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ABSTRACT A partial amino-terminal amino acid sequence of
each of the major proteins encoded by the replicase region (P3)
of the poliovirus genome has been determined. A comparison of
this sequence information with the amino acid sequence predicted
from the RNA sequence that has been determined for the 3' region
of the poliovirus genome has allowed us to locate precisely the
proteolytic cleavage sites at which the initial polyprotein is pro-
cessed to create the poliovirus products P3-lb (NCVPlb), P3-2
(NCVP2), P3-4b (NCVP4b), and P3-7c (NCVP7c). For each ofthese
products, as well as for the small genome-linked protein VPg, pro-
teolytic cleavage occurs between a glutamine and a glycine residue
to create the amino terminus of each protein. This result suggests
that a single proteinase may be responsible for all of these cleav-
ages. The sequence data also allow the precise positioning of the
genome-linked protein VPg within the precursor P3-lb just prox-
imal to the amino terminus of polypeptide P3-2.

Picornavirus genetic information is expressed as a single trans-
lation unit (1-3) that, were it not processed by proteolytic cleav-
age into individual proteins, would be, in the case of poliovirus,
a single 240,000 Mr polyprotein corresponding to about 90% of
the ca. 7500-nucleotide sequence of the genome. This poly-
protein is organized into three domains, each ofwhich gives rise
to a different group of virus proteins (for recent reviews, see
refs. 4 and 5). Initial proteolytic cleavage of the poliovirus
polyprotein produces three precursor polypeptides, P1-la
(NCVPla), P2-3b (NCVP3b), and P3-lb (NCVPlb) that corre-
spond to these three domains. Protein P1-la (95,000 Mr)
corresponds to the 5' portion of the genomic RNA (plus strand
polarity), and it is the large precursor to the four capsid proteins
(VPI, VP2, VP3, and VP4). Protein P2-3b (65,000 Mr) corre-
sponds to the central portion ofthe genome (6), and it is thought
to be the precursor to protein P2-X (NCVPX). Protein P2-X is
reported to have proteinase activity (7). The third primary
cleavage product, P3-lb, is the large precursor (84,000 Mr) to
a group of noncapsid proteins and maps in the 3' region of the
genome (8), where replicase functions map. This precursor is
cleaved during the poliovirus infection to yield, among other
proteins, the virus-specific RNA polymerase that, as a highly
purified protein, has been shown to elongate, but not to initiate,
poliovirus RNA chains in vitro (9). We shall refer to the virus-
specific RNA polymerase polypeptide protein as P3-4b (58,000
Mr). The designation 4b was given to this product by Etchison
and Ehrenfeld (10). The polymerase has also been called
NCVP4 and p63 (11, 9).
The mechanism of initiation of poliovirus RNA synthesis and

the specific protein(s) responsible for this activity are at present

unknown. Because newly initiated RNA chains isolated from
infected cells all contain the small protein VPg covalently linked
to their 5' termini (12, 13), it has been postulated that VPg (or
a precursor) may serve as a primer for initiation of RNA syn-
thesis (12, 14). Although several partially purified extracts of
poliovirus-infected cells supplemented with exogenous polio-
virus RNA will initiate the synthesis ofnew RNA chains in vitro
(15, 16), to date, none of these have been shown to attach VPg
to replicase/polymerase products.

In order to determine which virus-specific proteins are in-
volved in the initiation of RNA synthesis, we have begun to
study the primary structure of the poliovirus replicase precur-
sor-polypeptide and the cleavage products generated from it.
By comparing the data obtained from a limited sequential Ed-
man degradation -of these products with the sequence data now
available from the total nucleotide sequence of poliovirus RNA
(unpublished; ref. 17), we have determined the cleavage sites
for the replicase proteins, and we can predict their amino acid
sequence. The data we present in this communication dem-
onstrate the relationship among the P3-lb-derived products-
VPg (17, 18), P3-2, P3-4b, and P3-7c-and suggest that a single
proteolytic activity, presumed to be ofviral origin, may function
to process all of these proteins.

