
JOURNAL OF VIROLOGY, Aug. 1974, p. 261-269 Vol. 14, No. 2
Copyright i 1974 American Society for Microbiology Printed in U.S.A.

Cleavage of Mengovirus Polyproteins In Vivo
JEAN LUCAS-LENARD

Biochemistry and Biophysics Section, University of Connecticut, Storrs, Connecticut 06268

Received for publication 27 March 1974

The synthesis of mengovirus-specific proteins in vivo was studied by labeling
the viral proteins with radioactive amino acids- under conditions in which host
protein synthesis was almost completely inhibited. Pulse-chase experiments
enabled the kinetic analysis of the cleavages of certain viral protein precursors
and the formation of others. The pattern of cleavages of mengovirus precursor
polypeptides is similar to that of encephalomyocarditis virus. The major
difference between the two viruses seems to be in the molar concentration in
which the various primary products are produced. The molar ratio of the A
protein, which is the precursor of the capsid proteins, to that of the primary
products F and C, is approximately 1.5 to 2.0: 1: 1. Possible explanations for the
unequal appearance of the structural and nonstructural proteins are discussed.

In many, if not all, of the picornaviruses,
functional viral proteins arise by select proteo-
lytic cleavages of one large precursor molecule
which represents the entire informational con-
tent of the viral genome. Two clues led to this
realization. In poliovirus-infected HeLa cells,
after a short pulse of radioactive amino acids,
about 14 virus-specific proteins were identified,
the combined molecular weight of which consid-
ersably exceeded the apparent coding capacity of
the viral genome (13, 15). Also, after a chase
period with unlabeled amino acids, radioactiv-
ity in some viral peaks disappeared, whereas in
others it increased (8, 13).

Extensive studies have been carried out on
the in vivo cleavage pattern of poliovirus (7, 8,
13, 14) and encephalomyocarditis (EMC) virus
(2, 4) precursor proteins. The number and sizes
of proteins made by these two viruses are quite
similar. It has not been possible to demonstrate
the presence of the largest theoretically possible
precursor by normal pulse-labeling experiments
in cells infected by either of these two viruses.
This large precursor does accumulate in poli-
ovirus-infected HeLa cells in the presence of
amino acid analogues (7, 8) or certain proteo-
lytic enzyme inhibitors (11, 16), such as tolyl-
sulfonylphenylalanyl chloromethyl ketone
(TPCK). In contrast, the giant precursor is
readily detected in coxsackievirus Bl-infected
HeLa cells (10) even in the absence of amino
acid analogues after a short pulse with radioac-
tive amino acids.

If picornavirus proteins arise by cleavage of
one giant precursor, there should be only one

site of initiation of protein synthesis. This is the
case with mouse Elberfeld virus, EMC virus,
and mengovirus (12), as determined by studies
on the incorporation of [35S]methionine from
fMetAtRNAfmel into viral RNA-coded proteins
in extracts of Ehrlich ascites cells, and with
poliovirus (14, 17), as shown by kinetic analyses
with pactamycin, an inhibitor of the initiation
of protein synthesis. The gene order of both
poliovirus (14, 17) and EMC virus (3) RNA has
been determined and is, from 5' to 3', 6, ,B, ly, a,
G, I, F, H, and E, as designated by Butterworth
and Rueckert (3) for EMC virus proteins.

Little is known about the mechanism of
cleavage of picornavirus precursor proteins. The
observation that inhibitors of proteolytic en-
zymes also inhibit cleavage (11, 16) has been
interpreted to mean that host enzymes may be
responsible for at least some of the cleavages
(11). Other results (6, 11), however, suggest that
virus-specified enzymes may also play a role.
The original objective of this research was to

isolate and characterize the enzymes involved
in the cleavages of mengovirus precursor pro-
teins. Before this program could be initiated, it
was necessary to characterize the in vivo syn-
thesized products of mengovirus so that a stan-
dard of comparison would be available for
analysis of our in vitro-cleaved products. Also,
it was thought essential to understand the in
vivo kinetics of cleavage of the precursors before
attempting to study the in vitro cleavage. Thus,
this report is concerned with the in vivo aspects
of mengovirus cleavage of precursors and with
our attempts to demonstrate the presence of the
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giant mengovirus precursor by using amino acid
analogues and proteolytic enzyme inhibitors.
Our results indicate that the pattern of post-

translational cleavages of mengovirus precur-
sors is similar to that observed with other
picornaviruses. But in contrast to the findings
of others, mengovirus proteins are not synthe-
sized in equal amounts as expected if all cleav-
ages occur from one giant polyprotein. These
findings suggest that their synthesis is under
some sort of control.

