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Five previously unmapped proteins (Sa, 7d, 8, 9b, and 10) were located on the proteolytic processing map
of the polyprotein. One of the proteins, 9b, appears to be the sister fragment of a cleavage reaction (P3-9 ->
P3-9b + VPg). Two of the other newly mapped proteins, 8 and 10, have been identified as sister fragments of
X-related proteins 3b and 5b; thus, P2-3b -* P2-8 + P2-5b and P2-5b -* P2-10 + P2-X. The remaining

proteins, 5a and 7d, mapped in the lb protein and appear to result from the cleavages P3-lb -* P3-5a + P3-

6b and P3-4b -* P3-7d + P3-6b. These assignments account for over 95% of the total polioviral proteins and

complete the mapping of the major processing pathways.

Synthesis of polioviral polyprotein (molecular weight,
247,000) is accompanied by extensive processing, which
usually begins while still in the nascent state to form three
major precursors called P1-la, P2-3b, and P3-lb. These
precursors are then cleaved into a variety of smaller prod-
ucts (Fig. 1A and B) that have been mapped by a variety of
approaches including kinetic studies on the flow of radiola-
beled amino acids through proteins synthesized in the pres-
ence and absence of the drug pactamycin (5, 23, 32, 33),
tryptic analysis (13, 21, 25, 26, 37), immunoprecipitation
(35), and radiochemical sequencing (14, 16, 26-28), which
became feasible with the availability of the RNA sequence
(14, 20, 22).
As a result of these studies, 19 of 26 electrophoretic

components found in poliovirus-infected cells, after poly-
acrylamide gel electrophoresis of the radiolabeled proteins,
have been correlated with positions in the protein processing
map (Fig. 1C). We now report the identity and location of
proteins representing the last three major gaps in this map
(dotted lines). We also report the location of two minor
proteins that appear to originate from previously unrecog-
nized cleavages of proteins P3-lb and P3-4.

MATERIALS AND METHODS
Virus and cells. Poliovirus type 1 (Mahoney) was obtained

from C. Pfau at Rensselaer Polytechnic Institute; C. Pfau
had obtained the virus from S. Penman at the Massachusetts
Institute of Technology. A second Mahoney strain from E.
Wimmer (24) was used for the mapping of VPg and P3-lb and
for radiochemical microsequencing. This second virus is the
strain sequenced recently by Wimmer's group (14). Virus
used for tryptic mapping was progagated in H-HeLa cells
that were grown in medium B (19) containing 10% added
volume of calf serum (K. C. Biologicals, Inc., Lenexa,
Kans.). The infection of cells in suspension was with 50 to
100 PFU per cell by the procedures of McGregor et al. (17),
except that a 30-minute virus attachment period was used.
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Virus used for microsequencing was propagated in S3-HeLa
cells as described previously (27).

Preparation and purification of radiolabeled poliovirus
VPg. Virions were radiolabeled by the addition of L-[4,5-
3H]lysine (5.0 mCi to 4 X 107 infected cells) at 2.5 h
postinfection. Cell-associated virus was harvested at 6 h
postinfection, the virus was purified, and the VPg RNA was
phenol extracted as described previously (21). The [3H]ly-
sine VPg RNA was used directly in tryptic peptide analysis.

Preparation of radiolabeled proteins for tryptic peptide
analysis. Because processing rates differ for various pro-
teins, it was necessary to utilize three types of labeling
conditions in preparing the proteins used for tryptic analysis:
(i) continuous labeling for short time periods (pulse-label-
ing), (ii) short labeling followed by the addition of a large
excess of unlabeled amino acid and continued incubation
(pulse-chase labeling), and (iii) continuous labeling in the
presence of ZnCl2.
The pulse-labeling protocol was used to isolate proteins