MATERIALS AND METHODS
Preparation of Infected-Cell Extracts and Gel Electropho-

resis. Extracts were prepared from suspension cultures of S3
HeLa cells (5 X 106 cells per ml) infected with poliovirus type
I (Mahoney) at a multiplicity of 50 plaque-forming units per cell.
Infected cultures at 370C were labeled with radioactive amino
acids (Amersham) for 1-2 hr beginning 3 hr after infection.
When labeling of large, uncleaved precursor proteins was de-
sired, ZnCl2 was added to the infected culture (final concen-
tration 0.8 mM) 15 min prior to the addition of the radioactive
amino acid (19) and was maintained at the same concentration
throughout the labeling period. After the labeling period, cells
were harvested immediately on ice, washed once in ice-cold
phosphate-buffered saline, resuspended in a small volume (0.5-
1.0 ml) of protein gel sample buffer (20), heated to 1000C for
2 min, and electrophoresed (20). Analytical gels were subjected
to fluorography (21). Preparative gel bands were visualized by
direct autoradiography.

Elution of Purified Proteins. Gel strips containing individual
proteins were excised from dried gels and the proteins were
eluted by using an Isco electrophoretic sample concentrator (22)
operated at 3W constant power for 3-4 hr. The chamber buffer
was 50 mM NH4HCOJ0.02% sodium dodecyl sulfate and the
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sample cup buffer was 10 mM NH4HCOJ0.02% sodium do-
decyl sulfate. Carrier myoglobin (100 ,ug) was added to the sam-
ple cup just prior to protein elution.
Amino Acid Sequence Analysis. Radioactive polypeptides

were applied to the spinning cup of the Beckman 890C protein
sequencer directly in the electrophoretic elution buffer and the
sample was dried, using the Beckman sample application sub-
routine. Apomyoglobin (2 mg) was applied to the sample cup
in a separate application to serve as a carrier protein and as an
internal standard. Sequence analysis was essentially as de-
scribed (23), except that a 0.1 M Quadrol buffer program (Beck-
man no. 030176) was used for all samples, and phenylisothio-
cyanate was omitted during the first sequencing cycle (residue
0).

Nucleotide Sequence Analysis. The nucleotide sequence was
determined by using a modification (17, 24) of the dideoxynu-
cleotide method (25).

RESULTS
Analysis of Viral Proteins from Infected-Cell Extracts and

Replicase. Previous studies (6, 8) have shown that the protein(s)
comprising the virus-specific RNA polymerase are cleaved from
a large precursor polypeptide, P3-lb. Because this protein is
rapidly cleaved in infected cells, ZnCl2 was added to the in-
fected cultures to inhibit cleavage (19) and to allow the accu-
mulation of enough radioactive P3-lb for purification and pro-
tein sequence analysis. The polypeptide composition ofa typical
lysate prepared with ZnCl2 is shown in Fig. 1, lane A. Note the
predominance of the primary cleavage products, Pl-la and P3-
lb, as well as a protein we have tentatively identified as P2-3b
(6) because of its apparent molecular weight (65,000) and a pre-
liminary amino acid sequence analysis (unpublished data).

In order to obtain sufficient quantities of the radioactively
labeled P3-lb cleavage products P3-2, P3-4b, and P3-7c for
purification and amino acid sequence analysis, ZnCl2 treatment
was omitted and the labeling time was increased to 2 hr. The
protein pattern resulting from this labeling regime is shown in
Fig. 1, lane B. The cleavage products of P3-lb can be seen as
can additional products cleaved from other precursors (e. g.,
VPl and VP3 cleaved from P1-la).

There have been a number ofreports that the P3-lb cleavage
products (P3-2, P3-4b, and P3-7c) are a part ofthe viral replicase
(11, 15, 16, 26, 27). To ensure that our identification of intra-
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FIG. 1. Autoradiograph of a 12.5%
-P3-2 polyacrylamide gel of intracellular

poliovirus-specific proteins. Lane A,
-- P3-4b poliovirus-infected HeLa cells were la-

beled in the presence of 0.8 mM ZnCl2
-VPO for 1 hr beginning 3 hr after infection.

