavage enzymes host
or virus specified, and what are the requirements
for cleavage at the correct site in the precursor
protein?

I have used protease inhibitors of greater
specificity and have obtained results suggesting
that the viral polyprotein is cleaved initially by a
host enzyme. The precursor material is apparently
membrane bound and can be cleaved in vitro to
polypeptides with the same size and antigenicity
as the in vivo product. Extracts of either infected
or uninfected HeLa cells are able to cleave the
precursor polypeptides; however, the end prod-
ducts differ.

MATERLALS AND METHODS

Conditions for growth and maintenance of HeLa-O
cells and LLCMK2 rhesus monkey kidney cells have
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been previously described (13). Poliovirus P217-
Ch2ab (type 2, attenuated) was obtained from R.
Bablanian. Echovirus type 12 (Travis strain) was
provided by S. Halperen. Protease inhibitors were
purchased from either Sigma Chemical Co., St.
Louis, or Calbiochem, Los Angeles.

Infection and labeling of infected cells. Cells grown
to confluency in 100-mm petri dishes were infected
with 20 to 50 plaque-forming units per cell of either
echovirus 12 or poliovirus type 2. After incubation for
30 min at 37 C to permit adsorption, the inoculum was
removed, and 5 ml of Hanks balanced salts solution
(Grand Island Biological Co.) was added to each
petri dish. The cultures were further incubated at
37 C. Four to five hours after infection, 3H-labeled
amino acid mixtures (New England Nuclear Corp.)
were supplied to the cells at 5 ,uCi/ml. A 1-hr period
of labeling was permitted either in the presence or
absence of protease inhibitors. The labeling period
was terminated by chilling the cells to 4 C and scrap-
ing and collecting the contents of two petri dishes
(about 2 X 107 cells) into dialysis tubing. The con-
tents were dialyzed overnight at 4 C against 2,000
volumes of Dulbecco's phosphate-buffered saline
(PBS). The cells were then broken by 10 strokes in a
Dounce homogenizer. The supernatant fluid resulting
after a centrifugation (10 min) at 600 X g was dia-
lyzed further at 4 C against PBS to remove traces of
radioactive amino acids and inhibitors.
Enzyme treatment of cell extracts. Crystalline pro-

teolytic enzymes were purchased from the Worthing-
ton Co. At least 45 units of each enzyme was supplied
to the extract, and an incubation period of 2 hr at
37 C was used.

Preparation of samples for electrophoresis. Samples
were constituted to contain 1% sodium dodecyl sul-
fate (SDS) and 1c%o mercaptoethanol, prior to heating
at 100 C for 1 min. The reduced, denatured samples
were subjected to electrophoresis on SDS-polyacryl-
amide gels by the technique of Summers et al. (18)
using 5 ma per JO-cm gel for 17 to 20 hr. Gels were
fractionated by a crushing device (Savant Instru-
ments) and counted by liquid scintillation in Triton
X-100 and toluene (13). All patterns were obtained
from 10&( polyacrylamide gels unless otherwise
noted.

Serum precipitin reactions. Extracts were incubated
with hyperimmune monkey antiserum (Microbiologi-
cal Associates) against echovirus 12 or polio type 2
in 0.2- to 0.5-ml volumes. The incubation period was
2 hr at 37 C using serum diluted 1:5. The resulting
precipitates were pelleted by centrifugation at 600 X
g for 15 min and dissolved in 0.1% SDS before elec-
trophoresis on polyacrylamide gels. Sera were made 1
mm in each of the two protease inhibitors described
below and incubated for 1 hr at 37 C prior to use
to reduce endogenous proteolytic activity.

