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Previous work has shown that translation of the encephalomyocarditis (EMC)
viral ribonucleic acid (RNA) generates at least three primary products, polypeptides
A, F, and C. The A and C polypeptides then undergo post-translational cleavages to
complete the production of the stable viral polypeptides (6, A, y, a, G, I, F, H,
and E). In this communication we show that A, F, and C are produced in equimolar
amounts giving further support to the theory that the RNA of picornaviruses has
only a single site for the initiation of protein synthesis. The biosynthesis of viral
proteins in EMC virus-infected HeLa cells was studied in the presence of pactamy-
cin at concentrations which preferentially inhibit the initiation of protein synthesis.
The amount of each polypeptide formed during the residual period of protein syn-

thesis observed after the addition of pactamycin was used as a criterion for order-
ing the genes on the viral RNA. The results obtained indicate that the primary gene

products are ordered on the EMC viral RNA 5' -> 3' A-F-C and that the stable
products are ordered b-0--y-a-G-I-F-H-E. Moreover, the intermediate chains B and
e map in the capsid region, whereas the intermediate chain D maps in the E region.
This order is largely consistent with previously established relationships of the viral
polypeptides and thus indicates that pactamycin is a valid tool for "genetic" map-

ping of polycistronic RNA molecules with single initiation sites.

The picornaviral genome theoretically is suffi-
cient to encode a mass of about 270,000 daltons
of protein (8). The viral ribonucleic acid (RNA),
acting as a messenger RNA (mRNA) in the in-
fected cell (10), directs the synthesis of the virus-
specific proteins, some of which mature by proteo-
lytic cleavages into smaller stable products (1, 4,
11). In the case of encephalomyocarditis (EMC)
virus three polypeptides, A, F, and C, with a
cumulative mass of about 220,000 daltons, ap-
pear to be primary products of translation (1).
A and C then undergo a series of post-transla-
tional cleavages to complete the production of
the stable polypeptides (6, 3, 'y, a, G, I, F, H,
E). Those polypeptides generated by the cleavage
of A include all of the capsid chains (6, A, -y, a),
and those generated by the cleavage of C include
D and E (1). The stable EMC virus chains have a
cumulative mass of about 230,000 daltons which
may represent the entire protein coding comple-
ment of the virus. Furthermore, these stable viral
polypeptides are produced in about equimolar
amounts (1), supporting the concept that the
picornaviral RNA possesses but a single site for
the initiation of protein synthesis (5) and that,
once initiated, each ribosome completes transla-
tion of the entire protein coding region of the
RNA.

Recently the use of pactamycin, a drug believed
to interfere specifically with initiation of protein
synthesis, has been proposed as a tool for con-
structing "genetic" maps of polycistronic RNA
molecules with single initiation sites (12, 13). In
this communication we report the gene order on
the EMC RNA of the primary, intermediate, and
stable viral proteins as determined by the pacta-
mycin' mapping technique. We also describe
additional data in support of the single initiation
site hypothesis.

MATERIALS AND METHODS

Materials. The source of HeLa cells and EMC virus
and the composition of the dialysis buffer, of medium
AL, medium AH, and of the scintillation solvents tT21
and B1O have been described (1). The L-[3H]amino
acid mixture containing 15 amino acids was purchased
from New England Nuclear Corp. Pactamycin was a
gift of D.F. Summers. A stock solution of 1 X 10-5 M
pactamycin (assuming a molecular weight of 558) in 1
mm acetic acid was stored frozen and used throughout
these experiments.

Methods. The procedures for infection, preparation
of cell lysates, sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, gel fractionation, and measure-
ment of radioactivity have been described (1). Unless
otherwide indicated, the tT21 counting system was
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used. About 95%c of the applied radioactivity is recov-
ered from the gels by this procedure.