The concentration of the radioactive
_M - P2-X amino acid ([3H]lysine) was 400 gCi/

ml (1 Ci = 3.7 X 101 becquerels). After
labeling, cells were harvested and re-

suspended in gel sample buffer (20).
Lane B, poliovirus-infected HeLa cells

P3-7C labeled as in A except that the ZnCl2
was omitted and the labeling time was
increased to 2 hr. Lane C, phosphocel-
lulose-purified poliovirus replicase
fraction. Sample was prepared and as-

sayed as described (15). Proteins were
labeled for 2 hr with [35S]methionine
(10 ,uCi/ml) beginning 2.5 hr after
infection.

cellular proteins as "replicase" proteins was correct, a replicase
fraction was prepared and partially purified over a phospho-
cellulose column according to Dasgupta et al. (15). The peak
fractions from the column were capable of initiating RNA syn-
thesis on exogenously added poliovirus RNA and had a low level
ofendogenous RNA synthesis activity (unplublished data). Fig.
1, lane C, shows the [3'S]methionine-labeled polypeptides
found in this phosphocellulose-purified replicase fraction. The
major cleavage products of P3-lb (P3-2, P3-4b, and P3-7c) are
found in this replicase fraction, along with a few other virus-
specific proteins (e.g., P2-X).
Amino Acid Sequence Analysis of Replicase Proteins. Our

strategy for locating the genomic region that encodes each of
the replicase region products was similar to that employed by
Kitamura et al. (17). A partial amino acid sequence for each
protein was obtained and then the RNA sequence ofthe genome
was searched for regions that could encode these amino acids.
This RNA sequence of7433 nucleotides has only one open read-
ing frame beginning within 800 nucleotides of its 5' terminus
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FIG. 2. Partial amino-terminal amino acid sequence determina-
tion ofpoliovirus polypeptides P3-lb, P3-2, P3-7c, and P3-4b. The poly-
acrylamide gel-purified, radioactively labeled polypeptides were sub-
jected to automated Edman degradation. Individual panels display the
radioactivity recovered in the amino acid fraction after each sequence
cycle for the indicated polypeptide and radioactive amino acid. A pair
of panels is shown for each of the four polypeptides. The predicted
amino-terminal amino acid sequence for each of the polypeptides is
given at the bottom of each panel pair in the single-letter amino acid
code. Amino acids whose positions are considered proven by the pre-
sented data are underlined. The amount ofradioactivity applied to the
sequencer was: P3-lb (A) 213,600 cpm of [3H]Lys; (B) 115,000 cpm
of [3H]lle; P3-2 (C) 313,000 cpm of [3H]Ala; (D) 141,000 cpm of [35SI-
Met; P3-4b (E) 39,400 cpm of [35S]Met; (F) 185,000 cpm of [H]Lys; P3-
7c (G) 87,000 cpm of [3H]Ala; (H) 17,300 cpm of [35S]Met.

P1-la -
P3-lb -

P2-3b -
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b 5120 5150 5180
GLU ALA LEU PHE GLN GY PRO LEU GLN TYR LYS ASP LEU LYS ILE ASP ILE LYS THR SER PRO PRO PRO GLU CYS ILE ASN ASP LEU LEU
GAG GCU JUG UUU CAA GGC CCA CUC CAG UAU AAA GAC UUG AAA AUU GAC AUC AAG ACG AGU CCC CCU CCU GAA UGU AUC AAU GAC UUIG CUC

5210 5240 5270
GLN ALA VAL ASP SER GLN GLU VAL ARG ASP TYR CYS GLU LYS LYS GLY TRP ILE VAL ASH ILE THR SER GLN VAL GLN THR GLU ARG ASH
CAA GCA GUAJ GAC UICC CAG GAG GUG AGA GAU UAC UGU GAG AAG AAG GGU UGG AUA GUC AAC AUC ACC AGC CAG GUU CAA ACA GAA AGG AAC

5300 5330 5360
ILE ASH ARG ALA MET THR ILE LEU GLN ALA VAL THR THR PHE ALA ALA VAL ALA GLY VAL VAL TYR VAL MET TYR LYS LEU PHE ALA GLY
AUC AAC AGO GCA AUG ACA AUU CUA CAA GCG GUG ACA ACC LAC GCC GCA GUG GCU GGA GUU GUC UAU GUC AUG UAU AAA CUOG UUU GCU GGA

