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ABSTRACT The in vivo synthesis of encephalomyo-
carditis-specific proteins was studied by labeling the viral
proteins with radioactive amino acids under conditions
where host-protein synthesis was almost completely in-
hibited. To assure recovery of all proteins, intact cells were
lysed in hot 1% sodium dodecyl sulfate. These lysates were
analyzed by quantitative high-resolution electrophoresis
on sodium dodecyl sulfate-polyacrylamide gels. This tech-
nique allowed the detection and estimation of the molecu-
lar weight of 15 virus-specific polypeptides: A, 100,000; B,
90,000; C, 84,000; D, 75,000, DI, 65,000; E, 56,000; e, 40,000;
F, 38,000; a, 34,000; ,, 30,000; y, 23,000; G, 16,000; H, 12,000;
1, 11,000; and 8, 9,000. Pulse-chase experiments, in conjunc-
tion with cyanogen bromide and tryptic mapping of
the isolated polypeptides, indicate that at least three
primary gene products (A,F,C), with a cumulative weight
of about 220,000, are generated during translation of the
RNA genome. Chains A and C then undergo post-transla-
tional cleavages, while F remains uncleaved. The proteins
generated by the cleavage of A include all of the capsid
chains (a, fl, -y, 8, e). Those generated by the cleavage of C
include D and E. The chains a, jl, -y, 8, E, F, G, H, l, with a

cumulative molecular weight of about 230,000, are stable
and are produced in about equimolar amounts. A model for
the synthesis of, and a cleavage sequence that accounts
for, all of the viral polypeptides is proposed.

As the smallest RNA-containing animal viruses, the picorna-
viruses (1) constitute good models with which to explore
problems related to macromolecular synthesis and function
in animal cells. Evidence indicates that the virions of all

four subgroups (2), the enteroviruses (e.g., polio-, coxsackie-,
echoviruses), the cardioviruses [e.g., mouse-Elberfeld (ME),
encephalomyocarditis (EMC), mengoviruses], the rhino-
viruses (e.g., common-cold viruses) and the foot-and-mouth
disease viruses are similar in size and structure (3).

Poliovirus-infected cells contain at least 14 electrophoret-
ically distinct polypeptides; many of these polypeptides
arise from the cleavage of large precursors into smaller chains
(4-7). Six of these chains have been identified as capsid-re-
lated: VP1, VP2, VP3, and VP4, from mature virions; VPO,
an uncleaved precursor of VP2 and VP4; and NCVP1, a

very large precursor of all four capsid proteins (8).
Much is known about the size and structure of the cardio-

viruses (9). Here, we present the results of a thorough search
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for the proteins synthesized by EMC virus. A determination
of the kinetics of synthesis and cleavage of the polypeptides
found, in addition to their characterization by tryptic- and
CNBr-mapping allowed the formulation of a model for the
biosynthesis of EMC-viral proteins.

MATERIALS AND METHODS

Cells, Virus, and Plaque Assay. HeLa cells (strain W),
EMC virus and plaque assay were described (10). The cells
were propagated in suspension in Medium F containing 6%
bovine serum.

Media and Buflers. Medium F is Eagle's minimal medium
(11) in Earle's saline (12), lacking calcium and magnesium
salts, and supplemented with 0.1 mM (each) of glycine and
serine and 0.1% Pluronic F68. Medium AH is medium A (10)
modified by the addition of N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid* (HEPES) buffer, to a final concen-
tration of 25 mM. Medium AL is medium AH lacking amino
acids. Buffer TSA is 0.25 M sodium chloride-5 mM Tris
(pH 7.4)-0.01% bovine serum albumin. PBSA was described
(10).

Infection. HeLa cells were harvested when the density
reached 3-4 X 105 cells/ml; 8 X 107 cells were suspended in
2 ml of medium AL at room temperature. This suspension
was then-infected with 200 plaque-forming units (PFU) per
cell of EMC virus; attachment was allowed to proceed for
15 min after infection at room temperature. 18 ml of warm
medium AL containing 5.5 ,ug/ml of actinomycin D was then
added to the suspension. With the cells at a concentration
of 4 X 106 cells/ml, the infection was allowed to proceed at
37CC in a constant-temperature, shaken water bath.