RESULTS

Molar proportion of the large polypeptide pre-
cursors. If EMC viral protein synthesis is initiated
at a single site, it should be possible to demon-
strate that the precursor chains, like the end
products derived from them, are produced in
equimolar proportions. A brief incubation of
EMC-infected HeLa cells with radioactive amino
acids results in the incorporation of radioactivity
into the primary products of EMC virus-directed
protein synthesis without allowing sufficient time
for the complete breakdown of these precursors
into the stable viral polypeptides (1). Figure 1
shows the distribution of label found in the viral
polypeptides after a 6-min exposure of EMC
virus-infected HeLa cells to a [3H]amino-acid
mixture. The molar ratios calculated for these
polypeptides are summarized in Table 1. A, F,
and C are proposed primary products of protein
synthesis (1). The molar ratios ofA together with
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FIG. 1. Profile of radiolabeled polypeptides after
plulsinig aii encephalomyocarditis (EMC) virlus-inifected
HeLa cell suspensiojljbr 6.0 mill with a [3H] aminio acid
mixture. In this anid suibsequienit experimenits, HeLa cells
wtere ilnfected with 200 plaque-forming lulnits of EMC
viruts per cell anid ciultuired at 37 C in medilum AL (4 X
106 cells/nil) conitaininlig 5,g ofactilnomycini D perml as

clescribed (1). All manipulations from this poinlt onl were

carried olit in a wvarm room at 37 C. At 3 hr 46 mini
postinifectioni, a 2-n7l sample w'as removed from the in-
fected cell suspenisioni anid exposed to 80 uCi of a [3H]
amino acid mixtulre per ml. After a 6.0-miii imicuibationi
at 37 C, 0.2 nml of IOX solubilizinig sollutio,z [10% so-

diunm dodecyl sujlfite (SDS), 5 Ni lrea, I',c 2-mercapto-
ethanol] was added, anid the sample was heated for 5
mini in a boiling-water bath. The sollibilized cells were

dialyzed overmiiglht againlst a large volume of dialysis
buiffer anid conicenitracted tabolut twofold by dialysis
againlst Ficoll. The extracct theni was suibjected to SDS-
polyacrylamide gel electrophoresis Jbr 20 hr at 8 ma

per gel. Ini this andcl sulbseqluenlt figuires, the aniocde is to
the Iright. Each firactionI represents 1 mn of' gel.

its proposed cleavage products (B plus a), of the
stable polypeptide F, and of C together with its
proposed cleavage products (D plus E) are 1.09,
1.00, and 1.05, respectively (Table 1). Thus, the
production of these polypeptides in equimolar
amounts is in agreement with the concept that
each ribosome completes translation of the entire
EMC viral message. Polypeptides G and I are
also present at this time. Their molar ratios are
0.79 and 0.85, respectively.

Inhibition of protein synthesis by pactamycin.
At sufficiently low concentrations pactamycin is
reported to inhibit initiation of protein synthesis
in cell-free systems from rabbit reticulocytes;

TABLE 1. Molar ratios of the radiolabeled v,iral
polypeptidles after a 6-miit exposiure to

VHI aminio acids

Poyetdparet Per cent total viral; MolarPolypeptide molecular counts minb ratiocweight'

A 100,000 35.0 (0.8) 0.80
B 90,000 3.6 (O. 5) 0.09
C 84,000 10.7 (0.8) 0.29
D 75,000 9.5 (0.4) 0.29
E 56,000 11.5 (0.6) 0.47
F 38,000 16.6 (2.0) 1.00
a 34,000 2.9 (0.7) 0.20
G 16,000 5.5 (1.1 ) 0.79

11,000 4.1 (0.4) 0.85
A + B +oe 1.09
C:+ D + E 1.05

a The apparent molecular weight of each com-
ponent was calculated from its mobility on so-
dium dodecyl sulfate-polyacrylamide gels relative
to that of six standards (I) .

I Calculated from the average of six independ-
ent gels run on three different cell extracts which
had been pulse-labeled for 6.0 min. The profiles
were similar to those in Fig. I and the control pro-
file in Fig. 3. The distribution of `H was calculated
relative to the total radioactivity recovered from
all of the viral peaks. The average deviations are
indicated in parenthesis. The accuracy of values
for chains smaller than F in extracts from experi-
ments using short incorporation periods is sub-
ject to some uncertainty because (i) their small
size results in less radioactivity incorporated into
them relative to an equivalent molar amount of
one of the large chains; (ii) at this time the yield of
product chains is limited by incomplete cleavage
of the precursor chains; (iii) with short pulse
periods, there remains a substantial background,
presumably due to nascent chains (Fig. 1).