W mvpg 5390 5420 w-2;7c55
HIS 0NGLY ALA TYR THR GLY LEU PRO ASH LYS LYS PRO ASH VAL PRO THR ILE ARG THR ALA LYS VAL GLN LYPRO GLY P1* ASP TYR
CAC CA OGACA UAC ACU GOU UUA CCA AAC AAA AAA CCC AAC GUG, CCC ACC AUU CGG ACA GCA AAG GUA CAA GA CCA 000 tAJC GAU UAC

5480 5510 5540
ALA VAL ALA MET ALA LYS ARG ASH ILE VAL THR ALA THR THR SER LYS GLY GLU P1* THR MET LEU GLY VAL HIS ASP ASN VAL ALA ILE
GCA GUG QC AUG GCU AAA AGA AAC AW GUU ACA G& ACU ACU AGC LAAG GGA GAG LAC ACU AUG UUA GGA GUIC CAC GAC AAC GUG GCU AUU

5570 5600 5630
LEU PRO THR HIS ALA SER PRO GLY GLU SER ILE VAL ILE ASP GLY LYS GLU ALA GLU ILE LEU ASP ALA LYS VAL PHE GLU ASP GLN ALA
IAJA CCA ACC CAC GCU UCA CCU GGU GAA AGC AUU GUG AUC GAU GGC AAA GAA GCG GAG AUC UUIG GAU GCC AAA GUG LRJU GAA GAU CAA GCA

5660 5690 5720
GLY THR ASN P1* GLU ILE THR ILE ILE THR LEU LYS ARG ASH GLU LYS P1* ARG ASP ILE ARG PRO HIS ILE PRO THR GLN ILE THR GLU
GGA ACC MAU UAAJ GAA AUC ACU AUA AUIC ACU CUA AAG AGA AAU GAA AAG LAC AGA GAC AUU AGA CCA CAU AUA CCU ACU CAA ALEC ACU GAG

5750 5780 5810
THR ASN ASP GLY VAL LEU ILE VAL ASH THR SER LYS TYR PRO ASH MET TYR VAL PRO VAL ARG ALA VAL THR GLU GLN GLY TYR LEU ASH
ACA MAU GAU GGA GUIC UUG ALE GUG AAC ACU AGC AAG UAC CCC AAU AUG UAU GUU CCU GUC CGU GCU GUG ACU GAA CAG GGA UAU CUA AAU

5840 5870 5900
LEU GLY GLY ARG GLN THR ALA ARG THR LEU MET TYR ASH P1* PRO THR ARG ALA GLY GLN CYS GLY GLY VAL ILE THR CYS THR GLY LYS
CUC GGU 000 COC CMA ACU GCU CGU ACU CUA AUG UAC AAC UIUU CCA ACC AGA GCA GGA CAG UGU GGU GGA GUIC ALE ACA UIGU ACU 000 AAG

5930 5960 ,*4b 599o
SER SER GLY CYS MET LEU VAL ASP GLY SER HIS GLY P1* ALA ALA ALA LEU LYS ARG SER LEU P1* THR GLH SER GLN~G Y GLU ILE PRO
LEA LEG OGA UGC AUG UUIG GUG GAC GGU LEA CAC 000 UUU GCA GCG GCC CUG AAG CGA LEA UUA ULEC ACU CAG AGU CAA GAA ALEC CCG

6020 6050 6080
TRP MET ARG PRO SER LYS ASP ALA GLY TYR PRO ILE ILE ASH ALA PRO SER LYS THR LYS LEU GLU PRO SER ALA P1* HIS TYR VAL P1*
UGG AL& AGA CCU LEG Mg GAC OCG C& UAU CCA ALE AUIA AAU 0CC CCG LEC AAA ACC AAG CUU GAA CCC AGU GCU UUC CAC UAU GUG UUIU

6110 6140 6170
GLU GLY VAL LYS GLU PRO ALA VAL LEU THR LYS ASN ASP PRO ARG LEU LYS THR ASP P1* GLU GLU ALA I LE P1* SER LYS TYR VAL GLY
GAA 000 GUG AAG GAA CCA OCA OLE CLE ACU AAA AAC, GAU CCC AGO CUU AAG ACA GAC UUU GAG GAG GCA AUU UUC LEC AAG UAC GUG GGU