P1-la, P3-ib, P1-3a, P2-3b, P3-5a, P2-Sb, P2-X, P2-8, P3-9a,
and P2-10. This was carried out by adding radiolabeled
amino acids at 3.5 h postinfection. Incorporation was for 15
or 30 min. The cells were then lysed with sodium dodecyl
sulfate as described below.
The pulse-chase labeling protocol was used to isolate

proteins P3-2, P1-3c, P3-4b, P3-6a, P3-6b, P3-7d and P3-9b.
Incorporation of radiolabeled amino acids was for 30 min
beginning at 3 h postinfection. At this point cells were
sedimented (820 x g for 3 min) and then suspended in the
same volume of medium A (19) with leucine and lysine at 0.1
mM, a 100-fold excess over the initial concentration of the
radiochemical. The cells were then incubated for an addi-
tional 90 min before harvesting by sodium dodecyl sulfate
lysis.
The third procedure, labeling viral proteins in the presence

of ZnCl2 (6), was used to isolate rapidly cleaved precursors.
This was used primarily to obtain relatively large amounts of
protein P3-lb. Fetal calf serum (0.05%) and ZnCl2 (1.0 mM
in 0.1 mM HCI, final concentration) were added 6 min before
the addition of the radiochemical at 3.5 h postinfection.
Incorporation was allowed to continue for 60 min, at which
time cells were harvested by sodium dodecyl sulfate lysis.
The concentration of zinc (1 mM) chosen yielded the highest
amount of protein P3-lb.
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Four radiochemicals were used to label polioviral pro-
teins: L-[4,5-3H]leucine, L-[U-14C]leucine, L-[4,5-3H]lysine,
and L-[U-14C]lysine. A typical lysate was prepared by label-
ing 4 x 107 cells in a 10-ml culture in amino acid-deficient
medium A (19) with 500 ,uCi/ml for the 3H-labeled com-
pounds or 50 ,uCi/ml for the 14C-labeled compounds.

Cell lysates were made by sedimenting the infected cells
(820 x g for 5 min), suspending them at 8 x 107 cells per ml
in distilled water, and adding an equal volume of solubilizing
solution (2% sodium dodecyl sulfate, 1 M urea, and 0.2%
mercaptoethanol). The lysate was then placed in a boiling
water bath for 5 min. The preparation of samples for
electrophoresis by dialysis has been described previously
(19).

Preparative electrophoresis for peptide mapping. Prepara-
tive electrophoresis of cell lysates was carried out with
cylindrical gels (25 by 1.2 cm) of 10% polyacrylamide in
phosphate buffer as described previously (30). Five percent
polyacrylamide was used for preparative electrophoresis of
protein P3-lb (13, 21). After electrophoresis, gels were

Mobility
C

non-

ba 3b lb
3o 5b Bck30

- ~~......... 5b. 1- I
_

3c X 9 2
VPO VP3 VPI 7t 4

VP4 VP2 VP , 60 6b

2000-

1000 -

FIG. 1. Electrophoretic profiles and processing map of polioviral
proteins found in lysates of virus-infected HeLa cells (A) after a 10-
min labeling period with [35S]methionine and (B) as in A, followed
by a 90-min chase. Electrophoresis was carried out as described in
the text. The processing map of the polioviral polyprotein (C) is
from reference 25 modified to reflect recent mapping of VPg-
containing precursor 9 (4, 26) and the tentative (in brackets) location
of protein lc. Most cleavages occur at glutamine-glycine pairs (14,
26-28).
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FIG. 2. Tryptic peptide analysis showing relationship of proteins lb, 2, 9a, 9b, and VPg. Proteins were radiolabeled with [3H]- or

[14C]lysine as described in the text. Protein lb was radiolabeled with [3H]lysine (A and B) or ['4C]lysine (D) in the presence of 1 mM ZnCl2.
Proteins 2 and 9a were labeled with [14C]lysine; protein 9b was labeled with [3H]lysine. Protein lb was isolated on a 5% polyacrylamide gel; the

others were labeled on a 10% gel (13). A mixture of differentially labeled proteins was reduced and alkylated before trypsin treatment; the
digest was chromatographed on a column of Chromobeads type P and assayed for radioactivity as described previously (13, 31).
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6GITNYIESLGAAFGSGFTQQISDKITE fractionated in 1-mm segments with an automatic gel frac-6GPLQYKDLKIDIKTSPP PE CINDLLQA tionator (10). The proteins were recovered by leaching from
the gel (30), and samples of each fraction were counted for

A radioactivity. The resulting gel profile was used to identify
proteins, and the fractions corresponding to the various

4
proteins were pooled by centrifugation through filters as
described previously (13). If any doubt existed as to a
protein peak's identity, that protein was not used without
further direct electrophoretic comparisons to a reference
lysate. The criteria for peak identity were (i) reference to the