RESULTS

Effect of protease inhibitors on viral proteolysis.
Two protease inhibitors were selected for their
known specificity (15, 16). They were tolylsulfonyl
phenylalanyl chloromethyl ketone (TPCK), a

chymotrypsin inhibitor, and tolylsulfonyl lysyl
chloromethyl ketone (TLCK), a trypsin inhibitor.
The effects of the addition of the inhibitors to

infected cells are shown in Fig. 1. Panel la shows
the polypeptides found in poliovirus-infected
HeLa cells. There are present the 15 or so species
reported by Summers et al. (18), with a molecular
weight range of 100,000 to 5,000. The effects of
the trypsin and chymotrypsin inhibitors on the
sizes and distribution of viral polypeptides in in-
fected HeLa cells are compared in Fig. lb. The
proteins from the cells incubated with TPCK are
not significantly different from those in untreated
cells (Fig. la). However, proteins from the
TLCK-treated cells are considerably different.
There is less of the medium and smaller poly-
peptides and an accompanying accumulation of
larger species. In fact, larger polypeptides are
present than those which are usually seen, even
after very short periods of labeling in cells without
the presence of inhibitors (9, 12, 17). This sug-
gests that poliovirus proteins in infected HeLa
cells are cleaved by a trypsin-like activity, at least
in part. However, this is not the case in monkey
kidney cells. With the same virus and the same
inhibitors, but LLCMK2 cells in place of HeLa
cells, the other inhibitor was the effective one. As
shown in Fig. lc, the trypsin inhibitor, TLCK,
was ineffective, whereas TPCK (0.1 mM) caused a
marked accumulation of very large proteins.
Thus, the cleavage of poliovirus proteins in
monkey cells is begun by a chymotrypsin-like
activity. The estimated molecular weight of the
large viral protein accumulated in monkey cells
by TPCK is >200,000 (Fig. ld), which is in the
range of the polyprotein described by Baltimore
(2). The results suggest that the protein of the in-
fecting virus is cleaved, at least in part, by an en-
zyme supplied by the host cell. The lack of a
specific qualitative effect of both inhibitors on the
proteins produced in uninfected tissue culture
cells is shown in Fig. 2. In Fig. 2a, the effect of
TLCK (0.1 mM) on uninfected HeLa cell protein
synthesis is compared with untreated cells. Figure
2b compares the proteins produced by uninfected
LLCMK2 cells in the presence and absence of
0.1 mM TPCK. In neither cell line was a drastic
toxic effect observed, although at drug concen-
trations higher than 0.5 mm there was a quantita-
tive reduction in label in all the proteins of the
cell, probably due to nonspecific alkylation by the
chloromethyl ketone moiety. However, proteins
with higher than normal molecular weights were
never found. This result agrees with other reports
which showed little effect of amino acid analogues,
or DFP, on the size of HeLa cell proteins (10).
These earlier results and the data in Fig. 2 suggest
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FIG. 1. SDS-gel electrophoresis of polypeptides synthesized in poliovirus-inifected cells. Migrationt
left to right. a, Cytoplasm of infected HeLa-O cells; b, effects of TPCK or TLCK otn cleavage in infected
HeLa cells (0-0, TPCK; A--A, TLCK); c, effects of TPCK or TLCK on cleavage in inifected
LLCMK2 cells (A-A, TPCK; *--*, TLCK); d, SDS-gel (5% acrylamide) of polio "polyprotein"
produced in infected LLCMK2 cells treated with TPCK (1t4 M). Labeled amino acids and TPCK
were added to cultures simultaneously. Gels containing standards were stainied with Coomassie blue.

a general lack of proteolytic cleavage in the pro-
duction of cellular polypeptides, although several
exceptions are now recognized (3, 4, 5). In con-
trast to the lack of quantitative effects on unin-
fected cells, the inhibitors, at 0.1 mm, caused
about a 50% decrease in total incorporation of
amino acids into infected cells. This may be a
consequence of inhibition of cleavage, but other
explanations, including greater permeability of
infected cells to inhibitors, are possible.

In vitro proteolysis of poliovirus polyprotein.
The effects of the proteolytic enzymes trypsin and
chymotrypsin on the poliovirus polyprotein are
shown in Fig. 3. The 3H-labeled polypeptides used
as substrates were obtained by the use of TPCK

from LLCMK2 cells infected with poliovirus.
Polypeptides were labeled in the presence of the
inhibitor from the fifth to sixth hours postinfec-
tion, and extracted and dialyzed as described
above. Figure 3a shows a control experiment in
which extracted polyprotein was incubated for 2
hr with no added protease.
A 2-hr incubation period with trypsin (Fig. 3b)