6200 6230 6260
ASN LYS ILE THR GLU VAL ASP GLU TYR MET LYS OLU ALA VAL ASP HIS TYR ALA GLY GLH LEU MET SER LEU ASP ILE ASH ILE GLU GLN
AAC AMA AUU ACU GAA GUG GAU GAG UAC AUG AAA GAG OCA 0UA GAC CAC UAU GCU GGC CAG CUC AUG LEA CUA GAC ALEC AAC AUIA GAA CAA

6290 6320 6350
MET CYS LEU GLU ASP ALA MET TYR GLY THR ASP OLY LEU GLU ALA LEU ASP LEU SER THR SER ALA GLY TYR PRO TYR VAL ALA MET GLY
AUG UGC UUG GAG GAU 0CC AUG UAUI GOC ACU GAU 00U CUA GAA 0CA CUU) GAU UIUG LEC ACC AGU GCU GGC UAC CCU UAU GUA GCA AUG GGA

6380 6410 6440
LYS LYS LYS ARG ASP ILE LEU ASH LYS GLN THR ARG ASP THR LYS GLU MET GLN LYS LEU LEU ASP THR TYR GLY ILE ASH LEU PRO LEU
AAG AAG AAG AGA GAC ALEC UUG AAC AAA CAA ACC AGA GAC ACU AAG GAA AUG CAA AAA CUG CUC GAC ACA UAU GGA AUC AAC CUC CCA CUG

6470 6500 6530
VAL THR TYR VAL LYS ASP GLU LEU ARG SER LYS THR LYS VAL GLU GLN GLY LYS SER ARG LEU ILE GLU ALA SER SER LEU ASH ASP SER
GUG ACU UAU GUA AAG GAU GAA CUU AGA LECC AAA ACA AAG GUU GAG CAG 000 AAA LEC AGA UUA AUU GAA GCU UCU AGU UUG AAU GAC LECA

6560 6590 6620
VAL ALA MET ARG MET ALA PHE GLY ASH LEU TYR ALA ALA PHE HIS LYS ASH PRO GLY VAL ILE THR GLY SER ALA VAL GLY CYS ASP PRO
GUG 0CA AUG AGA AUG 0CU UUU 000 AAC CUA UAU GCU GCU UU1U CAC AAA AAC CCA GGA GUG AUA ACA GGU UCA GCA GUG, 000 UGC GAU CCA

6650 6680 6710
ASP LEU P1* TRP SER LYS ILE PRO VAL LEU MET GLU GLU LYS LEU PHE ALA P1* ASP TYR THR GLY TYR ASP ALA SER LEU SER PRO ALA
GAU UUG0 UUIU UGG A0C AAA AUU CCG GUA UUIG AUG GAA GAG AAG CUG UUUI GCU UUU GAC UAC ACA 000 UAU GAU 0CA LEU CLE A0C CCU 0CU

6740 6770 6800
TRP P1* GLU ALA LEU LYS MET VAL LEU GLU LYS ILE OLY P1* GLY ASP ARG, VAL ASP TYR ILE ASP TYR LEU ASH HIS SER HIS HIS LEU
UGG UAJC GAG 0CA CUA AAG AUG GUG CUU GAG AAA ALE GOA UUC GGA GAC AGA GUU1 GAC UAC ALEC GAC UAC CUA AAC CAC LEA CAC CAC CUG

6830 6860 6890
TYR LYS ASH LYS THR TYR CYS VAL LYS GLY GLY MET PRO SER 0LY CYS SER OLY THR SER ILE PHE ASH SER MET ILE ASH ASH LEU ILE
UAC AAG AAU AAA ACA UAC UGU GUC AAG GGC GGU AUG CCA LEU GOC UGC LEA GGC ACU LECA AUU UUU AAC LECA AUG AUU AAC AAC UUG AUU