2
electrophoretic profiles of Butterworth (5), (ii) kinetic behav-

I?
& Uior of the protein during pulse-chase analysis, and (iii)

o relative amount of protein (e.g., tracings in Fig. 1).
x g 0 X Tryptic peptide mapping. Proteins differentially labeled

with [H]- or [14C]lysine were mixed, reduced, alkylated,c:: 7 § 2 , , ,acid precipitated, digested with tolylsulfonyl phenylalanyl

E
QL _ B FIG. 3. Amino-terminal sequence analysis of polioviral peak 10

from electrophoretic system II. Two preparations were analyzed.
One (A) was labeled with [3H]glycine; the other (B) was labeled

8_ with [3H]lysine. After elution from the gel the protein, about 2 x 105
cpm of lysine label or 4.1 x 104 cpm of glycine label, was subjected to

_ & m automated sequential Edman degradation as described previously
(3, 27). The yield of glycine in position 1 was roughly twice that
found in positions 10, 14, and 16, consistent with the presence of

4 W X roughly equimolar proportions of two different proteins each carry-
ing an amino-terminal glycine residue. During the first cycle (residue
0) the coupling reagent phenylisothiocyanate was omitted to distin-
guish sample washout from sequential degradation in the first cycle.
The total radioactivity recovered in the amino acid fraction after
each cycle has been plotted as a function of the cycle (residue)

0 5 10 15 20 25 number. The amino terminal sequences of P2-Sb (top line) and P3-lb
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FIG. 4. Tryptic peptide analysis of leucine-labeled proteins 3b, 5b, X, 8, and 10. Arrows in panels A and B indicate differences between
proteins 5b and X, which appear to be accounted for by peptides from 10. Arrows in panels C and D indicate two peptides from protein 8 that
are found in 3b, but not in 5b.
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FIG. S. Amino-terminal sequence analysis of protein 8 radiola-

beled with [3H]glycine (A) or [3H]lysine (B). The amount of radioac-

tivity applied to the sequencer was 15cpm for glycine and 4.2 x 104
cpm for lysine. A mechanical mnalfunction resulted in the loss of

residue 3 from the lysine-labeled protein. The predicted amino acid

sequence for the amino terminuis of protein P2-3b is indicated at the

top of panel A.

chloromethyl ketone (TPCK)-trypsin, and analyzed by cat-

ion-exchange chromatography exactly as previously de-

scribed (13, 30). If protein sample volumes exceeded 2.2 ml

they were reduced in volume by lyophilization before tryptic

analysis.

Preparationi of radiolabeled proteins for radiochemical mi-

crosequencing. Suspension cultures of S3 HeLa cells (2.5 ml

at x 106 cells per ml) were infected at a multiplicity of

PFU per cell. Infected cell cultures were labeled from 3 to

h postinfection (400 ,uCi of [3HJglycine or [3H]lysine per ml)

and were harvested immediately after the labeling period.

Infected cell lysates were made, the lysates were run on

preparative gels, and the proteins were electrophoretically

eluted from gel strips as described previously (27).

Radiochemical microsequencing. Radioactively labeled

proteins that had been polyacrylamide gel purified, were

subjected to automated Edman degradation in a Beckman
890C sequencer as described previously (2, 27, 28).

RESULTS
Isolation and identification of polioviral proteins for tryptic

peptide analysis. Two different sodium dodecyl sulfate-poly-
acrylamide gel systems were used in this study, reflecting
the different laboratories in which the work was carried out.
The Laemmli system (discontinuous Tris-glyine) was used to
isolate proteins used for microchemical sequencing, whereas
a modified Maizel system (continuous, phosphate buffered)
was used for proteins analyzed by tryptic comparisons. The
electrophoretic patterns obtained with these two systems,
with one important exception to be discussed below, were
generally very similar (compare Fig. 2 in reference 11 with
Fig. 1 in this work). With the exception of proteins 7a and lc,
all of the numbered peaks shown in Fig. 1 were character-
ized by tryptic mapping by procedures described previously
(13, 25). These tryptic maps confirmed all of the previously
reported relationships (Fig. IC), and the results will there-
fore not be presented except as they relate to the identifica-
tion of previously unmapped proteins.