MATERIALS AND METHODS
Growth of L cells and infection with mengovi-

rus. L cells, strain 929, were grown as monolayer
cultures on Petri dishes (100 by 20 mm) in minimal
essential medium (MEM) supplemented with 10%
fetal calf serum (FCS) (complete medium). When the
monolayers were nearly confluent (2 x 107 cells), they
were washed two times with phosphate-buffered saline
(PBS), and infected with mengovirus (small plaque
strain) at a multiplicity of infection (MOI) of 20 PFU
per cell. After a 30- to 45-min adsorption period at
37 C, 15 ml of complete medium containing 3 ,ug of
actinomycin D per ml was added and the infection
was allowed to progress.

Five hours after infection the medium was aspi-
rated and the cells were washed two times with PBS.
The cells were then pulsed as indicated for either 7 or
12 min with 2.5 ml of MEM, lacking amino acids, 10
gCi of a [9H]amino acid mixture per ml (NET 250,
New England Nuclear), and those unlabeled amino
acids absent from the labeled mixture, including
methionine (0.13 gM), tryptophan (0.067 AM), and
cysteine (0.027 AM). After the pulse period, the
mixture was aspirated, and 15 ml ofMEM containing
a complete complement of unlabeled amino acids and
5% FCS was added for varying periods of time (chase
period) as indicated in the figures. At the end of the
chase period the medium was aspirated, the cells were
washed quickly with ice-cold PBS and a mixture of
0.5 ml of boiling sodium dodecyl-sulfate (SDS), and
1% 2-mercaptoethanol was added. The cells were
scraped from the monolayers, the mixture was heated
for 3 to 5 min at 100 C to dissociate the proteins into
their constituent polypeptide chains, and the samples
were analyzed by acrylamide gel electrophoresis as
described in the following section.
Acrylamide gel electrophoresis of viral proteins.

Urea-SDS polyacrylamide gels were prepared by the
method of Summers et al. (15). The gels consisted of
7.5% acrylamide, 0.2% N,N'-bis-methylene acrylam-
ide, 0.1% SDS, 0.5 M urea, and 0.1 M sodium
phosphate (pH 7.2). Polymerization was catalyzed by
N,N,N',N'-tetramethylethylenediamine, and am-
monium persulfate at final concentrations of 0.05%
(vol/vol) and 0.056%, respectively. The electrode
buffer consisted of 0.1 M sodium phosphate, pH 7.2,
containing 0.1% SDS.
Two sizes of gel columns were used (0.6 by 8 cm and

0.6 by 20 cm). The latter was necessary for obtaining
good resolution of the e and F, and the a and 6 viral

proteins. The samples to be analyzed were made 15%
in glycerol or sucrose and 0.01% in bromophenol blue,
and approximately 200 Aliters of each was layered on
the gel under the electrophoresis buffer. Disc gel
electrophoresis was carried out at 5 mA/gel until the
tracking dye had migrated to near the bottom of the
gel. In the short gels, this took approximately 10 h and
in the long gels, it took approximately 18 to 20 h.
The apparent molecular weight of each polypeptide

was calculated from its mobility on 7.5% acrylamide-
SDS gels compared to several standards, including
the following: bovine serum albumin (66,000), oval-
bumin (45,000), chymotrypsin (25,000), and cyto-
chrome c (12,500). The standard gels were stained
with Coomassie brilliant blue to visualize the protein
bands (19).
The gels containing the labeled viral proteins were

cut into 1-mm sections, each section dissolved at 50 C
in 0.1 ml of 30% H202, and counted in 4 ml of PCS
(Amersham-Searle) in an Isocap 300 Nuclear-Chicago
liquid scintillation counter.

[14C]mengovirus capsid proteins. Cells were
grown to confluency in a roller bottle (approximate
cell number per roller bottle, 2 x 108) in MEM
containing 10% FCS. The medium was removed and
the cell layer was washed with PBS. The cells were
infected with an MOI of 10 PFU per cell in 15 ml of
MEM. After 30 min at 37 C, 30 ml of MEM contain-
ing 5% FCS was added. At 5 h, 30 ACi of a ['IC ]amino
acid mixture (CFB 104, 57 mCi/matom, from Amer-
sham-Searle) was added, and the infection was
allowed to continue for another 15 h. The virus was
purified as described by Kerr and Martin (9). The
capsid proteins were solubilized using SDS-mercapto-
ethanol and subjected to gel electrophoresis as de-
scribed above.