c The mass of protein was assumed to be pro-
portional to its radioactivity. The molar ratios
were calculated by dividing the mass ratio (column
3) of each chain by its apparent molecular weight
and normalizing with respect to the stable primary
product F.
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higher concentrations of the drug also interfere
with translation (9). It also has been reported that
pactamycin concentrations as low as 10-7 M
completely inhibit initiation of protein synthesis
in HeLa cells (13). The results presented in Fig. 2
illustrate that exposure of EMC virus-infected
HeLa cells to 10-7 M pactamycin results in about
a 12-min period of decreasing protein synthesis
after which no further incorporation of amino
acids into protein takes place. This residual syn-
thesis is interpreted as the completion of poly-
peptide chains by ribosomes already translating
the message before the initiation blockade.
Theory of mapping. The transient period of

protein synthesis shown in Fig. 2 in which pre-
viously initiated ribosomes complete translation
of the message defines the period of interest for
mapping studies. The number of copies of each
polypeptide produced equals the number of ribo-
somes which translate its gene locus on the RNA.
During the "run off" period, those regions near-
est the initiation site (assumed to be at or near the
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FIG. 2. Inihibitiont of viruis-specific proteinz synthtesis
by pactamycin. At 3 hr 50 miIi postintfectionz, duplicate
4-mnl portionts fronm ant itifected cell suispentsionz were each
mixed with I ml of /nediulm AL conztainintg 25 pACi of a
[3H]amino acid miixtlure alid 50 ,uliters of mediuim AL
(conztrol: 0) or 10-J m pactamycinz in I mmi acetic acid
(0), anid intcuibationz was conttinuiied at 37 C. At thte inidi-
cated times, 0.3-mii7 sam71ples were removed i/ito I ml of
ice cold 10%` trichloroacetic acid. After diluttitig with
water to 5%Zo trichloroacetic acid, thle samples were
heated Jbr 20 ini/i at 90 C a/id the acid-i//soluible mate-
rical was collected a/id(l ashed oii type HA menmbralie
filters (0.45-pum pores, Millipore Corp.). The filters
were allowed to clear over/iight i/i 10 ml of scintilla-
tiO/i solve/it B1O, anid radioactivitY was measured i/i a
liquid sci/itillcatio/i spectromneter.

5' end of the RNA) will be the first to be depleted
of ribosomes; hence, polypeptides from this
region will be produced in lower amounts than
polypeptides whose loci are nearer the 3' end of
the RNA. In theory, the degree of this change
from the normal equimolar production of
products is dependent on the distance of these
loci from the initiation site and thus allows the
ordering of the proteins on the RNA.

In cases where the action of pactamycin and the
incorporation of radioactive amino acids begin
simultaneously, the pactamycin-control ratio (the
amount of radioactivity incorporated into a poly-
peptide during the run off period relative to the
amount of radioactivity incorporated in the same
polypeptide under normal steady-state condi-
tions) is theoretically proportional to the relative
map distance of that protein along the mRNA.
Assuming that protein synthesis begins at the
amino terminal end of the protein and proceeds
from the 5' to the 3' end of the RNA (3, 7), the
smallest pactamycin-control ratio will designate
that polypeptide nearest the 5' end of the genome.
Any delay in the addition of labeled amino

acids after inhibition by pactamycin will decrease
the resolution of mapping for proteins near the
5' end of the message because all pactamycin-
control ratios will be approaching zero. However,
if the delay is not longer than the time required
for the last ribosome to complete translation, the
relative differences in the pactamycin-control
ratios of those polypeptides near the 3' end will be
increased and thus allow some degree of expanded
resolution of mapping.
Gene order of the primary products. Figure 3

illustrates that the normal distribution of radio-
activity incorporated into the primary products is
dramatically changed if the EMC virus-infected
cells are first exposed to 10-7 M pactamycin and
then, after a 6-min delay, are allowed to incorpo-
rate radioactive amino acids as the remaining
ribosomes run off the EMC viral message. The
pactamycin-control ratio for each peak should be
an indication of the order of the proteins on the
mRNA. The values obtained (Fig. 5) indicate the
order of the primary products on the EMC viral
RNA to be 5' -+3' A-F-C.