caused some, but not extensive, degradation of
the labeled polypeptides. Coelectrophoresis with
(in vivo) polio polypeptides indicated that at least
one component, which migrated with NCVP2,
was produced. More extensive cleavage was
caused by chymotrypsin (Fig. 3c). Polypeptides
resembling NCVP1, NCVP2, and small amounts
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FIG. 2. Effects of TPCK or TLCK on proteini synithesis in unzinfected cell cultures in SDS-gels. a, HeLa cell
polypeptides produiced in presenzce (A) or absence (@) of TLCK (1J-4 M); b, LLCMK2 cell polypeptides pro-
duced in presenice (A) or absenice (0) of TPCK (1JO4 M). Labeling was for 2 hr in Hanks balaiwed salts
solutioni With 2 ACi of 3H-amilno acid mixture per ml. The protease inhibitors were added with the radioactive
aminzo acids. Cells were then processed as described in Materials and Methods for gel analysis.

of VPI (or NCVP.; 10) and VP3 were produced
in vitro (NCVP, noncapsid viral protein; VP,
viral capsid protein) (17). These results were re-

producible in numerous experiments, and they
suggest that the poliovirus precursor protein con-
tains sites available to either trypsin or chymo-
trypsin but that the protein is a better substrate
for chymotrypsin. Both enzymes produced poly-
peptides with molecular weights of about 80,000,
which coelectrophoresed with NCVP2 (17, 18).
Additionally, chymotrypsin produced some poly-
peptides with the same electrophoretic mobility
as the virus coat proteins VP1 and VP3. The
other polypeptides produced were found neither
in sufficient quantity nor reproducibly to justify
their recognition as viral proteins. However, in

the time allowed for enzyme action, very little of
the precursor material was degraded to small
peptides or amino acids.
A difference was observed when a different

enterovirus was examined. Monkey kidney cells
infected with echovirus 12 also accumulated very
high-molecular-weight proteins in the presence of
TPCK. However, this material was not, after ex-

traction, cleaved by chymotrypsin or other
proteases, even when incubated as long as 20 hr
(data not shown). This may indicate that the
echovirus 12 polyprotein was altered during ex-

traction so that it is no longer a substrate or that
the necessary enzyme was not tested.

Structure of poliovirus polyprotein. Sedimenta-
tion analysis was carried out in sucrose gradients
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sediment with a coefficient of about 8 to 10S.
However, the polypeptides obtained sedimented
much faster than expected, with a coefficient
greater than 2005. SDS treatment caused a
marked decrease in the sedimentation rate, to
about 5 to 10S. Therefore the polypeptides occur
in large structures or as aggregates which may be
disrupted by SDS. To determine whether the large
structures were polyribosomes, we treated the
material with either 0.5% sodium deoxycholate
(DOC) or 0.1 M ethylenediaminetetraacetic acid
(EDTA). Polyribosomes are stable to DOC and
remain fast sedimenting but are degraded by
EDTA (7). EDTA had no marked effect on the
rate of sedimentation of the labeled polypeptides,
but DOC decreased the value to about 10S. This
suggests that the polypeptides are not in poly-
ribosomes, but rather that their high sedimenta-
tion rate is due to their presence in or on mem-
brane-bound structures. Such structures have
been described in polio-infected cells (2).

In addition to the association with a rapidly
sedimenting structure, the polio polypeptides
have a degree of tertiary structure (Fig. 4).
Figure 4a shows the distribution of proteins after
gel electrophoresis in SDS of chymotrypsin-
treated TPCK product. The broken line shows the
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FIG. 3. Effect of proteolytic enzymes onl polio
"polyprotein" produced in infected LLCMK2 cells
by TPCK treatment. a, Polyprotein as extracted in
Materials and Methods, incubated for 2 hr at 37 C,
and subjected to electrophoresis in SDS-gel (10%);
b, effect of trypsin treatment (500 ,ug/ml, 180 unitsl
mg) on polyprotein (see Materials and Methods for
treatment conditions); c, effect of chymotrypsin (500
,ug/ml, 90 units/mg) on polyprotein. A small amount
of "in vivo" 14C-polypeptides was subjected to co-
electrophoresis for comparison (0, 3H; A, 14C).
Enzyme treatments were terminated by making the
samples 1% in SDS and 2-mercaptoethanol, followed
by heating at 100 C for I min.