Preparation of Cell Lysates. After two washes with ice-cold
Earle's saline, the cells were suspended to about 2 X 107
cells/ml in distilled water; an equal volume of solubilizing
solution (1 M urea-2% sodium dodecyl sulfate (SDS)-0.2%
2-mercaptoethanol) was added. The resulting viscous solution
was heated for 5 min in a boiling-water bath to dissociate
the proteins into their constituent polypeptide chains. The
lysate was dialyzed overnight at 80C against a large volume
of dialysis buffer [0.01 M sodium phosphate (pH 7.2)-0.5 M
urea-0.1% SDS-0.1% 2-mercaptoethanol-1 mM sodium
azide] (4), and stored frozen at -70oC.

Electrophoresis. Gels were prepared and electrophoresed as
described (13). The gel columns were 0.6 X 20-29 cm and
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FIG. 1. Electrophoretic profiles of proteins synthesized in
HeLa cells after infection with EMC virus ( ). At 1 hr inter-
vals after infection (1,2, and 3 hr after infection profiles not shown)
3-ml samples were withdrawn from the suspension of infected
cells and diluted into 0.9 ml of medium AL containing 91 gCi/ml
of the ['H]aminoacid mixture. Labeling was allowed to proceed
for 0.5 hr at 370C, with occasional shaking. The incorporation was

stopped by chilling in an ice bath. Whole-cell extracts were then
made and analyzed by gel electrophoresis (as described in
Methods). Each sample was coelectrophoresed with a '4C-labeled
reference lysate ( . * * ) containing "stable" EMC-specific pro-

teins (see text). This lysate was prepared from an infected sus-

pension after it was labeled with 5 sCi/ml of ['4C]aminoacid
mixture from 3.5-5 hr after infection. The absence of appreci-
able label at the top of the gel is good evidence that few of the
protein chains are aggregated. The anode in this and subsequent
figures is to the right.

contained 10% polyacrylamide-0.3% (v/v) ethylenedi-
acrylate-0.5 M urea-O.1% SDS-0.1 M sodium phosphate
buffer (pH 7.2)-0.1 M sodium 3-mercaptopropionate. Sam-
ples to be analyzed by electrophoresis were made 1% in
SDS and 2-mercaptoethanol, 20% in sucrose, and 0.01% in
bromphenol blue. From 20 to 200 IAl was then layered on the
gel under the electrophoresis buffer. The high viscosity of the
lysate, associated with release of cellular DNA, did not hinder
electrophoretic analysis; up to 106 solubilized cells could be
applied without overloading the gels.

Gel Fractionation and Measurement of Radioactivity. Frac-
tionation of gels has been described (13). 1-mm segments of
crushed gel in 0.3 ml of water were counted either directly in
10 ml of solvent B-10, or were hydrolyzed and counted in
solvent tT2l (13). Because of fluorescence problems encoun-

tered with solvent tT21 at ambient temperatures, the B-10
systems was adopted. Although the recovery of radioactivity
from the gels with tT2l was about 95%, while the simpler
B-10 solvent gave only 75% recovery, a comparison of dupli-
cate gels by these two methods gave comparable patterns

with all peaks present in the same relative proportions. The
samples were counted on a Beckman LS-233 liquid scintilla-
tion counter equipped with a punched paper tape output.
The raw data from the counter was analyzed with a Univac
1108 computer. A program was written to correct 3H and 14C
counts for background and spillover, calculate the running
area under the peaks, and compute the molecular weights of
the proteins. The electropherogram was then generated with
the system's CalComp Plotter.

Isotopes. The reconstituted protein hydrolysate containing
16 [3H]aminoacids was obtained from Schwarz/Mann. The
4-[14C]amino-acid mixture containing 15 amino acids was
purchased from New England Nuclear.