Examination of Fig. 3 shows that significant
amounts of radioactivity are also found in the
cleavage intermediates B and D and in the stable
product E. Their map distances are shown in Fig.
5. B maps almost exactly with A. D and E map
in the area of C on the 3' end of the RNA.
Gene order of the stable products. The radio-

labeled precursor molecules can be chased into
their stable products by incubation of the EMC
virus-infected HeLa cells in medium containing
unlabeled amino acids (1). Figure 4 illustrates
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FIG. 3. Effect of pactamycin ont the distribuitiont of
radioactivity iticorporated i/ito the primary produlcts of
enicephalomyocarditis-directed proteili synithesis. All
niaiiipulationts were carried oiut in a warm room at 37 C.
At 3 hr49 miii postintfection, an in.ficted cell slaspensiont
itas exposed to 10-7 M pactaml1ycinl. Six mi/tutes there-

after, a 2-nli sample was removed, labeled, prepared,
and electrophoresed as described ini Fig. 1. Tlte control
saimple was prepared as described in Fig. 1. To inmprove
resolution, the gels were rmtii lbr 36 hr at 8 ma per gel;
miaterial smaller thali a migrated from the gel. Thle two
extracts were electrophoresed separately anid the elec-
tr-opherogra ms have beeii su perimnposedfor comparisomi.
Conitrol, 6-mi,i pulse (solil Iile); pactamyciui, 6-mimi
delay, 6-miui pulse (dotted Iihue).

that the pattern of labeling found in the stable
viral polypeptides is altered extensively if, during
the labeling period, the cells are also exposed to
10-7 M pactamycin. Treating the data as pre-
viously described, the gene sequence obtained for
the stable viral polypeptides is 5' 3' 6-f--y-a-
G-I-F-H-E (Fig. 5). The precursor chain e is still
present at this time and maps to the left of y.

Duplicate experiments, similar to the one de-
scribed in Fig. 4 in which there was a 6-min delay
after exposing the infected cells to 10' M pacta-
mycin followed by a 14-min pulse and an 80-
min chase, gave an expanded map for those
proteins near the 3' end of the EMC viral RNA
and confirmed the order G-I-F-H-E for those
proteins to the right of the capsid proteins.

DISCUSSION
The observation that polypeptides A, F, and C

are produced in approximately equimolar
amounts (1.09, 1.00, and 1.05, respectively, after
correcting for post-translational cleavages; see
Table 1) is consistent with the concept that each
ribosome completes translation of the entire pro-
tein coding region of the viral RNA and reinforces
the hypothesis that A, F, and C are primary pro-
ducts in the translation of the EMC viral genome
(1). The order given by the pactamycin mapping
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FIG. 4. Effect of pactanmycili oni th7e distriblutioit of
radioactivity iuicorporated itito the stable encephalo-
myocarditis (EMC) viruls polypeptides. All mauiiplula-
tions were carried ouit in a warm room at 37 C. At 3 hr

39 miii postintfectioli, a 2-nl sample from aii EMC viruts-
ilui,cted cell siuspenisioui was renmoved auid exposed simudl-
tanzeously to 10-1 m pactamyciui anld 80 ,uCi of a [3H]
amiuio acid mixtuire per ml. After a 20.0-nuinl iuiciibatiomi,
50 ml ofmecliuim AH coitaimiinig 10-7 lf pactCamv'ci/li was

adcled to the siuspenision, anid the cells were immedliately
sedimenited antd sutspenided in 8 ml of freshl medium
AH free of drulg amid isotope. The total inhcubatioui in
mnedium AH was conitiuiiied for 80 miii at 37 C. The cells
theui were sedimenited, siuspended in 0.5 ml of water, aiid
solutbilized as described i/i the legeuid of Fig. 1. All idle,i-
tical conitrol sample was takeui sinlultanueouusly I1roni the
originial inifected cell sutspenisiomi antd trieated ili the sanme

way, except that all soluitionis wvere be(le of pactaimycin.
The extracts were themi analyzed directly (dialysis step
omitted) by sodilmn dodecyl suulfate-polyacrylamide gel
electrophoresis. The two saimiples were electrophoresed
separately anid the electropherogranis have beeli siuper-
imposed here for comparisoni. Couitrol, 20-mimi puilse,
80-mimi chase (solid hiuie); pactamnvcin, 20-mimi pullse,
80-mini chase (dotted hiuie).