6920 6950 6980
ILE ARG THR LEU LEU LEU LYS THR TYR LYS GLY ILE ASP LEU ASP HIS LEU LYS MET ILE ALA TYR GLY ASP ASP VAL ILE ALA SER TYR
ALE AGO ACA CLE UUA CUG AAA ACC UAC AAG GOC AUA GAU UUA GAC CAC CUA AAA AUG AUU1 0CC UAU G0U GAU GAU GUA AUU 0CU LEC UAC

7010 7040 7070
PRO HIS GLU VAL ASP ALA SER LEU LEU ALA OLN SER OLY LYS ASP TYR GLY LEU THR MET THR PRO ALA ASP LYS SER ALA THR P1* GLU
CCC CAU GAA GUU GAC 0CU A0U CLE CUA 0CC CMA LEA GGA AAA GAC UAUI GGA CUA ACU AUG ACU CCA 0CU GAC AAA LEA 0CU ACA UUIU GAA

7100 7130 7160
THR VAL THR TRP 0LU ASH VAL THR P1* LEU LYS ARO P1* P1* ARO ALA ASP GLU LYS TYR PRO P1* LIEU ILE HIS PRO VAL MET PRO MET
ACA OLE ACA UGO GAO AAU 0UA ACA UUC UUIG AA0 AGA ULE UUC AGO 0CA GAC GAG AAA UAC CCA UUU CUU AWU CAU CCA GUA AUG CCA AUG

7190 7220 7250
LYS GLU ILE HIS 0LU SER ILE ARO TRP THR LYS ASP PRO ARO ASH THR 0LN ASP HIS VAL ARO SER LEU CYS LEU LEU ALA TRP HIS ASH
AAG GAA AUIU CAU OAA LECA AUJ AGA UGO ACU AAA GAU CCU AGO AAC ACU CAG GAU CAC GUU C0C LEU CUG UGC CUU UUA 0CU UGG CAC AAU

7280 7310 7340
GLY GLU GLU GLU TYR ASH LYS P1* LEU ALA LYS ILE ARG SER VAL PRO ILE GLY ARO ALA LEU LEU LEU PRO GLU TYR SER THR LEU TYR
GOC GMA GAA GAA UAU AAC AAA UUC CUA 0CU AAA ALEC AGO A0U GUG CCA AUU GOA AGA 0CU UUA UUIG CLEC CCA GAG UAC LECA ACA UUIG UAC

7370 7400 7430
ARO ARO TRP LEU ASP SER P1*
COC C0U UGO CUU GAC LEA UUU UAG UAA CCC UAC CLEC AGU CGA AUU GOA UIUG 00U CAU ACU 0ICU GUA 000 GUA AAU UUU LECU UUA AUU CGO

AGO

FIG. 3 Nucleotide sequence of the 3' region of the poliovirus RNA genome and the amino acids encoded therein. The numbers above each line
refer to the nucleotide number, starting from the 5' end ofthe RNA. The arrows indicate the sites ofprotein cleavage, specifying the amino terminus
of the newly cleaved protein. The underlined codons are those whose amino acid residues have been confirmed experimentally by protein sequence
analysis. The 3'-terminal poly(A) has been omitted.
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and ending within 200 nucleotides of the 3' terminus (unpub-
lished data). In the following discussion, we have found it con-
venient to refer to specific nucleotide locations, as numbered
from the 5' end of the genome. Nucleotide uncertainties in
isolated regions of the RNA may necessitate minor changes in
nucleotide numbering.

Protein P3-lb samples labeled (in the presence of ZnCl2)
separately with [3H]lysine, [3H]isoleucine, [3H]threonine,
[3H]alanine, or [3S]methionine were purified by preparative
gel electrophoresis and subjected to radiochemical sequence
analysis on a Beckman sequencer. Substantial yields of radio-
activity (above a background) were obtained for lysine-labeled
P3-lb in the amino acid residue from cycles 6, 9, and 13, and
from the isoleucine-labeled protein in residues 10 and 12 (Fig.
2 A and 2 B). In addition, a sequencer run of threonine-labeled
P3-lb indicates that residue 14 is a threonine (data not shown).
Samples labeled with [3H]alanine and [3S]methionine gave no
significant recovery of radioactivity above a background in any
of the first 23 sequencer cycles (data not shown). A computer
search of the poliovirus genomic sequence found only one re-
gion that could code for the peptide -Lys-Xaa-Xaa-Lys-Ile-Xaa-
Ile-Lys-Thr- (nucleotides 5121-5147). We therefore conclude
that the amino terminus of protein P3-lb is encoded beginning
at nucleotide 5106 (Fig. 3).