RESULTS
Kinetics of labeling of mengovirus pro-

teins. Our initial experiments were designed to
determine the number of mengovirus proteins
appearing after a short pulse with radioactive
amino acids and after chase periods of varying
lengths of time with unlabeled amino acids. To
accomplish this, monolayer cultures of L cells
which had been treated with actinomycin D to
suppress host RNA and protein synthesis, were
infected with mengovirus as described in Mate-
rials and Methods. After 5 h, the cultures were
pulsed with a mixture of radioactive amino
acids for a particular time period to label the
viral proteins. The labeling was either stopped
by the addition of hot SDS-mercaptoethanol
(see Materials and Methods) or chased in the
presence of unlabeled amino acids for varying
lengths of time up to 80 min. Each sample was
subjected to polyacrylamide gel electrophoresis.
The nomenclature of Butterworth et al. (2) for
EMC viral proteins will be used throughout this
report.
The bottom panel of Fig. 1 demonstrates the
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distribution of radioactivity in the viral poly-
peptides after a 12-min pulse period with a
mixture of [3H]amino acids. As can be seen,
there is a considerable amount of label in the
protein designated A, and less in those desig-
nated B, C, D, E, F, and G. After a 10-min chase
period in medium containing unlabeled amino
acids, there is a decrease in the amount of
radioactivity in the A peptide and an increase
in polypeptides E, a, and y. The latter consti-
tutes part of the viral capsid because they
co-electrophorese with homologous chains from
purified ["4C]virus (data not shown). The cap-
sid proteins of mengovirus, a, 13, y, and 6 (20)
migrate on these polyacrylamide gels as shown
in the uppermost panel of Fig. 1. After a 20-min
chase period, little of the A and B proteins
remain. These experiments suggest that, as in
the case ofEMC virus (2, 4), the A and probably
the B polypeptides are precursors of the capsid
proteins.

After 40 to 80 min of incubation in chase
medium, the e polypeptide begins to decrease
and the e increases, suggesting that E is the
precursor of 13. In EMC virus (2), the e is cleaved
to 1 and 6. No protein corresponding to the 6
capsid protein, which is shown in the uppermost
panel of Fig. 1, was observed in our experi-
ments, probably because it migrates faster than
our marker dye on these gels and thus inadvert-
antly may have been lost. The D polypeptide
disappears and the E increases, suggesting a
precursor-product relationship between them
(Fig. 1). Butterworth et al. (2) have shown by
cyanogen bromide methods that the C, D, and
E proteins ofEMC virus are related, the C being
the precursor of D, which in turn, is the precur-
sor of E.
The kinetic behavior of the various mengovi-

rus proteins can be more clearly analyzed if
the data in Fig. 1 is plotted as in Fig. 2. The
relative molar concentration of each viral
protein peak is expressed as a function of
time. Operationally, the counts per minute in
each peak from Fig. 1 is first expressed as
percent of total viral counts per minute. This is
then divided by the molecular weight of each
viral peak. Finally, the relative molar concen-
tration is standardized to a particular protein
which presumably is stable throughout the
course of the pulse-chase period. In this report
the data have been standardized to the F pro-
tein, a presumed primary cleavage product.
The curves in Fig. 2 illustrate clearly the

precursor nature of A, B, C, D, Dl, and E, and
the flow of label into components E, a, 13, -y, E,
and H. The F, I, and G are the only polypep-
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FIG. 1. Pattern of labeling of viral proteins during

pulse-chase experiments. At 5 h after infection L cell
monolayer cultures were pulse-labeled for 12 min with
a [3H]amino acid mixture and chased with unlabeled
amino acids for varying time periods as indicated in
the figure. At the end of the chase period the reaction
was stopped by the addition of a solution of hot
SDS-mercaptoethanol. For electrophoretic analysis
200 Mliters of each sample was applied to a column
(0.6 by 20 cm) of 7.5% polyacrylamide gel. The
specific details of these procedures are described in
Materials and Methods.

tides that do not change in amount during the
chase period, although the scatter of points in F
is considerable. Thus, the F, I, and G are

assumed to be primary cleavage products.
These preliminary data agree well with the
model for the biosynthesis of EMC virus pro-
teins proposed by Butterworth and Rueckert
(4).