technique for these primary products is 5' -- 3'

A-F-C (Fig. 5). The pactamycin mapping tech-
nique can only be valid if the polycistronic RNA
possesses a single initiation site. Hence, the fact
that a reasonable linear gene order was obtained
is additional support for the single initiation site
hypothesis (5). Although the hypothesis that
EMC viral RNA has only a single major initiation
site cannot yet be considered proven, less likely
alternatives involving multiple initiation sites
could explain the data only if each cistron were
expressed at a rate proportional to its molecular
weight and if, in addition, the expression of each
cistron were differentially affected by pactamycin
in such a way as to produce a reasonable genetic
map.
Although the cumulative mass (220,000

daltons) of the A, F, and C chains is close to the
theoretical coding capacity (270,000 daltons) of
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A F c the pactamycin mapping technique, reported the
c->4l'0'250.90 i.58 primury order NCVP1-NCVPX-NCVP2 for three pro-

BE D ducts of polioviral-directed protein synthesis (13).
Z E E 0.24 2.07 These polypeptides are probably analogous to

E the EMC viral polypeptides A, F, and D, respec-
2.26 tively. The conclusion that the coat protein cistron

:3 1Z is nearest the 5' end of the polio mRMA has been
EEc 050 confirmed (12). Other studies using the pact-
300 Yta G F H E mycin system indicate the order of the capsid

0.17 0.29 0.69 0.78 1.01 1.10 1.23 1.40 1.66 proteins on the polioviral RNA to be VP4-VP2-

DACTAMYCIN/CONTROL VP3-VP1 (6). These chains are analogous to the
EMC viral polypeptides 6, /3, y, and a, respectively

FIG. 5. Geiie sequenice ofencephalomyocarditis POly- (8). These results suggest that all picornaviruses
reptides as determiinled by the pactamycin mapping may share the same gene order.
technique. Tlte amounlt of radioactivity in each peak was
7alculated as the per ce/it relative to the total radioac- In the noncapsid region of the gene (Fig. 5)
tivity recovered from all viral peaks on a gel. The ratio C, D, and E all map in the same region on the 3'
4f this percentage ini the pactamycin-treated extract end of the viral mRNA; this supports our earlier
relative to the value of its corresponding peak from the conclusion, based on pulse-chase experiments and
-onitrol extract the/i wvas calculated. This pactamycili- cyanogen bromide mapping of the isolated poly-
oontrol ratio is related to the relative position of the peptides, that D is a cleavage product of C and
iolypeptide on thle viral mRNA. In tlhe above graph, that E, in turn, is a cleavage product ofD (1). The
rhe viral polypeptides have beemi ordered from left to pactamycin-derived gene sequence further sug-
righlt accordinig to inicreasing values of the pactamycini- gests that D and H are the cleavage products of C,
~onitrol ratio so that the 5' end of thle RNA is to the left.

a t
Each valule is the average from two indepentdenit experi and their sizes are consistent wlth this. The ob-
nenits that gave similar results. The average deviation servation that the sum of the molar ratios of C,
from the mea/i values show,i above is 0.04. The mnaxi- D, and E (Table 1) nearly equals the molar ratio
nuiimi deviationt (polypeptide E) is 0.11. for the stable primary product F gives additional

support to the proposed C - D -* E precursor-
product relationship. The cleavage of D to pro-

the genome, the possible existence of additional duce E appears to be slower than the cleavage of
small primary products is not yet precluded. In- the capsid precursor (1); therefore, such large
deed, the molar ratios of I and G are sufficiently amounts of both D and E present following a
close to those of A, F, and C after a short pulse short pulse were unexpected (Table 1). One way of
(Table 1) to suggest that one, or both, may be reconciling these observations is to assume that,
stable primary products. The kinetic behavior of although the C chain can be translated in the
I and G in pulse-chase experiments (Fig. 3 of intact form, a fraction of the C chains may be
reference 1) is also compatible with this possibil- cleaved while still in the nascent form to generate
ity. Further work will be required to settle this that fraction of its smaller product chains as if
point definitively because the accuracy of the they were primary products.
molar ratio values for these small chains is un- On the whole, the pactamycin map correlates
certain (see footnote to Table 1). well with previously established relationships of
The precursor chains A, B, and e as well as the the viral polypeptides and with the proposed