RESULTS
Unmasking Viral Protein Synthesis. Identification of all

virus-specific polypeptides and the determination of their
kinetics of synthesis requires a representative sample of all
viral proteins in the cell. Analysis of cytoplasmic extracts
prepared from cells homogenized after swelling in hypotonic

TABLE 1. Size of viral polypeptides and molar ratios of end-
product chains

Apparent
molecular Kinetic % of Total Molar

Peak weight* behaviort viral cpmj ratio§

A 100,000 u 0.5 (0.3)
B 90,000 u 0.5 (0.2)
C 84,000 u 0.5(0.3)
D 75,000 u 1.3 (0.4)
D1 65,000 u 0.7(0.3)
E 56,000 s 18.3(1.0) 0.72
e 40,000 u 9.0(0.6) 0.5011
F 38,000 s 17.2 (1.6) 1.00
a 34,000 s 15.4(0.3) 1.00
,B 30,000 s 4.3(0.5) 0.321
ly 23,000 s 13.2(0.4) 1.27
G 16,000 s 7.7 (0.4) 1.06
H 12,000 s 3.8(0.3) 0.70
I 11,000 s 6.6(0.4) 1.32
a 9,000 s 1.1 (0.2) 0.2711

* The apparent molecular weight of each component was cal-
culated from its mobility on SDS-gels relative to that of six
standards: phosphorylase a (94,000), bovine serum albumin
(68,000), ovalbumin (43,000), carboxypeptidase A (34,600),
lysozyme (14,300), and cytochrome c (11,700). The markers were
labeled by methylation (20) with (14CH3)2SO1. A straight line
was fitted by regression analysis to a plot of log of molecular
weight against mobility (21).

t s = stable (no loss of counts during a chase); u = unstable.
t Calculated from the average of six independent gels, run on

three different cell extracts, in which the cleavages had gone to
completion. The profiles were similar to that in Fig. 2B. The dis-
tribution of 14C was calculated relative to the total radioactivity
recovered from all of the viral peaks. The average deviatiois are
indicated in parentheses.

§ The mass of protein was assumed to be proportional to cpm.
The molar ratios were calculated by dividing the mass ratio
(column 4) of each chain by its apparent molecular weight, and
normalizing with respect to the alpha chain.

¶ Were the precursor chain e completely cleaved, the molar
ratios of its products, , and 5, would be 0.5 + 0.32 = 0.82 and 0.5
+ 0.27 = 0.77, respectively.

Proc. Nat. Acad. Sci. USA 68 (1971)



Picornaviral Protein Synthesis 3085

buffer proved unsatisfactory in our hands. Not only were most
of the labeled proteins found in the nuclear pellet, but the
electrophoretic profiles of the nuclear and cytoplasmic frac-
tions were quantitatively different. To circumvent this dif-
ficulty, the intact cells were solubilized in hot 1% SDS.
EMC virus plus actinomycin D rapidly inhibited host

protein synthesis and allowed the preferential labeling of the
viral proteins (14). The kinetics of this inhibition was
shown by examination of the products of protein synthesis
throughout the infection (Fig. 1); there was a transition from
a complex pattern characteristic of the host cell (uninfected
control) to a simpler pattern characteristic of virus infection
(4 hr). 4 hr after infection corresponds to about the mid-log
phase of the viral growth (infectivity) curve.

Classification of Virus-Specific Proteins. Of the 15 peaks
observed 4 hr after infection (Fig. 1), five (aAjByA,) were
identified as capsid polypeptides by coelectrophoresis with
homologous chains from purified 'IC-labeled virus (not
shown). These and the remaining peaks, designated A through
I, were further characterized with respect to size and kinetic
behavior (Table 1).
In pulse-chase experiments, most of the label was found in

large polypeptides within 10 min of synthesis (Fig. 2A).
These precursor polypeptides were then cleaved to generate
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FIG. 3. Pulse-chase kinetics of EMC-virus proteins. 4 hr after
infection, cells were pulsed for 10 min with a [3H]amino acid
mixture and chased as described in Fig. 2. Aliquots were removed
at the indicated intervals, chilled, washed, lysed, dialyzed, and
electrophoresed. The distribution of label was calculated as
percent cpm recovered in each peak, relative to the total cpm
recovered in all peaks.

