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We show by sequence analysis of a 420-base-long region adjacent to the 3'
polyadenylic acid of encephalomyocarditis viral RNA and by carboxy terminus
analysis of protein E that the termination site of encephalomyocarditis virus
polyprotein translation consists of two successive UAG codons located at
positions 121 to 126 from the 3' polyadenylic acid.

The genome of encephalomyocarditis virus
(EMC), like that of other picomaviruses, is a
single strand of infectious, messenger-active
RNA nearly 7,600 bases long (12). Almost all of
the genome is devoted to the coding of a poly-
protein precursor molecule (molecular weight,
2.4 x 105) from which mature viral proteins are
derived in a series of proteolytic cleavage reac-
tions (10).
Sequence analysis of the 3'-terminal region

and amino acid analysis of EMC protein E have
allowed us to identify the termination site of the
polyprotein on the EMC genome. We show
below that the termination site is two successive
UAG codons at 121 to 126 bases from the 3'-
terminal polyadenylic acid [poly(A)], and we list
the next 300 bases corresponding to the last 98
amino acids of the polyprotein.
The RNA was sequenced by the dideoxy

method of Sanger et al. (11) adapted for use with
RNA (1, 15). The 420-base sequence adjacent to
the 3' poly(A) is shown in Fig. 1. This sequence
includes a previously reported shorter sequence
for this region (15) and resolves several ambigu-
ities that arose in the previous study due to band
compression.

Translation termination codons within our se-
quence are also shown in Fig. 1. Only the 5'-
proximal termination codons for each of the
three reading frames are possible as termination
sites for the polyprotein. These codons are UGA
at positions 395 to 397 (frame 1), UGA at posi-
tions 366 to 368 (frame 2), and the double
terminators UAGUAG at positions 121 to 126
(frame 3).
The partial protein sequences for the carboxy

termini of the polyproteins predicted by these
termination codons are shown in Fig. 2. Of the
three possibilities, phase 3 contains the longest
open reading frame within our sequence. More-
over, it is also most closely analogous in position

to the double terminators reported for poliovirus
(67 to 72 bases from the 3' poly(A) (7). We
therefore thought it likely that our double co-
dons at positions 121 to 126 represented the
termination site of EMC translation.
To test this hypothesis, we used selective

digestion with carboxypeptidases of defined
cleavage specificities to sequentially release
amino acids from the carboxy terminus of the
labeled EMC protein E. We prepared protein E
(9), which was labeled in vitro with [14C]arginine
and [3H]tryptophan. Protein E, a viral replicase-
related protein (14), has been shown by pacta-
mycin experiments and tryptic peptide mapping
to be derived from the carboxy terminus of the
polyprotein (4, 5, 9, 14). If phase 3 is the
authentic translation phase, then protein E
would be expected to have tryptophan and argi-
nine residues (Fig. 2, asterisks) near its carboxy
terminus. Specifically, the C-terminal residue
and the no. 6 amino acid residue from the C
terminus should be tryptophan. Arginines
should occupy positions 5 and 7. The predicted
proteins for phases 1 and 2 do not have arginine
and tryptophans similarly disposed.
The results of these experiments are shown in

Fig. 3. The addition of carboxypeptidase A to
protein E resulted in the immediate release of
[3H]tryptophan. The reaction was 40% complete
within 10 s and 100% complete within 2 min. The
rapid rate of this reaction indicated that trypto-
phan is located at, or very near, the carboxy
terminus of the protein.

Since the specificity of carboxypeptidase A
does not include arginine (2, 3), the released
tryptophan must be located on the carboxy side
of any arginine-containing sequence. Only the
predicted protein for phase 3 contains a trypto-
phan in such a position. The phase 3 sequence
predicts that progressive cleavage by carboxy-
peptidase A should be blocked by the Arg-Trp-
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5'...CGGAACUUGG CUGCCUUUCC
420 410