to determine whether the poliovirus polypeptides
from monkey cells which accumulated in the
presence of TPCK were in soluble form. A
polypeptide of about 250,000 daltons should
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FIG. 4. a, Necessity for heating chymotrypsin-
treated polio polyprotein to dissociate products. Sym-
bols: 0, no heating, followed by SDS-gel electro-
phoresis; A, heating to 100 C. b, Heat-denatured
polio polyprotein used as chymotrypsin substrate.
Chymotrypsinization was done as described in Mate-
rials and Methods.
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distribution similar to that shown in Fig. 3c,
which was obtained when the chymotrypsin
digest was heated in SDS before electrophoresis.
The solid line shows the result if the product of
chymotrypsin action is not heated before electro-
phoresis. The migration of labeled proteins is
quite slow compared to their rate in the heated
material. In fact, the rate is almost indistinguish-
able from that of the uncleaved precursor. This
indicates that, even though one or more peptide
bond scissions have occurred, there is sufficient
conformational stability to prevent the fragments
from separating. A question arising from this is
whether the polio polypeptides contain only a
limited number of sites available to chymotrypsin
or many, most of them masked by structural
restraints. The result of rapid denaturation of
labeled polyprotein, followed by quick cooling,
and incubation with chymotrypsin is shown in
Fig. 4b. After destruction of native structure by
heat denaturation, the polypeptides were readily
digested to low-molecular-weight fragments. This
suggests that the limited cleavage of the precursor
is dependent in vitro on the native conformation
of the substrate or the nature of its association
with a membrane.

Authenticity of in vitro cleavage. To provide
evidence that chymotrypsin digestion in vitro pro-
duced authentic viral proteins, the antigenicity
and molecular sizes of the in vitro-cleaved prod-
ucts were compared with polypeptides naturally
produced by poliovirus-infected cells. Figure 5a
shows the protein precipitated by antiserum when
it was added to a mixture of products of chymo-
trypsin digestion. The broken line shows proteins
precipitated by the addition to the digest of a
heterologous antiserum (to echovirus 12). The
solid line shows the material precipitated by
antiserum prepared in rabbits against polio-
infected monkey kidney cells. Several of the
polypeptides produced in vitro were precipitated
by the homologous serum and so appear to have
antigens resembling the natural product. Figure
5b compares directly the migration on SDS gels
of the precipitated material from the in vitro
enzyme digest with that produced in vivo. The
comparison indicates that the product of in vitro
chymotrypsin cleavage contains some poly-
peptides with similar size and antigenicity to
naturally produced NCVP1, NCVP2, and small
amounts of VP1 and VP3, as well as other com-
ponents in minor amounts.

In vitro cleavage by cell extracts. As an exten-
sion of the results in Fig. 3, showing enzymatic
cleavage of the large polio-specific polypeptides
in vitro, procedures were adapted to assay for
cleavage enzymes in cell extracts. Part of the
rationale in this experiment is that TPCK is an

a)

2

0

B

AVIs A,

10 20 30 40 50 60

FRACTION NUMBER

10_ NCVP2
(b) VP, (X)

B VP3

FNCVPN
E

4,

2:

10 20 30 40 50 60
FRACTION NUMBER

FIG. 5. Assay for anitigentic fragments in chymo-
trypsin-digested polio polyprotein. Polyprotein was
obtained from infected LLCMK2 cells by TPCK treat-
me/it and then reacted with chymotrypsin. The products
were first reacted for 2 hr with serum to echovirus 12
(see Materials and Methods), followed by centrifuga-
tion at 600 X g for 10 mini. The immunoprecipitate
of the heterologous serum is shown by SDS-gel elec-
trophoresis in Fig. 6a (A--A). The supernatant
fraction resulting from the centrifugation was then
reacted with serum to poliovirus type 2, and that pre-
cipitate was also anialyzed (@-@). In Fig. 6b, the
polypeptides precipitated from the chymotrypsin
digest by polio antiserum (A--A) are subjected to
coelectrophoresis with '4C-polypeptides produced in
vivo (*-@).