Radioactively labeled samples of proteins P3-2, P3-4b, and
P3-7c were prepared (in the absence of ZnCl2) and analyzed to
determine their partial amino-terminal sequence in a manner
analogous to that used for P3-lb. Radioactivity from [3H]alanine-
labeled P3-2 was found in residues 7, 9, and 11, and [35S]-
methionine-labeled P3-2 yielded significant radioactivity only
in residue 10 (Fig. 2 C and D). An analysis of [3H]alanine-la-
beled P3-7c and [3S]methionine-labeled P3-7c gave a pattern
of radioactivity that is almost identical to that obtained for P3-
2 (Fig. 2 G and H, respectively). A computer search ofthe polio-
virus genomic sequence indicates that this pattern is consistent
with only one encoding location (Fig. 3). We conclude that P3-
2 and P3-7c have the same amino-terminal sequence and that
both are encoded beginning at nucleotide 5433. In confirmation
of this conclusion, we have found that the 12th residue of P3-
2 is lysine (data not shown), and the result shown in Fig. 2G is
compatible with the assignment of alanine as the 18th residue
of P3-7c. These data also define the size of VPg, the coding se-
quence of which begins at nucleotide 5360 (17).
The analysis of radioactively labeled protein P3-4b indicates

that methionine is the 6th residue (Fig. 2E), lysine is the 10th
residue (Fig. 2F), and glycine is the 1st and 13th residues (data
not shown). A computer search of the genome sequence indi-
cates that P3-4b can be encoded only beginning at nucleotide
5979.

DISCUSSION
The nucleotide sequence of the 3' region of the poliovirus ge-
nome is presented in Fig. 3 along with the amino acid sequence
predicted by the single open reading frame found in this se-
quence. The exact locations of the amino terminus of each of
the replicase proteins P3-lb (nucleotide 5106), P3-2 and P3-7c
(nucleotide 5433), and P3-4b (nucleotide 5979) are indicated in
Fig. 3 by arrows. Data reported here and previously (17) allow
us to also position the genome-linked protein VPg within this
region at a site immediately proximal to the amino-terminal lo-
cation of P3-2 and P3-7c (Figs. 3 and 4). These data thus confirm
and extend the data obtained by tryptic peptide analysis and
demonstrate further the similarities in the processing patterns
of poliovirus and encephalomyocarditis virus, another picor-
navirus (18). Note also that while the amino termini of P3-2 and
P3-7c are encoded by the same sequence, P3-2 has an apparent

molecular weight of 74,000, whereas P3-7c has an apparent
molecular weight of only 20,000 (ref. 5; Fig. 1). A consideration
of the required coding capacity for P3-7c suggests that the car-
boxy terminus of P3-7c may be adjacent to the amino terminus
of P3-4b. These relationships are schematically illustrated in
Fig. 4.

In an earlier report (17) it was noted that the amino terminus
of VPg was generated by cleavage of the precursor polypeptide
between glutamine and glycine residues (encoded by nucleo-
tides 5364-5369 in Fig. 3). In addition, the possibility was raised
that the carboxy terminus of VPg may be generated by another
Gln-Gly cleavage (encoded by nucleotides 5429-5435). Note
that each of the replicase proteins studied in this report is also
predicted to have glycine at its amino terminus, and the pre-
dicted preceding amino acid in each case is glutamine. We have
shown that the amino terminus of P3-4b is in fact glycine. These
findings suggest that there is a common element, cleavage be-
tween a glutamine and a glycine residue, to the processing of
each of the replicase proteins, including the primary cleavage
producing P3-lb itself. The observed cleavage ofthese replicase
proteins at a Gln-Gly pair strengthens the previous suggestion
(17) that the glutamine residue encoded by nucleotides 5430-
5432 (Fig. 3) is the carboxy terminus of VPg. Such a cleavage
would generate a VPg that is 22 amino acids in length and has
a molecular weight of 2354.