UCUG.AUUCG ACGCUUGAAG ACGUUGUCUU CL,UGA?AAAGA AAGUUUAAGA
400 (1) 30 380 370 (2) 360

AAGAGGGCCC GCUGUAUCGG CCUGUCAUGA ACAGAGAGGC GUUGGAAGCA
350 340 330 320 310

AUGUUGUCAU ACUAUCGUCC AGGGGCUCUA UCUGAGAAAC UCACUUCGAU
300 290 260 270 260

CACUAUGCUU GCCGUUCAUU CUUGCAAGCA GGAAUAUGAU CUGCUCUUUG
250 240 230 220 210

CCCCAUUCCG UGAGGUAGGG GUUGUCGUGC CAUCAUUCGA GAGUGUGGAG
200 i - 160 170 1 60

UACAGAUGGA GGAGUCUGUU CUG UAGUAG UGUAGUCACU GGCACAACGC
10 140 130 (3) 120 110

GUUACCCGGU AAGCCAAUCG GGUAUACACG GUCGUCAUAC UGCAGACAGG
100 6......0 70 Go

GUUCUUCUAC UUUGCAAGAU AGUCUAGAGU AGUAAAAUAA AUAGAUAGAG polyA...3'
50 40 30 20 10

FIG. 1. The 3'-terminal nucleotide sequence of EMC. Sequencing procedures were as previously described
(1, 15). Primer (pdT8dC, PL Biochemicals) was labeled by using [-y-32P]ATP and purified by two-dimensional gel
electrophoresis (6, 13). Sequencing reaction mixtures were fractionated on 40-cm-long gels containing 8 or 12%
polyacrylamide or, alternatively, on 85-cm-long gels containing 6% polyacrylamide. All gels were 0.35 mm thick.
Buffer was used at one-half strength with 85-cm-long gels. Autoradiography was performed with and without
intensifying screens (8). Sequencing procedures were repeated several times to generate overlapping band
patterns which could be unambiguously read from the gels. All termination codons are highlighted (phase 1
..* * *, phase 2 [---1, phase 3 [ ]). The 5'-most termination codon for each phase is boxed.

NH3...-Glu-Leu-Gly-Cys-Leu-Ser-Ser-COOH

..-CG GAA CUU GGC UGC CUU UCC UCU UGA..
420 410 400

(ph... 1)

NH3...-Gly-Thr-Trp-Leu-Pro-Phe-Leu-
Leu-Ile-Arg-Arg-Leu-Lys-Thr-Leu-Ser-Ser-COOH

..UUG AUU CGA CGC UUG AAG ACG UUG UCU UCU UGA..
360 33o 370

(ph... 2)

NH.... -Arg-Asn-Leu-Ala-Ala-Phe-Pro-Leu-
Asp-Ser-Thr-Leu-Glu-Asp-Val-Val-Phe-Leu-
Lys-Arg-Lys-Phe-Lys-Lys-Glu-Gly-Pro-Leu-
Tyr-Arg-Pro-Val-Met-Asn-Arg-Glu-Ala-Leu-
Glu-Ala-Met-Leu-Ser-Tyr-Tyr-Arg-Pro-Gly-
Ala-Leu-Ser-Glu-Lys-Leu-Thr-Ser-Ile-Thr-
Met-Leu-Ala-Val-His-Ser-Cys-Lys-Gln-Glu-
Tyr-Asp-Leu-Leu-Phe-Ala-Pro-Phe-Arg-Glu-
Val-Gly-Val-Val-Val-Pro-Ser-Phe-Glu-Ser-
Val-Glu-Tyr-Arg-Trp-Arg-Ser-Leu-Phe-Trp-COOH

.GUG GAG UAC AGA UGG AGG AGU CUG UUC UGG UAGUAG..
150 140 130

(pha..e 3)

FIG. 2. Potential amino acid sequences for the carboxy terminus of EMC protein E, derived from the three
reading frames. Arginine and tryptophan residues are indicated with asterisks (*).
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FIG. 3. Carboxypeptidase digestion of protein E. EMC RNA (2 gLg) was translated in an extract from rabbit
reticulocytes (60 Jl) containing [3H]tryptophan (500 ILCi at 26 Ci/mmol) and ["4C]arginine (100 XCi at 334 mCi/
mmol). Viral protein E was isolated by preparative electrophoresis as previously described (9). The final
preparation contained (200 ,ul): 1.7 x 106 dpm of 3H, 8.6 x 103 dpm of 14C, and 50 p.g of bovine serum albumin
carrier in 0.2 M morpholine acetate buffer, pH 8.5. A sample of protein E (100 ,ul) was treated with sodium
dodecyl sulfate (5 ,ul, 109o) and then brought to 37°C in a water bath. An aliquot (10 ,ul) was removed as a
predigestion control and mixed with cold 10% trichloroacetic acid (125 ,ul). Carboxypeptidase A (40 ,l, 1 mg/ml,
50 U/mg, Sigma Chemical Co.) prepared as described before (2) was added to the remaining sample, and at the
indicated times, aliquots (10 pl) were removed and treated with trichloroacetic acid as described above. After 45
min at 37°C, carboxypeptidase B (20 ,ul, 0.5 mg/ml, 100 U/mg, Sigma) was added to the remaining reaction
mixture. Further aliquots (10 ,ul) were withdrawn at the indicated times and treated with trichloroacetic acid.
When all samples were collected, bovine serum albumin (50 p,g) was added to each sample, and then the
insoluble material was pelleted by centrifugation at 15,000 x g for 5 min. The clarified supernatant (100 ILI) was
counted by liquid scintillation for released 3H and 14C. All values were corrected for counting efficiency, isotope
spillover, and dilution effects by enzyme addition. The data are expressed as total disintegrations released per
minute during the reaction. The open (0, A) and closed (O, A) symbols represent the results of two separate
experiments. The vertical dashed lines indicate the times of addition of carboxypeptidases A and B.