the smaller stable chains. This cleavage is evidenced by the
flow of label from the large to the small chains during a 1-hr
chase with unlabeled amino acids (Fig. 2B).
More detailed kinetic analysis of such a pulse-chase ex-

periment, in which the distribution of radioactivity was
measured at intervals during the chase period (Fig. 3), illus-
strates the transient (precursor) nature of A, B, C, D, D1,
and e, and the flow of label into components a, ,B, y, , E, G,
H, and I. The rapid rate of disappearance of label from the A
chain resembles the appearance rate of a, y, and e. The cor-
respondingly slower decay-rate of D and slow appearance of
E suggests that E is a product of D. In this, and other, ex-

I.
U(z

FIG. 2. Flow of radioactivity in a pulse-chase experiment.
At 3.7 hr after infection, 8 X 107 cells were sedimented and resus-

pended in 3 ml of warm medium AL. To initiate labeling, 200
,uCi of [3H]aminoacid mixture in 2 ml of warm medium AL was

added. (A) 10 min after the addition of label, a 0.6-ml sample
was removed and lysed in solubilizing solution. (B) The remaining
suspension was incubated 15 min longer. The cells were then sedi-
mented and resuspended in warm medium AH containing no

radioactive amino acids and incubated for an additional hour
(chased) at 37°C before lysing.
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FIG. 4. Chromatographic comparison of tryptic peptides from
"A" protein ( ) with those from purifiedEMC virions (- - -).
About 1.2 X 105 cpm of isolated, lyophilized A protein labeled
with [3H]aminoacids, mixed with 0.15 ml of EMC virions labeled
with [14C]aminoacids (1.0 X 106 cpm) in TSA, was heated for 1
min at 1000C. with 0.35 ml H20 and 12 mg of N,N'-diacetylcyst-
amine. After adjustment to about pH 8 with 8 mg of NH4HCO3,
the protein was digested with TPCK-treated trypsin (treated
with TPCK to remove chymotryptic activity, Worthington) (1
mg/ml) for 5 hr at 37°C. The lyophilized digest was dissolved in 1
ml of 0.2 M pyridinium acetate buffer (pH 3.1), and chromato-
graphed on a Dowex 50 x-8 column (22). Samples of about 2 ml
(each) were evaporated to dryness, dissolved in 0.2 ml of water,
and counted in 10 ml of scintillation solvent B-10 (13).

Proc. Nat. Acad. Sci. USA 68 (1971)
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FIG. 5. Comparison CNBr fragmentation profiles of EMC-virus-specific polypeptides from cell lysates labeled with [SH]amino-

acids (-) and from purified virions labeled with [ 14C] aminoacid (- - -). Individual chains were prepared from a cell extract labeled at
4 hr as described in Fig. 3, and each chain was isolated from polyacrylamide gels. These were compared to either whole virus or the
homologous chain from EMC virions by coelectrophoresis of their CNBr digests. (A), chain A against EMC-virions; (B), Chain B
against EMC virions; (C), chain C against chain D (in this case, each 'H-labeled chain was electrophoresed separately in parallel gels,
and the profiles were superimposed for comparison); (D), chain C against chain E; (E), a chain; (F), chain.
Each mixture (about 10,000-15,000 cpm of each label) was digested 9 hr at room temperature with 2% CNBr in 70% formic acid,

then lyophilized and subjected to electrophoresis on 0.6 X 15 cm SDS-polyacrylamide gels (23) for 13 hr at 4 mA per gel.

periments F was the only chain that consistently did not
change in amount during the chase period and is, therefore,
assumed to be a stable primary product.
The amount of 3H in the e peak rose to a maximum within

15-20 min, then fell at the same rate as the and a chains were

A F C

B H D

Di a E (;

C r

FIG. 6. Model for the biosynthesis of EMC-virus proteins.
Three primary gene products A, F, and C are generated during
translation of the RNA genome. Chain F is not further cleaved;
the capsid precursor, A, is cleaved four times and precursor chain
C is cleaved twice. Dotted arrows indicate tentative assignments.
The order of the capsid polypeptides within A appears to be 5-

3-y-a, starting with a at the amino-terminal end of the sequence.
The order of synthesis of the primary products appears to be A-
F-C.

generated. This behavior is consistent with earlier suggestions
(7, 15) that the and a chains are generated by cleavage of
the e chain.
To further relate these chains, each was isolated by ex-

traction from polyacrylamide gels, and was analyzed by com-

parison of tryptic or CNBr digests with similar digests of
capsid protein (16). Tryptic digests of protein A and EMO-
capsid protein revealed many overlaps (Fig 4), thereby sup-
porting the identification of A as a capsid precursor.