F00 0
E K
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FIG. 2. Kinetics of cleavage of mengovirus precur-
sor proteins and kinetics of formation of stable viral
proteins. The molar concentration of each component
was determined as described in the text. The data
used for these calculations were taken from Fig. 1.
Similar analyses of data from six different experi-
ments such as shown in Fig. 1 gave identical results.
The symbols Ul and U2 stand for unknowns 1 and 2,
and they may be residual host proteins.

To determine the half-life of the A and C
precursor polypeptides, pulse-chase experi-
ments were carried out as described above,
except that the pulse period with radioactive
amino acids was 7 min instead of 12 min. This
allowed the labeling of the primary products
without extensive cleavage. The labeling period
was followed by chases of varying lengths of
time. A plot (Fig. 3) of the logarithm of the
percent composition of either A or C as a

function of the length of the chase period gives a

straight line in each case, suggesting that each
is cleaved with first order kinetics. The half-life
of A was estimated from the slope of the curve to
be 7 min, and that of C was estimated to be 9.5
min. For EMC virus, the equivalent half-lives of
the A and C are 6.7 and 10 min, respectively (4).

Size, stability, and relative molar concen-
tration of mengovirus polypeptides in in-
fected L cells. On the basis of the pulse-chase
experiments shown in Fig. 1 and 2, it was

possible to determine the number of polypep-
tides specified by mengovirus and to estimate
their size, stability, and relative molar concen-
tration in infected cells. Approximately six
unstable polypeptides and eight stable polypep-
tides are observed (Table 1). Had the 6 not been
lost, it would also be expected to be stable. The
total molecular weight of the stable polypep-
tides including 6 is 238,000, which approximates
the total coding capacity of the virus, based on a
molecular weight of 2.4 x 106 (20) for its
genome. The labeled polypeptides Ul and U2

were found to be present throughout the pulse-
chase period in a constant, low molar concentra-
tion (see Fig. 2), and may represent residual
host proteins.

If Table 1 of this publication is compared to
Table 1 in Butterworth et al. (2), and Fig. 2 is
compared to Fig. 4 of Butterworth and Rueckert
(4), it can be seen that the size, stability, and
kinetic behavior of mengovirus and EMC virus
proteins are very similar. The differences in the
molecular weights of the larger polypeptides
probably reflect errors in estimating the molec-
ular weights of this size polypeptides on 7 ½/2%
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FIG. 3. Rate of cleavage of mengovirus A and C

proteins. Five hours after infection L cells were pulsed
for 7 min with a mixture of [3HJamino acids and
chased as indicated in the figure. Samples of 200
,lliters we4e applied to columns (0.6 by 20 cm)
contadning 7.5% polyacrylamide gels as described in
Materials and Methods. The data in this figure
represent an average of six different determinations.
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polyacrylamide gels rather than any real differ-
ences between the two viruses. The similarity of
mengovirus and EMC virus in these parameters
is hardly unexpected, since the two viruses are

alike in most other respects such as their size,
shape, and the number of capsid proteins,
immunological cross-reactivity, etc.
One difference between mengovirus and

EMC virus appears to be the molar concentra-
tion in which each of the primary products is
present. Theoretically, if all of the functional
viral proteins arise via cleavage and if there is
only one site of initiation of protein systhesis,
the primary products should appear in a 1:1
proportion. This is indeed the case for EMC
virus. For mengovirus, however, the A protein
and its cleavage products are present in
amounts ranging from 1.5 to 2 times that of F
and C (see calculations in Table 1). Possible
reasons for this observation will be presented in
the Discussion. The G is also present in relative
molar concentrations greater than 1. In this
case, however, it is possible that another cleav-
age product co-migrates with it, since the G
peak is not symmetrical on these gels. It would
be difficult to explain the great abundance of
the A protein in this manner since its presumed
cleavage products, a, f3, and y, are also present
in quantities greater than 1 mol/mol of the other
primary products. If each final cleavage product
consisted of two proteins, the total coding
capacity of the viral RNA would be exceeded.