inhibitor (15) which irreversibly inactivates
endogenous protease, thus permitting assay of
added enzyme. Extracts of polio-infected HeLa
cells (Fig. 6a) brought about reduction of very
large polypeptides and the appearance of poly-
peptides which migrated coincidentally with
NCVP2, the major capsid polypeptides VPO,
VPl, and VP3, as well as other minor com-
ponents. The extracts of uninfected cells also
contained proteolytic activity, but mainly NCVP1
and NCVP2 (Fig. 6b) were produced, not capsid
polypeptides. These data will be presented in
greater detail in a subsequent communication, but
at present they suggest that polyprotein is cleaved
initially by a host enzyme, whereas the subsequent
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FIG. 6. Cleavage in vitro ofpolio polyprotein by cell
extracts. Labeled extracts were prepared as in Mate-
rials and Methods. Unilabeled extracts were prepared
by collecting HeLa cells from conifluent monolayers
anid adjustinig the volume to 20 X 106 cells/ml. Polio-
inifected cells (20 plaque-forming units/cell) were used
5 hr after inifection. "Extracts" were made by 10
strokes ofa Dounce homogenizer in PBS. Two volumes
of iiizlabeled extract were added to one volume of

labeled polyprotein extract and incubated for at least
2 hr at 37 C. It should be noted that labeled proteini
was exhaustively dialyzed to remove all traces of
TPCK. Reactions of polyprotein with extracts were-

terminiated by boiling in SDS anid mercaptoethaniol
prior to electrophoresis. a, Comparison of in vivo
and in vitro polypeptides. Cell extract was from in-
fected HeLa cells (A, in vivo; 0, infected extracts).
b, Same as a, but extract was from unintfected HeLa
cells (A, in vivo; 0, uniinfected extracts).

production of the capsid proteins from NCVP1
may be a viral function. There was no extensive
degradation of the labeled protein, as indicated
by no quantitative loss of label or conversion to
small polypeptides. In fact, the pattern in Fig. 6
obtained with infected HeLa cell extracts re-

sembled the in vivo pattern to a greater extent
than did the product of chymotrypsin digestion
(Fig. 3c). On the contrary, monkey cell extracts,
either infected or uninfected, demonstrated no

cleaving activity until 0.5%c DOC was added, at

which time extensive degradation of labeled
polypeptides to small fragments was observed.

Cleavage differences in vivo. A prediction from
the results in Fig. 1, which showed that different
protease inhibitors were active in two different
cell lines, is that the cleavage products of different
cell lines could be different. An extensive study of
this type was previously reported (8, 9), in which
the authors concluded that there were no sig-
nificant differences in the cleavage patterns of a
given picornavirus in several different cell lines.
Nevertheless, examination of the data in that
study suggests there are slight differences in the
patterns, depending on the cell lines used. The
polypeptide patterns produced in vivo by polio-
virus-infected monkey kidney and HeLa cells
were compared directly by double isotope co-
electrophoresis of amino-acid labeled poly-
peptides, using either 3H- or '4C-mixtures of
amino acids (Fig. 7). The differences shown were
obtained repeatedly. The NCVP1 (gel fractions
10-13) of poliovirus from HeLa cells is larger
than its counterpart from LLCMK2 cells by ap-
proximately 1,000 to 1,500 daltons, or about 10
amino acid residues; and NCVPX (gel fractions
32-35) from HeLa cells is concomitantly reduced
in size (10) by about the same amount. This is
consistent with a different site being cleaved in the
two cell lines, with different enzymes performing
the function.

DISCUSSION
From the work of several laboratories, it seems

apparent that the proteins of picornaviruses are
derived by cleavage of larger precursor molecules
(6, 10, 12, 17). Much less certain are the origin of
the proteases responsible, the specificity of the
cleavage reactions, the structure of the substrate,
and the physical site of the cleavages in the
infected cell.
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FIG. 7. Comparison by double isotope counting in
onie SDS-gel of poliovirus-type 2 cytoplasmic proteins
produced either in HeLa (0-*) or LLCMK2
(A--A) cells.
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The results of this paper offer information on
each of the areas listed. In extending the use of
protease inhibitors to those with greater spec-
ificity than DFP (10), it was found that the
nature of the cleavage activity of polio-infected
cells was dependent on the cell line chosen. In-
hibition of cleavage of polio-type 2 proteins was
accomplished by a chymotrypsin inhibitor in
monkey kidney cells and by a trypsin inhibitor in
HeLa cells. Accumulated under those conditions,
particularly in the monkey kidney cells, were very
large polypeptides, probably comparable in size
to the giant polio-specific polypeptides obtained
using amino acid analogues (11), or non-permis-
sive temperature (6), or poliovirus polysomes
synthesizing proteins in vitro (14). Perhaps the
best evidence that these very large proteins are in
fact natural precursors was their detection, if only
fleetingly, early after coxsackievirus infection (12).
Three experiments are presented here suggest-