Comparative analysis of CNBr digests from each peak gave
the following results. The electrophoretic profiles of digests
from A, B, and the capsid chains were similar to each other
(Fig. 5A and B). The profiles from C, D, and E were related,
as a family distinct from the capsid proteins (Fig. 5C and D).
The profile from protein F (not shown) showed little correla-
tion with the profiles from A or C.

Comparative studies on the CNBr-fragmentation patterns
of the e chain revealed similarities to patterns from the ,3 and 8

chains (not shown), thus further supporting the hypothesis
(7, 15) that the is and a polypeptides are produced by the
cleavage of the e chain.
The patterns of digests from the a, if, and y chains isolated

from cell lysates coincided with those of the homologous chains
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isolated from purified virions (Fig. 5E and F; y not shown).
The correspondence of these profiles from chains isolated
from the two sources not only confirms their identities, but
also demonstrates that the a, #, and 'y peaks from the ex-

tract are relatively free of unrelated, comigrating polypep-
tides.

Analysis of the smaller chains G, H, and I showed that all
have distinctive fragmentation profiles (not shown). However.
the limited number of fragments produced and the apparent
inability of CNBr to cleave quantitatively (16) precluded
further sequence-relatedness assignments.

Discussion

The similarities of the CNBr and tryptic digests of several
of the proteins allows them to be placed into the related
families: (i) A, B, and the capsid polypeptides; (ii) C, D, and
E. The kinetic experiments distinguish precursor from product
chains and their results are consistent with the following
classifications: capsid precursor chains (A,B,e); stable capsid
chains (a,fl,-y,b); stable primary product (F); noncapsid
precursor chains (C,D); stable noncapsid chains (E,G,H,I).

Integrating these results, and assuming that the largest
precursor polypeptide in each group is the primary product
of protein synthesis, we propose that the EMC-virus genome

is initially translated to generate three gene products (A,F,
and C), two of which (A,C) are further cleaved into smaller
chains (Fig. 6). The assignments of DI, G, H, and I are based
primarily on attempts to balance differences in molecular
weights.

Progressive labeling experiments, which determine the
initial time and rate of labeling of the polypeptides, and stud-
ies with the protein synthesis inhibitor pactamycin, suggest
that the primary products are synthesized in the order 5'
O 3' AF,C and that the capsid polypeptides are synthesized

in the order 8, ,, y, a (Butterworth and Rueckert, in prepara-

tion). An analogous sequence has been independently pro-

posed for the synthesis of polioviral proteins (17). Summers
and Maizel also find the polioviral capsid protein to be nearest
the 5' end of the viral RNA (personal communication). Pre-
liminary studies on the order of CNBr fragments in the parent
chains of the closely related ME virus confirm that the 0-

chain is derived from the amino-terminal region of the s-chain
(16).

If a value of 2.6 X 106 is assumed for the molecular weight
of EMC-virus RNA (3, 18), the virus has a theoretical coding
capacity of about 270,000. The sum of the molecular weights
both of the proposed primary products (A,F,C), with a

cumulative weight of 222,000, and of the stable end-products
(aAf,,5,AE,F,G,HI), with a cumulative weight of 229,000,
are slightly less than the theoretical value. It remains to
be determined whether this small difference is due to incorrect
values for the molecular weight of the viral RNA, for the size
or number of polypeptides produced, or if a part of the RNA
genome has noncoding functions.

It has been suggested that the picornaviral messenger RNA
possesses a single initiation site and is, therefore, completely
translated by every ribosome (5, 19). The consequence of this
would be the equimolar production of all stable viral poly-
peptides (if the complete cleavage of intermediates is as-
sumed). If this theory is correct, the finding of about equimolar
ratios of the stable EMC-virus proteins (Table 1) argues that
all of the end products have been resolved and identified.
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