Effect of proteolytic enzyme inhibitors and
amino acid analogues on the in vivo cleavage
of mengovirus precursor proteins. No protein
larger than the A precursor is observed in any of
these pulse-chase experiments (Fig. 1). Even
after pulse periods as short as 5 min (data not
shown), no polypeptide of molecular weight
greater than the A precursor is observed. This is
also the case for poliovirus and EMC virus-
infected HeLa cells, suggesting that many of the
cleavages of the primary products occur while
the polypeptide is still growing on the poly-
somes. It also suggests that the formation of the
giant precursor polypeptide is not necessary for
cleavage to occur.

As mentioned earlier, in the presence of
TPCK or amino acid analogues, several viral
polypeptides greater than the A equivalent
appear in HeLa cells infected with poliovirus (7,
8, 11, 16), including one which encompasses the
entire informational content of the viral ge-
nome. To see if such a large precursor might
also be detected in mengovirus-infected L cells,
the effects of several proteolytic-enzyme inhibi-
tors on the cleavage of mengovirus precursors

TABLE 1. Size and stability of viral polypeptides and
molar concentrations of end-product polypeptides

Polypep- Apparent" .l.ty % of totalc Relatived
Pode mol wt Stab lity viral molar

X 10-3 counts/min concn.

A 110 + 4 u
B 99 ± 5 u
C 95±6 u
D 80 4 u 3 0.14e
DI 70 ± 2 u 3 0.14
E 60 3 s 11 0.64
Ul 56 2 ? 4 0.25
U2 47 2 ? 4 0.32
e 41 2 u 7 0.61
F 39 1 s 11 1.00
a 34 1 s 13 1.34

31 1 s 7 0.79
24 1 s 14 2.07

G 17 ± 1 s 11 2.39
H 12 1 s 4 1.14
I 11 1 s 8' 2.53'
6 <10 s ? ?

These molecular weight estimations represent an
average of over 15 determinations.

h S, Stable (no decrease of counts during a chase); u,
unstable.

" This represents the total viral counts per minute
after a 12-min pulse and an 80-min chase (Fig. 1). The
results are an average of four separate experiments.

d The mass of the proteins was assumed to be
proportional to counts per minute. The molar concen-
trations were calculated by dividing the % of each
polypeptide by the estimated molecular weight, and
normalizing with respect to F.

e If the cleavage pattern of the capsid proteins is as
follows: A B D1 e + y + a, ande -,8 + 6, then
the molar concentration of A and its cleavage prod-
ucts would be:

A+B+D1 + (=+)+a±= 1.74
3

The total amount of protein C synthesized was
calculated from the following relationship: C + D + E
= 0.78. Thus, the molar ratio of the synthesis of A: F:
C = 1.74: 1:0.78, or close to 2:1:1.
'The molar concentration of I was higher than

usual after an 80 min-chase period for reasons not
readily understood. It is possible that a migrated with
I under these conditions.

were examined. The inhibitors included tolylsul-
fonyllysyl chloromethyl ketone (TLCK), a tryp-
sin inhibitor, TPCK, a chymotrypsin inhibitor,
and phenylmethylsulfonylfluoride (PMSF), a
general protease inhibitor. Of these only TPCK,
at 0.75 x 10-i M, had any inhibitory effect (see
Fig. 4). Higher concentrations of this inhibitor
depressed protein synthesis to such an extent
that little incorporation of labeled amino acids
into protein was observed.
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To obtain better resolution of the shoulder to
the left of the A precursor (Fig. 4) resulting from
TPCK treatment, the sample was subjected to
gel electrophoresis using two concentrations of
acrylamide, 5 and 7 /2%, and longer gel col-
umns. Two distinct peaks larger than the A
protein are detected (Table 2). The molecular
weight of the faster migrating peak, P2, has
been estimated to be approximately 120,000 to
125,000, and that of the slower migrating peak,
P1, has been estimated at 135,000 to 145,000.

In an attempt to ascertain the possible rela-
tionship of these two peaks to the other transla-
tional products, the relative molar concentra-
tion of each protein present after treatment
with TPCK was determined. The most striking
effects of TPCK (Table 2, column 2), compared
with the control sample (column 1), are the
decreased cleavages of A and C. Following a

PULSED AND CHASED IN PRESENCE OF I% DMSO

CPA il H
3000-E F

2000

CPM

1000

12-min pulse and a 40-min chase (column 1), the
molar concentrations of A and C were less than
0.1. In the presence of TPCK, the same values
were 1.00 for A and 0.34 for C. The observation
that the cleavage of C is stopped by TPCK, yet
some D is formed, suggests that the D may
sometimes appear as a primary product, or else
the blockage of cleavage of the C protein is not
complete.