ing the initial cleavage reaction is caused by a host
enzyme. One showed that the inhibitory success
of a specific protease inhibitor was dependent on
the cell line chosen rather than the virus. Thus,
poliovirus-type 2 proteolysis was inhibited by a
chymotrypsin inhibitor in monkey kidney cells
and a trypsin inhibitor in HeLa cells. Inhibition
by DFP (10) or chloromethyl ketones suggests
that a serine-type protease is involved. Differences
in effectiveness of inhibitors could be due to
differences in uptake by the cells. However, re-
inforcement of a positive role in cleavage played
by the host cell is provided by addition of unin-
fected cell extracts to high-molecular-weight
polio proteins obtained by treatment with TPCK.
These extracts caused cleavage of the large pro-
teins to smaller fragments resembling NCVP1
and NCVP2 in size (Fig. 6). Finally, the results
in Figure 7 show slight differences in the cleavage
products in vivo, depending on the cell line.
Only small amounts of the capsid proteins were

produced by in vitro cleavage, unless infected cell
extracts were used. This may indicate a second
protease, either virus specified or activated by
infection, acting to cleave NCVP1 to the capsid
proteins (10). The nature of this latter enzyme
remains to be described since it is unaffected by
TPCK or TLCK and probably is not a serine
protease (data in preparation).
The high-molecular-weight viral proteins ob-

tained by TPCK treatment could be successfully
cleaved in vitro to products which resembled in
size and antigenicity some bona fide virus poly-
peptides. Chymotrypsin treatment was partially
effective; however, the extracts of infected cells
produced patterns most like the natural product.
The high-molecular-weight substrate itself clearly

played a large role in defining the products of
proteolytic activity, since discrete products were
consistently obtained only with native substrate.
Heating (Fig. 4b) or detergent treatment (not
shown) caused a marked increase in random
degradation to small polypeptide fragments when
protease was added. There are apparently mul-
tiple sites in the primary sequence of the precursor
susceptible to protease activity, but these are not
available, perhaps for steric reasons, in the native
molecules. Oddly enough, with the native giant
proteins extracted from TPCK-treated echovirus
12-infected cells, there were no sites available for
any of the proteases used unless the protein was
first heat denatured. Then it was digested to very
small fragments (Fig. 4b). Figure 4a showed that
an SDS-resistant aggregate of chymotrypsinized
polyprotein remained intact unless heated. This
demonstrates that some stages of the cleavage
reaction in vitro are deficient because infected
cells need only be dissolved in 0.1 %, SDS at 25 C,
and very little aggregated polio proteins is seen
(B. D. Korant, unpublished results). That is,
in vivo, active but obscure processes are in-
volved in separating cleaved protein fragments.

It is tempting to suggest that steric hindrance to
protease action is completely explainable in terms
of the native conformation of the precursor. But
a complication is present in that the precursor is
not extracted in a soluble form; rather it occurs
in a fast-sedimenting, DOC-sensitive, EDTA-
resistant structure. This probably represents a
membrane-bound structure, not polyribosomes.
It is not clear what role such a structure could
play in preventing or allowing cleavages of the
precursor protein. Disruption of the large struc-
ture with DOC led to extensive breakdown of the
precursor when chymotrypsin was later added
(not shown). That the large proteins are not in
polysomes when isolated using protease inhibi-
tors, but can then be cleaved to some authentic
products, suggests that the precursor need not be
nascent to be cleaved. Whether this is the case in
natural infection is unknown.
As Jacobson et al. (10) suggested, the use of

protease inhibitors facilitates isolation of high-
molecular-weight proteins from infected cells,
which may then be used as substrates for proteases
from various sources. The cleavage fragments re-
semble some of the major, stable polypeptides
produced naturally, using the criteria of electro-
phoretic mobility and antigenicity, although it
must be stressed that more conclusive proof of
identity, such as comparisons of tryptic maps, is
required. The precursors can be used to assay for
proteases in cell extracts and can aid in the puri-
fication and identification of these enzymes.