Inspection of the translated sequence shown in Fig. 3 indi-
cates that the dipeptide sequence Gln-Gly occurs six times. We
have provided direct evidence that four of these Gln-Gly pairs
are sites for protein processing. Processing may also occur at
the remaining Gln-Gly sequences encoded by nucleotides
5796-5801 and 6486-6491. Etchison and Ehrenfeld (10) have
recently reported finding an unstable precursor to P3-4b, which
they have designated 4a. This precursor accumulates in the
presence of the proteinase inhibitor iodoacetamide. A consid-
eration of the molecular weight reported for protein 4a (65,000)
suggests that it could be produced by cleavage from a larger
precursor at the Gln-Gly sequence encoded by nucleotides
5796-5801. Likewise Rueckert et al. (6) and K. Wiegers and R.
Dernick (personal communication) have described alternative

Term.
__3'

FIG. 4. Processing scheme for poliovirus protein P3-lb and its
cleavage products. The numbers (starting from the 5' end ofthe RNA)
refer to the first nucleotide ofthe codon specifying the amino-terminal
glycine residue for the proteolytically processed proteins described in
the text. P1, P2, and P3 are the three regions ofthe genome represented
by the three primary cleavage products of the polyprotein (la, 3b, and
lb, respectively). Polypeptide molecules are denoted by wavy lines and
are not drawn to scale. Cleavage sites in the precursor molecules are
indicated by *. The polio virus genomeRNA is represented by the thick
horizontal line. Term. refers to the proposed site for termination of
translation. This scheme is based upon the data presented in this paper
as well as that of previous reports (6, 18). The numbers in parentheses
are the molecular weights (x10-3) of the proteins as determined from
the data presented in this paper and unpublished data.
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replicase cleavage products having molecular weights of41,000
(P3-6a) and 34,000 (P3-6b).
Our finding that all of the replicase proteins and VPg appear

to be generated by proteolytic cleavage between a common
amino acid pair was unexpected and suggests that they may be
processed by the same proteinase. Previously it has been sug-
gested that primary cleavage ofthe polyprotein (yielding Pl-la,
P2-3b, P3-1b) resulted from processing by a cellular proteinase
(28, 29), but the evidence in support of this hypothesis is in-
direct (for a discussion, see ref. 4). Secondary cleavages that
produce the remaining products (e. g., P3-2, P3-4b, and P3-7c
from P3-1b) are thought to be due to the action ofa virus-coded
proteinase (7, 27). In support of the hypothesis that both pri-
mary and secondary cleavages may be due to the action of a
single virus-coded proteinase with a primary specificity for the
dipeptide sequence -Gln-Gly-, our prelimiary analysis of sev-
eral other polio products from regions P1 and P2 suggests that
other proteins may also be created by cleavage between a glu-
tamine and a glycine (unpublished data). Inspection of the se-
quence around the limited number of Gln-Gly pairs we now
know are processing sites has not revealed to us other constant
sequence elements that are likely to contribute to processing
specificity, although we presume that other processing deter-
minants besides the Gln-Gly sequence exist (4).

Recently an encephalomyocarditis viral protein, identified
as p22 (30-32) and corresponding in map position to poliovirus
protein P3-7c (33), has been isolated from infected cell extracts
as well as from in vitro translation products and shown to possess
proteolytic activity. In encephalomyocarditis virus, the pre-
cursor of this proteinase (analogous to P3-2 in poliovirus) can
undergo autocatalytic cleavage to yield the proteinase (p22) and
the putative RNA polymerase (34). An analogous situation may
exist for poliovirus and primary cleavages may result from au-
tocatalytic events or the trans action of one polyprotein on an-
other. As the infection proceeds, the remaining primary cleav-
ages and all ofthe secondary replicase cleavages could be carried
out by the mature protease (33). However, the requirement for
a cellular proteolytic activity that acts on poliovirus-specific pro-
teins or the existence of a second poliovirus-encoded protease
cannot at present be ruled out, and the data we have presented
do not necessarily imply that all poliovirus processing is by a
single activity.
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