If the cells are pretreated with TPCK for
about 2 min before the addition of the labeled
amino acid mixture (or pulse period), less C, D,
and G are synthesized, and there is a corre-
sponding increase in the amounts of both pre-
cursors, P1 and P2. This suggests that the larger
precursor may represent the uncleaved I, F, and
C region, corresponding to a molecular weight of
145,000, and the smaller precursor may repre-
sent A and its nearest neighbor, G, correspond-

FRACTION NO

FRACTION NO

PULSED AND CHASEO N PRESENCE OF TPCK
A

FRACTION NO

FIG. 4. Effect of proteolytic enzyme inhibitors on the cleavage of mengovirus precursor proteins. Fiibe hours
after infection L cells were pulsed for 7 min with a mixture of [5H]amino acids, and where indicated, 1 x 10-4M
TLCK, 1 x 10-4M PMSF, or 0.75 x 10- M TPCK. These inhibitors were dissolved in 100% dimethylsulfoxide
(DMSO), and the final concentration of DMSO in the pulse mixture was 1%. This amount ofDMSO did not
affect the cleavage pattern of mengovirus proteins. The cultures were chased for 40 min in the presence of
unlabeled amino acids and the particular inhibitor used, and were analyzed on short, 7.5% polyacrylamide gels
(0.6 by 8 cm) as described in Materials and Methods.
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ing to a molecular weight of 124,000.
From the molecular weight estimations it is

apparent that neither of the precursors obtained
in the presence of TPCK correspond to the giant
precursor containing all of the information of
the viral genome. The actual composition of the
observed precursors could only be determined
by digesting them with trypsin or cyanogen
bromide, and comparing their fingerprints to
the individual viral proteins.

Similar experiments attempting to accumu-
late the giant mengovirus precursor were carried
out using the amino acid analogues, p-fluoro-
phenylalanine, canavanine, and azetidine-2-
carboxylic acid. Depending on whether the cells
are pretreated with the analogues before the
pulse period with radioactive amino acids, one
or two precursors accumulate, neither of which
corresponds to the largest species. The data
from an experiment in which the cells were not
pretreated with analogues are presented in Ta-
ble 2. One precursor is formed and has a molec-
ular weight of 120,000 to 125,000. As in the case
of TPCK treatment of cells, there is an accumu-
lation to the A and C proteins and no capsid
proteins are formed. With pretreatment of the
cells with analogues, two precursors accumulate
corresponding to the P1 and P2 proteins in the
TPCK experiment, and there is a large decrease
in the amount of C, D, E, F, and G formed.
p-Fluorophenylalanine alone stops the cleav-

age of the A protein (data not shown), but there
is no accumulation of precursors (8, 18). None of
the other analogues alone cause the accumula-
tion of precursors. Azetidine-2-carboxylic acid
alone slows the cleavage of A but does not stop
it (data not shown and reference 5).

DISCUSSION
In this report the kinetic behavior of men-

govirus-specific proteins has been described.
The results of pulse-chase experiments indicate
that the protein designated A is the precursor of
the structural proteins. The data also suggest
that F, I, and G are primary products in
addition to A and C, since they appear after a
short pulse with radioactive amino acids and
persist in the same molar concentration even
after lengthy chase periods. The proteins C, D,
and E also appear to be related, as indicated by
the rates of degradation of C and D and the
kinetics of formation of E.
These results are very similar to those ob-

tained by Butterworth et al. (2) for EMC virus.
The primary difference between the two viruses
appears to be the relative proportion in which
the primary products are formed. As men-

TABLE 2. Molar concentration of viral polypeptides in
the presence or absence of inhibitors

12 3

12-min 12-min 12-min
Mol wt x 10-3 pulse, pulse, pulse,

40-min 40-min 40-min
chase chase chase +

+ TPCKa analogues"

Plc 135 1Od 0 0.43e 0
P2c 120 5 0 0.3& 0.37
A 110 4 <0.1' 1.00 1.00
B 99 5 0.11 0.21 0.56
C 95±6 <0.1 0.34 0.43
D 80 ± 4 0.30 0.31 0.50
D, 70±2 0.14 0 0
E 60±3 0.53 0 0.53
U, 56 ± 2 0.30 0.55 0.73
U2 47±2 0.31 0 0
e 41 2 1.32 0 0
F 39 ± 1 0.75 0 0.58
a 34 1 1.79 0 0
d 31 1 0.46 0 0
t 24 1 2.42 0 0
G 16 ± 1 2.71 0.70 2.43

I 11 1 1.21 0.10 0.97

a The concentration of TPCK used was 0.75 x 10- 4

M. It was present throughout the pulse and chase
periods.

The concentrations of analogues used were: p-
fluorophenylalanine, 1.6 mM; canavanine, 1.8 mM;
and azetidine-2-carboxylic acid, 4 mM. The analogues
were present throughout the pulse and chase period.