758 J. VIROL.



CLEAVAGE OF VIRAL PRECURSOR PROTEINS

ACKNOWLEDGMENTS

My thanks go to T. Sugiyama, E. Knight, Jr., and R. Z.
Lockart, Jr., for invaluable advice and criticisms. I am also in-
debted to R. Z. Lockart for overall support and detailed evalua-
tion of this manuscript. The experiments were performed with the
excellent assistance of Margaret A. Parise.

LITERATURE CITED

1. Baltimore, D. 1969. The replication of picornaviruses, p. 101-
176. In H. B. Levy (ed.), Biochemistry of viruses. Marcel
Dekker, N.Y.

2. Baltimore, D. 1971. Virail genetic systems. Trans. N.Y. Acad.
Sci. 33:327-337.

3. Bellamy, G., and P. Bornstein. 1971. Evidence for procollagen,
a biosynthetic precursor of collagen. Proc. Nat. Acad. Sci.
U.S.A. 68:1138-1 142.

4. Chance, R. E., M. R. Ellis, and W. W. Bromer. 1968. Porcine
proinsulin: characterization and amino acid sequence.

Science 161:165-167.
5. Dreyer, W. J., and H. Neurath. 1955. The activation of

chymotrypsinogen. Isolation and identification of a peptide
liberated during activation. J. Biol. Chem. 217:527-535.

6. Garfinkle, B. D., and D. R. Tershak. 1971. Effect of tem-
perature on the cleavage of polypeptides dLring growth of
LSc poliovirus. J. Mol. Biol. 59:537-541.

7. Girard, M., H. Latham, S. Penman, and J. E. Darnell. 1965.
Entrance of newly formed messenger RNA and ribosomes
into HeLa cytoplasmi. J. Mol. Biol. 11:187-201.

8. Holland, J. J. 1968. Virus-directed protein synthesis in different
animal and human cells. Science 160:1346-1348.

9. Holland, J. J., and E. D. Kiehn. 1968. Specific cleavage of

viral proteins as steps in the synthesis and maturation of
enteroviruses. Proc. Nat. Acad. Sci. U.S.A. 60:1015-1022.

10. Jacobson, M. F., J. Asso, and D. Baltimore. 1970. Further
evidence on the formation of poliovirus proteins. J. Mol.
Biol. 49:657-669.

11. Jacobson, M. F., and D. Baltimore. 1968. Polypeptide
cleavages in the formation of poliovirus proteins. Proc. Nat.
Acad. Sci. U.S.A. 61:77-84.

12. Kiehn, E. D., and J. J. Holland. 1970. Synthesis and cleavage
of enterovirus polypeptides in mammalian cells. J. Virol.
5:358-367.

13. Korant, B. D., K. Lonberg-Holm, J. Noble, and J. T. Stasny.
1972. Naturally occurring and artifically produced com-

ponents of three rhinoviruses. Virology 48:71-86.
14. Roumiantzeff, M., D. F. Summers, and J. V. Maizel. 1971.

In vitro protein synthetic activity of membrane bound polio-
virus polysomes. Virology 44:249-258.

15. Schoellman, G., and E. Shaw. 1963. Direct evidence for the
presence of histidine in the active centers of chymotrypsin.
Biochemistry 2:252-255.

16. Shaw, E., M. Mares-Guia, and W. Cohen. 1965. Evidence for
an active-center histidine in trypsin through use of a spe-
cific reagent, 1-chloro-3-toxyl amido-7-amino-2-heptanone,
the chloromethyl ketone derived from N-cs-tosyl-L-lysine.
Biochemistry 4:2219-2224.

17. Summers, D. F., and J. V. Maizel. 1968. Evidence for large
precursor proteins in poliovirus synthesis. Proc. Nat. Acad.
Sci. U.S.A. 59:966-971.

18. Summers, D. F., J. V. Maizel, and J. E. Darnell. 1965. Evi-
dence for virus specific non-capsid proteins in poliovirus-
infected HeLa cells. Proc. Nat. Acad. Sci. U.S.A. 54:505-
513.

VOL. 10, 1972 759