Characterization of proteins 9a and 9b. Earlier studies have
shown that proteins lb, 2, and 4 are related by the cleavage
pathway lb -* 2 4 (5, 32, 33) via the pathways 2 -> 7c + 4
(25, 27) and lb 9 + 2 (4, 26). Protein P3-9, also called
preVPg-3 (4), contains at its carboxy-terminal end sequences
of the genome-linked protein VPg (2, 26). One of the points
clarified by the present study is the relationship of protein
P3-9 to peaks 9a and 9b in Fig. 1.
As shown in Fig. 2A, the tryptic profile of protein 2 (solid

line) lacks four peaks (arrows) found in protein lb (dotted
line). These four missing peaks were present in digests of
peak 9a (solid line in Fig. 2B). The profiles in Fig. 2C show
that protein 9b (solid line) is closely related to 9a (dotted
line), but lacks two peaks found in digests of VPg (Fig. 2D).
The presence of VPg sequences in protein 9a indicates that

the latter protein corresponds to protein P3-9, whereas the
absence of VPg sequences in protein 9b suggests that it is the
cleavage complement produced by removal of VPg; thus 9a
-> 9b + VPg. This conclusion was reinforced by microchem-
ical sequencing studies. These studies also revealed that the
reason protein 9b had not previously been detected in the
Laemmli gel system is because it migrates in that system
with band 10. Thus the pattern of glycine and lysine residues
obtained from sequence analysis of band 10 could not be
matched to any single stretch of amino acids predicted by the
polioviral RNA sequence (Fig. 3). However the sequencing
profiles of peak 10 matched perfectly the amino-terminal
sequences predicted for an equimolar mixture of proteins P2-
5b and P3-lb. Thus in the first 25 residues, glycine appeared
at positions 1, 10, 14, and 16 exactly as predicted by the
RNA sequence (14) for the amino terminus of protein P2-Sb
(first line at the top of Fig. 3); in the corresponding 25
residues of protein P3-lb glycine appeared only at position 1
(second line in Fig. 3). Similarly lysine occurred only once,
at position 24, in the first 25 residues of protein P2-Sb, but it
occurred three times in protein P3-lb, at positions 6, 9, and
13. We conclude that protein peak 10 on Laemlli gels
contained an equimolar mixture of two proteins. Because
peak 10 is distinct from the previously identified protein 9 it
must contain the protein corresponding to 9b in gel system I
(Fig. 1). We show below that the other component probably
corresponds to protein 10.
Mapping of protein 10. The presence in peak 10 of se-

quences from the amino-terminal end of protein P2-Sb sug-

J. VIROL.
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FIG. 6. Tryptic peptide analysis of proteins P3-lb, P3-2, P3-4, 5a, and 7d. Proteins P3-lb, P3-6a, P3-6b, and 7d were labeled with
[14C]leucine; the others, P3-2, P3-4, and Sa, were labeled with [3H]leucine. Filled arrows in panels A, C, and D indicate peptides from 7d that
are found in proteins P3-4 and P3-6a, but not in protein P3-6b. Open arrows in panels B and D indicate peptides of P3-6b and P3-lb that are not
found in protein 5a.

gested that it corresponded to the heretofore unidentified
sister fragment of protein P2-X in the cleavage P2-Sb -- P2-

10 + P2-X. The electrophoretically determined molecular
weight of protein 10 is also consistent with this hypothesis.
Attempts to confirm this identity by using tryptic peptide
analysis were inconclusive, but consistent with this possibili-
ty. As shown in Fig. 4A, the tryptic profile of protein P2-5b
(dotted line) contained a number of minor peaks not found in
protein P2-X (solid line). At least two of these missing peaks
(arrows) appeared to be present in the profiles of protein 10
(FIg. 4B). Thus the cumulative evidence, based on sequence
analysis, apparent molecular weight, and tryptic analysis
provides consistent evidence in favor of identification of
protein 10 as the sister fragment produced when protein P2-
Sb is cleaved to form protein P2-X.
Mapping of protein 8. As shown in Fig. 4C, protein P2-3b

(dotted line) contains at least two tryptic peptides lacking in
protein 5b (solid line). These two peaks, shown by arrows,
are found in protein 8 (compare Fig. 4C and D), suggesting
that protein 8 is the sister of protein P2-5b in the cleavage
reaction P2-3b -* P2-8 + P2-5b. This assignment was con-

firmed by microchemical sequencing with protein 8 radiola-
beled with [3H]glycine or [3H]lysine (Fig. 5). Thus glycine
occurred at positions 1, 3, and 13, whereas lysine appeared
at positions 7 and 1S, exactly as predicted for the unique
amino-terminal sequence of protein P2-3b (Fig. 5A).