P1 and P2 are abbreviations for precursor 1 and 2.
d The molecular weights of the P1 and P2 were also

estimated using 5% acrylamide gels, since 71/2% acryl-
amide gels do not give accurate estimations in this
range. Paramyosin (110,000) and myosin (212,000)
were used as markers in addition to those mentioned
in Materials and Methods.
"The samples were analyzed on 71/2% acrylamide

gels (0.6 by 20 cm) as described in Materials and
Methods.

' The molar concentrations were calculated as de-
scribed in Table 1. These results represent an average
of four separate experiments. The data in column 1
were normalized to an average value of F, and in
columns 2 and 3, to A.

tioned, the A precursor appears to be synthe-
sized in twice the amount as the primary
products F and C. There are several possible
explanations for these results. (i) The nonstruc-
tural proteins are more susceptible to nonspe-
cific proteolytic degradation than the structural
proteins during the isolation and electropho-
retic procedures. Since our calculations of the
molar concentration of each species are ad-
justed to the value of the protein F, which is
presumably a stable product, a low value for F
would tend to increase the A: F ratio. This
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possibility, however, seems unlikely as the
molar concentration of F remained unchanged
even when the viral proteins were isolated in the
presence of TPCK, TLCK, and PMSF. (ii) At
the end of the A protein cistron on the viral
RNA there is a nucleotide sequence that is
sometimes read as a stop signal, resulting in
premature termination of the A protein. This
would be a difficult hypothesis to test and one
would have to explain why half of the time the
termination signal is recognized and the rest of
the time it is not. (iii) There is more than one
site of initiation of protein synthesis on mengo-
virus RNA, one at the beginning of the cistron
coding for the A precursor and one internally.
Steric hindrance at the internal initiation site
might affect the efficiency with which it is
initiated and thus increase the A:F or A:C
ratio. As mentioned, Oberg and Shatkin (12)
have determined the number of initiation sites
on mengovirus and have concluded that there is
only one. However, it is conceivable that the
amino acid sequence at the initiation sites of
both cistrons is the same. This possibility,
however, does not seem very likely for it would
be difficult to imagine that mengovirus, which
is so similar to polio and EMC viruses, would
have evolved another initiation site. (iv) The
coat protein somehow acts as a repressor of the
translation of the rest of the viral RNA. During
assembly of the mengo virion, the capsid pro-
teins interact with the viral RNA and thus must
have an affinity for the RNA. Perhaps this
interaction slows the translation of the F and C
region of the viral genome. Experiments are
underway in this laboratory to test this hypoth-
esis. The interesting feature of the observation
that mengovirus proteins are synthesized in
unequal amounts is that it may represent a
hitherto unknown control mechanism in the
picornavirus family of viruses.
This report also shows that neither TPCK nor

amino acid analogues cause the accumulation of
the giant precursor which contains the entire
informational content of the mengovirus RNA
in infected L cells. Both TPCK and amino acid
analogues effectively block the cleavages of A to
the capsid proteins and C to D and E. Two
precursors accumulate in the presence of these
inhibitors, one of which, P1, may represent the
combined informational content of I, F, and C,
or close to the second half of the viral genome,
the A protein being considered as the first half.

Preliminary experiments from this laboratory
suggest that in an in vitro protein-synthesizing
system from L cells using mengovirus RNA as

message, the giant precursor does not accumu-
late and is cleaved during its synthesis, giving
the primary products A, G, F, and C. Similar
results have also been noted using EMC virus
RNA as template (1). The in vitro-cleaved
products co-migrate on acrylamide gels with
authentic primary products made in vivo, sug-
gesting that the cleavage mechanism is operat-
ing in vitro. Thus, it seems that it will be
possible to examine the enzymes involved in the
cleavage reactions.
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