Arg sequence 5 to 7 residues from the end. If this
sequence is correct, then removal of the termi-
nal arginine should allow subsequent release of a
second tryptophan. Thus, carboxypeptidase B,
which will release arginine (2, 3), was added to
the reaction mixture after the digestion with
carboxypeptidase A. The addition of this en-
zyme after the carboxypeptidase A reaction
caused rapid release of both tryptophan and
arginine (Fig. 3). If we assume that the 3H
liberated by the A enzyme represented one
tryptophan molecule per molecule of protein E,
then reaction with the B enzyme also released
one tryptophan residue. It is unclear whether the
released lC represented one or two arginines.
Although our data cannot rule out the possibility
that the polyprotein terminates at somewhere 5'
to our sequence, the probability of a protein
having the amino acids arginine and tryptophan
very close to its carboxy terminus and in the
order demanded by our experimental results is
small. We thus conclude that EMC polyprotein
translation terminates at the double codons
UAGUAG, 121 to 126 bases from the 3' poly(A)
of the viral RNA.
Comparisons of our EMC RNA sequence and

deduced phase 3 amino acid sequence for pro-
tein E were made with those of the correspond-
ing regions of polio type I RNA and the amino
acid sequence of the homologous protein
NCVP4. RNA sequence homology was sought
by making computer-generated matrix plots of
the two sequences. The analysis revealed no
striking homology. This may be seen in Fig. 4,
which shows all regions in which at least 20 of 36
bases correspond. There are nine such regions,
apparently randomly distributed, with no evi-
dence that they form a pattern of homology
(e.g., several such regions forming a long se-
quence). The longest region of perfect homology
found was a 10-base sequence (region A of Fig.
4) from positions 58 to 67 in EMC that is
identical to a polio sequence at 32 to 41 bases
from the poly(A). An 8-base identical match
occurred between EMC bases 365 to 372 and
polio bases 331 to 338 (region B of Fig. 4).
Comparison of the deduced amino acid se-

quence for EMC protein E with that of the
corresponding region of polio protein NCVP4
showed one region of sequence similarity. With-
in EMC, amino acids 77, 79, 80, 81, 82, 84, 86,
and 88 (from the carboxy terminus) matched

J. VIROL.
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FIG. 4. Computer-generated matrix plot showing
sequence homology between polio type 1 RNA and
EMC RNA. The polio type 1 RNA sequence on the
horizontal axis [numbers indicate the base number
from the 3' poly(A)] was compared with the EMC
RNA sequence on the vertical axis. The computer
compared sequential 36 base segments of the two
sequences and searched for a minimum of 20 matches
in the segments. When the search was positive, the
positions of the matching bases were indicated by
dots. Matching segments marked A and B are de-
scribed in the text. Perfect homology would be indicat-
ed by a continuous line of dots starting in the upper
right hand corner and extending downward to the left
at a 45° angle.

residues 84, 86, 87, 88, 89, 91, 93, and 95 of
protein NCVP4, i.e., a match of 8 out of 12
amino acids. These are the amino acids coded by
region B of Fig. 4.
The limited RNA and protein sequence ho-

mology found is surprising in view of the exten-
sive physical and biological similarities between
polio and EMC (12). Whether greater homology
exists elsewhere in the two genomes awaits
determination of their complete sequences.

Avian mycloblastosis virus reverse transcriptase was the
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