stable capsid chains (d, 3, y, a) all map in the model for the biosynthesis of EMC virus proteins
same region on the 5' end of the viral mRNA (1). However, some discrepancies remain to be
(Fig. 5). This is consistent with the finding that A resolved. For example, although B is related in
is related to B and is the precursor of the capsid sequence to A (1) and maps with it (Fig. 5), the
chains (1). Furthermore, the gene order deter- relationship of B to A remains unclear. One pos-
mined by the use of pactamycin suggests that the sibility is that B is a cleavage product of A.
order of the capsid chains within A is 5-0--y-a, According to this model, the A chain (100,000
starting with 6 at the amino terminal end of the daltons, Table 1) is cleaved to form B (90,000
sequence. The E chain maps to the left of -y in daltons) plus an equivalent amount of a small
agreement with the notion that E is the precursor fragment of about 10,000 daltons. The most ob-
of the 6 and ,B chains (1). vious candidates for such a small fragment are
There are a number of similarities between our the stable chains G or I which map close to the

results with EMC virus and those reported earlier capsid region. However, for this to be true, the
for poliovirus. The precursor of the polioviral relative molar amount of these polypeptides (G
capsid proteins has been designated both NCVP1 or I) must equal the sum of the molar amounts of
and NCVP1a (12, 13). Taber et al., who first used B plus a (0.09 + 0.20 = 0.29). The observed

I

(i

I

j,
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yields of the G and I chains, about 0.8 each, are

too high to satisfy this model. Assuming then that
neither G nor I are part of A leaves open the
possibility that the missing fragment is degraded
in the cell or remains undetected, e. g., the molar
ratio of I is a bit high (Table 1 of reference 1) sug-
gesting that it may contain two comigrating poly-
peptides. An alternative explanation for the origin
of B is that it arises by translation of a coinfecting
mutant virus with a deletion in the A chain
cistron. The DI mutant of poliovirus might repre-
sent such a possibility (2). However, this deletion
hypothesis seems unlikely in the case of EMC
virus because a clonal isolate produces the same

polypeptide profile as does the wild type (S.
McGregor, personal comnunication). Other pos-
sibilities are that B is generated by an infrequent
but specific error in initiation or "termination"
during the translation of A or that the A chain
may be subject to a minor alternative cleavage
sequence (e. g., premature cleavage of the a

chain).
A second unresolved problem is that the cleav-

age of C followed by the cleavage of D should
generate two stable polypeptides in addition to
E. However, only H and E map to the right of the
stable primary product F, again leaving the addi-
tional cleavage product missing. In this case, the
missing polypeptide may be mapping incorrectly.
A simple way of explaining how a single poly-
peptide might map incorrectly would be to assume
that it is on the 3' end of the mRNA and that
translation over this region is incomplete. Such
a situation might arise (i) if termination were

inhibited in pactamycin-treated cells, thus causing
an accumulation of ribosomes at the 3' end of the
message, or (ii) if ribosomes were released pre-
maturely from this region of the message in the
presence of pactamycin. In either case, the amount
of this polypeptide produced would be decreased,
causing it to map to the left of its real position.
If this effect were confined to a short region near

the 3' end of the mRNA, this polypeptide would
be the only one affected. Based on size, the best
candidate for the additional polypeptide gener-
ated by the cleavage of D to produce E is G.
Assigning G to the 3' end of the mRNA would
indeed place it next to E and account for the
cleavage products of C. Making this one change
would give the gene order 3-3--y-a-I-F-H-E-G
which is more nearly consistent with the proposed

model for the biosynthesis of the EMC viral pro-

teins (1).
Although some details of EMC viral protein

biosynthesis remain to be clarified, the major
result is that the gene sequence obtained by the
pactamycin mapping technique is largely consist-
ent with the cleavage map obtained by independ-
ent studies (1). This is an encouraging indication
that the pactamycin mapping technique is a valid
tool for mapping polycistronic RNA molecules
with single initiation sites.
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