Identification of protein 7d as a cleavage product of protein
P3-2. As shown in Fig. 6A, tryptic digests of protein 7d (solid
line) contain five major peaks (filled arrows) that coincide
with peaks in protein P3-4b (dotted line). These same five
peaks also occur in protein P3-6a (Fig. 6C), but not in protein
P3-6b (filled arrows, Fig. 6D). This result indicates that

protein 7d is the product of a previously unrecognized
cleavage of protein P3-4b or P3-6a.

Origin of protein 5a. Figure 6B shows that all five major
peaks in the tryptic profile of protein 5a (solid line) are also
present in the tryptic profile of protein lb (dotted line). In
addition the profile of 5a also contains a humber of tryptic
peaks (filled arrows) common to protein 7d (compare solid
arrows in Fig. 6A and B). Finally, a number of the remaining
lb peptides, i.e., those not present in the 5a profile, coincide
with peaks observed in digests from protein P3-6b (compare
Fig. 6B and D, open arrows). These results indicate that
peak Sa originates from cleavage of protein P3-1b; thus P3-lb
-* P3-5a + P3-6b. The kinetic behavior of peak Sa in a pulse-
chase experiment (Fig. 1) is compatible with this hypothesis;
so is its electrophoretic mobility, which is about that expect-
ed for the 49,000-dalton mass computed for this protein from
the RNA sequence (Table 1).

DISCUSSION

A revised processing map of the polioviral polyprotein is
illustrated in Fig. 7. We have divided the polyprotein into
three regions, P1, P2, and P3 (14), allowing for easier
recognition of the numerous cleavage products. For exam-

ple, the proteins are designated Pl-la, P2-3b, P3-7c, etc.
All 27 proteins in this map can be accounted for by 12

cleavage sites (Table 1). Nine of these cleavages, which are
probably carried out by virus-coded protein P3-7c (11),
occur in glutamine-glycine (QG) pairs, of which there are a
total of 13 (14). One of these sites, QG-11, is cleaved only
rarely, yielding a protein, designated P3-4a (29), which is
associated with the viral RNA replication complex (9). In
addition to the nine known QG cleavage sites, three other
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TABLE 1. Proteins of poliovirus
C terminus

NH, terminus or or COOH
Protein L434 namea Mol wtb NH, terminal terminal

cleavage sitec cleavage
site'

P1-la 1 97,247 Blocked G YG1
P3-lb 3 84,234 QG-8 P
3b/9 2-3AB 77,000 YG-1 QG-10
P3-1c 3BCD 76,000d QG-9? P?
P3-2 3CD 72,132 QG-10 P
P1-3a 1ABC 63,786 Blocked G QG-3
P2-3b 2 64,953 YG-1 QG-8
P1-3c 1CD 59,930 QG-2 YG-1
P3-4a 60,000 QG-11 P
P3-4b 3D 52,481 QG-12 P
X/9 2C-3AB 50,000 GQ-6 GQ-10
P3-5ae 48,550 QG-8 YG-2
P2-Sb 2BC 48,273 QG-5 QG-8
VPO 1AB 37,352 Blocked G QG-2
P3-6a 3C' 36,450 QG-10 YG-2
P2-X 2C 37,555 QG-6 QG-8
VP1 1D 33,521 QG-3 YG-1
P3-6b 3D' 35,700 YG-2 P?
VP2 1B 29,985 NS-2 QG-2
VP3 iC 26,410 QG-2 QG-3
P2-7a 2AB 25,500d YG-1? QG-6?
P3-7c 3C 19,669 QG-10 QG-12
P3-7de 16,780 QG-12 YG-2
P2-8 2A 16,680 YG-1 QG-5
P3-9 3AB 12,100 QG-8 QG-10
P3-9b 3B 9,750 QG-8 QG-9
P2-10 2B 10,720 QG-5 QG-6
VP4 10 7,385 Blocked G NS-2
VPg 3B 2,354 QG-9 QG-10
a From R. R. Rueckert and E. Wimmer, submitted for publica-

tion.
b The molecular weight given for each protein is that predicted

from the RNA sequence (14) using the indicated amino and carboxy
termini.

Sites are as shown in Fig. 7. Glycine (G) is the amino terminus of
the polyprotein; phenylalanine (P) is the carboxy terminus. Other
abbreviations: N, asparagine; Q, glutamine; S, serine; Y, tyrosine;
and ?, uncertain.

d Apparent rholecular weight was determined by electrophoretic
mobility in the continuous phosphate-buffered gel system.

e The molecular weight estimate of P3-7d is based on the differ-
ence in molecular weights between P3-6a and P3-7c. The molecular
weight estimate of protein Sa is based on the sum of the molecular
weights of proteins 6a and 9a (see the text).

cleavage sites distinct from QG cleavages have been identi-
fied. One is an asparagine-serine pair in VPO (16), which is
cleaved by an unidentified protease to form VP4 and VP2
during the virion maturation step (12). The other two cleav-
age sites are tyrosine-glycine (YG) pairs, one of which is
located between proteins la and 3b .(14); the other is located
between 6a and 6b (11). Inhibition of viral processing in vitro
by antibodies against protein 7c fail to inhibit YG cleavages
(11), indicating involvement of another protease, possibly a
cellular protease with a chymotrypsin-like specificity (15).
For all three types of cleavages (QG, YG, asparagine-serine)
proteolytic processing occurs by a single cleavage event
without further trimming of the newly generated amino acid
termini (2, 8).

In the interest of standardization we have adopted the
nomenclature of Kitamura et al. (14). Thus the protein
earlier called 9a in this report is hereafter designated protein

9. Similarly protein 4 is hereafter designated 4b to distinguish
it from 4a (9).
P2 family of proteins. The identification of protein P2-8 as

the cleavage complement of P2-Sb and of P2-10 as the sister
fragment of X (Fig. 7) completes the last two major gaps in
the P2 region. These assignments do not however necessari-
ly imply that protein P2-X is derived only through cleavage
of precursors P2-3b and P2-Sb, since kinetic studies (M. A.
Pallansch and R. R. Rueckert, manuscript in preparation)
indicate that the polyprotein can also be cleaved at sites QG-
5 and QG-6 while still in the nascent state to release proteins
P2-8, P2-10, and P2-X directly as primary cleavage products.
Moreover, two other minor cleavage products, 3b/9 and X/9,
which are unusual in that they span the P2-P3 cleavage site
(Fig. 7), have recently been identified by immune precipita-
tion and microsequence analysis (34). Protein X/9 (molecular
weight, 50,000) is similar in size to protein P3-5a (Table 1),
but is probably produced in substantially smaller amounts
(34). It may correspond to the unidentified precursor-like
protein that migrates between bands 4 and Sa (Fig. 1A).
The assignment of protein P2-7a as an uncleaved form of

proteins (P2-8 and P2-10) is based upon its electrophoretical-
ly determined molecular weight, about 27,400, and is there-
fore still highly tentative. Attempts to confirm its identity by
tryptic analysis were hindered by difficulty in completely
freeing P2-7a from the large peak of VP3 with which it
comigrates (Fig. 1).

Multiple cleavage pathways for P3 proteins. The complex-
ity of the P3 region of the processing map is due to multiple
cleavages, a phenomenon first observed in the homologous
P3 proteins of human rhinovirus 1A (18). The same kind of
complex cleavages are observed in the P3 proteins of aphtho-
viruses (7), but appear to be absent in the cardioviruses (5).

Radiochemical sequencing studies have shown that pro-
teins P3-7c and P3-4b are produced by cleaving protein P3-2
at QG-12 (27), whereas proteins P3-6a and P3-6b are pro-
duced by an alternative cleavage at YG-8 (11); thus (Fig. 7)
P3-2 -* P3-6a + P3-6b. The identification of protein P3-7d as
a fragment from the left end of protein P3-4 suggests that this
protein may arise from a cleavage at YG-8 in P3-4b. If P3-7d
is produced by such a cleavage, one must conclude that the
cleavages of sites QG-12 and YG-8 are not mutually exclu-
sive; in other words protein P3-4b may not be a stable end
product but could be further cleaved at the YG-8 site, and
thus 4b -- 7d + 6b; or at site QG-12, and thus 6a-- 7c + 7d.
In view of the multiple potential cleavage sites in P3-2,
however, the precise mapping of P3-7d must await terminal
amino acid sequence analysis. Similarly it appears that the
same YG-8 site can be cleaved in protein lb to produce the
cleavage pathway lb S-> a + 6b.

Finally P3-lb may be cleaved at QG-11 to yield P3-4a (9,
29), but the corresponding N-terminal fragment of this
cleavage has not been detected and may be rapidly degrad-
ed.
VPg and potential precursors. Protein P3-Sa, like proteins

P3-9 and P3-lb, contains VPg sequences (Fig. 7) and is
therefore of potential interest as a VPg donor, which is
believed to be a requirement for initiating synthesis of new
polioviral RNA molecules (38). It is of interest that 5a and lb
were not immunoprecipitated from labeled poliovirus-infect-
ed HeLa cell extracts by anti-VPg serum made against a
synthetic peptide corresponding to the seven carboxy-termi-
nal amino acids of VPg (27). As previously suggested (26),
when VPg sequences are not at a terminal location they may
be inaccessible to certain antibody molecules due to the
conformation of surrounding amino acid sequences. On the

J. VIROL.



PROTEIN PROCESSING MAP OF POLIOVIRUS 879

P3 ,

4 4 6666
6

la0(97)a

I
I 1

14 5 6 7 8 910 IlI1 I3ITT T Y T VT

3b(65 I
, u8n7) 5b4e I

3c(60) ' 10(11) X(3s) '19(12)a

VPO(37) VP3(26) VPh374a?
VP4 VP2 I

(7) (30)

V c(20* 4b(52)
X/9(SO) (-)(2) 60(36) 6b(36)

1 . 5o(49)
I 7d('7)

4a (60)

FIG. 7. Processing map of the polioviral polyprotein. The polyprotein (heavy line) is divided into three regions (P1, P2, and P3) for
convenience in classifying cleavage products. Amino acid pairs (sites) known to be cleaved are indicated by filled symbols; apparently
uncleaved sites are indicated by open symbols: (V, V) glutamine-glycine (QG); (0, 0) tyrosine-glycine (YG); (O, *) asparagine-serine (NS).
The glutamine-glycine sites are all believed to be cleaved by P3-7c, a virus-encoded coded protease. The agents responsible for cleavage of
sites NS-2, YG-6, and YG-8 have not yet been identified. Proteins P3-4a (9, 29), X/9 (34), and 3b/9 (data not shown; 34) are produced in only
trace amounts. This implies that site QG-11 is cleaved only rarely and that site QG-8 is rarely left uncleaved. Assignments for proteins 7a and
lc are tentative (see the text). (v) VPg.

other hand, protein lb and a protein that may correspond to
5a (pre-VPg 2) were immunoprecipitated by antisera directed
against larger synthetic peptides (corresponding to all 22 or
the 14 amino-terminal amino acids of VPg) (4). The increased
efficacy of immunoprecipitation in the latter case is evidently
due to the different and increased number of epitopes
present in the longer peptides.
Another molecule of interest as a potential VPg donor is

protein lc, which has a proteolytic map similar to that of
protein P3-2 (37). Thus P3-ic appears to be generated by
cleavage of QG-9 just to the left of QG-10 and would contain
the VPg sequences at its amino terminus. It is worth noting
in this regard that the relatively minor amount of these VPg-
containing molecules is no argument against their potential
importance as VPg donors since the number of RNA mole-
cules required for synthesis of the 60-subunit virions is only
a minor fraction of the total number of translations.

Finally identification of protein P3-9b as the cleavage
complement of VPg suggests that it is generated by the
reaction, 9 -k 9b + VPg. Proteins P3-9b and P2-10 comigrate
in the Laemmli gel electrophoresis system, and this mixture
was earlier designated P3-10 (26, 29, 34). The nomenclature
used in Fig. 7 will be followed hereafter. The amount of
protein P3-9b seen after a 90-min chase is substantial (Fig.
1B), yet attempts to locate VPg in infected cells have been
unsuccessful (4, 14, 26) even with radioactive amino acids
other than methionine, which is absent from VPg. The
reason for this is still unclear.
Other minor proteins. The map illustrated in Fig. 7 repre-

sents over 95% of the total methionine incorporated into
poliovirus-infected cells and therefore encompasses the ma-
jor cleavage reactions. Nevertheless the map does not
exhaust the complete repertoire of proteins produced in
poliovirus-infected cells (1). Inspection of the electrophoret-
ic profiles in Fig. 1 reveals several unidentified minor peaks
in the region between la and 2 and between 3a and Sa.
Additional unidentified spots have been detected with two-
dimensional electrophoresis, although none is present in
large amounts (36). This suggests that some of the cleavage
sites mapped as inactive are in fact cleaved on rare occa-

sions. The possible functional significance of such minor
cleavages is currently unclear.
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