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ABSTRACT The dideoxynucleotide method for sequencing
DNA developed by Sanger et at [Sanger, F., Nicklen, S. &
Coulson, A. (1977) Prock Nati. Acad. Sci. USA 74,5463-5467) was
modified to allow sequence analysis of poliovirus RNA without
recourse to cloning. Our method involves reverse transcription
of poliovirus RNA followed by cDNA-dependent DNA synthesis
in the presence of unlabeled dNTPs and 2',3'-dideoxynucleoside
triphosphates, with Escherichia coli DNA polymerase I (Kle-
now) used to catalyze the reaction. DNA synthesis is primed by
5'-32P4abeled RNase Ti- or RNase A-resistant oligonucleotides
generated from poliovirus RNA. The sequence of 1060 nucleo-
tides preceding the 3'-terminal poly(A) is presented. Based on
the position of termination codons we propose that viral trans-
lation terminates at nucleotide -562.

Poliovirus, a human enterovirus, is a small naked capsid virus
belonging to the family Picornaviridae. This family of viruses
is unique in genome structure and genome expression (1).
Poliovirus contains a single-stranded RNA molecule that is
covalently linked to a small protein [VPg (2-4)] at its 5' end (5)
and polyadenylylated at its 3' end (6). Knowledge of the total
nucleotide sequence of poliovirus RNA, estimated to be 7800
nucleotides long (7), is valuable for several reasons. In combi-
nation with analyses of viral proteins it permits the determi-
nation of the initiation and termination sites of translation, the
precise mapping of proteins, and the identification of cleavage
sites in protein processing. Moreover, the untranslated se-
quences may reveal sites of functional significance such as the
recognition site(s) for the RNA replicase or protein binding sites
involved in maturation.

Rapid sequence determination techniques have been de-
veloped for analysis of the primary structure of both DNA and
RNA (8-11). These techniques are suitable for segments up to
400 nucleotides long (12). Longer nucleic acid molecules must
be cleaved into fragments, which, in the case of DNA, is facil-
itated by restriction enzymes (13). Because restriction enzymes
for RNA are unknown, use of rapid techniques has been limited
to relatively small RNAs or to 5'- or 3'-terminal regions of larger
RNAs. Donis-Keller (14) recently developed a procedure that
allows the site-specific fragmentation of large RNA. The
method of choice for determining the primary structure of high
molecular weight RNA molecules, however, has been to reverse
transcribe the RNA into DNA that can be cloned and sequenced
(for example, see refs. 15 and 16).

Molecular cloning of poliovirus-specific cDNA was prohib-
ited by guidelines of the National Institutes of Health when we
initiated a study of determining the primary structure of pol-
iovirus RNA. We therefore developed a strategy that enabled
us to use Sanger's dideoxynucleotide method [often referred
to also as the chain-termination method (8)] without recourse
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to cloned cDNA. Our procedure is useful for determining the
sequence of any high molecular weight RNA. It can be applied
also in studies of the primary structure of high molecular weight
DNA for which a specific RNA transcript (e.g., mRNA) can be
isolated.
Here we describe our method that has thus far yielded seg-

ments totaling 6500 nucleotides. Of the known sequences, we
present a segment of 1060 3'-terminal nucleotides.t

MATERIALS AND METHODS
Reverse transcriptase from avian myeloblastosis virus (gener-
ously supplied by J. W. Beard, Research Resources, National
Cancer Institute) was purified (17) as follows. To 1000 units of
enzyme in 0.1 ml of 0.2 M potassium phosphate, pH 7.2/2 mM
dithiothreitol/0.2% Triton-X-100/50% (vol/vol) glycerol was
added 4 vol of column buffer (0.01 M potassium phosphate, pH
8.0/1 mM dithiothreitol/50% glycerol). The solution was passed
through a column of poly(C)-agarose (P-L Biochemicals; bed
volume, 0.4 ml). After a wash with 5 ml of column buffer, the
enzyme was eluted with column buffer containing 0.4 M KCl;
0.3-ml fractions were assayed for activity. Nearly carrier-free
[y-32P]ATP was prepared from 32Pi and ADP as described (18,
19).

Poliovirus type 1 (Mahoney) and virion RNA were isolated
as described (7).
cDNA was synthesized as described (20), usually in 1 ml of

a mixture containing 50 mM Tris-HCl (pH 8.3), 8 ml MgCl2,
0.4 mM dithiothreitol, 80 mM KCl, 4 mM sodium pyrophos-
phate, [3H]dATP, dGTP, dCTP, and TTP, at 0.4 mM each and
6 Atg of (dT)12, 50 Mg of poliovirus RNA, and 80-160 units of
reverse transcriptase per ml. After incubation for 2 hr at 370C,
the reaction mixture was made 10 mM in EDTA and depro-
teinized with phenol, and the nucleic acids were precipitated
with ethanol. The precipitate was dissolved in 0.15 M NaOH/1
M NaCl/0.1 mM EDTA and fractionated by centrifugation
through 15-30% sucrose prepared in the same solution (Beck-
man SW 50.1 rotor, 32,000 rpm, 12 hr, at 20"C). Yield of the
fastest migrating material (nearly full-length cDNA) was 10%
of the input RNA.

Poliovirus [32P]RNA (200 Mig) was digestedwith RNase T1
(100 units) and calf intestine alkaline phosphatase (4 units,
Boehringer Mannheim) in 0.2 ml of 0.1 M Tris-HCl (pH 8.0)
for 1 hr at 370C. The larger RNA fragments together with
coprecipitating smaller fragments were precipitated with
ethanol, redissolved in 30 Ml of 50mM Tris-HC1, pH 7.5/2 mM
EDTA, mixed with 60 Ml of 9 M urea, 10 ,l of glycerol, and 2
Ml of 2% bromophenol blue, and subjected to two-dimensional
polyacrylamide gel electrophoresis (7). Oligonucleotides were

* This is paper no. 5 in the series "Sequence studies of poliovirus RNA."
Paper no. 4 is ref. 7.

t A preliminary account of this work has been presented (1).
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eluted with H20 (7), adsorbed to columns of DEAE-cellulose
(bed volume, 0.05 ml), washed with 0.1 M triethylammonium
bicarbonate (pH 7.5), eluted with 1 M triethylammonium bi-
carbonate (pH 7.5), and freed from salt by lyophilization. Re-
covery was 3040% based on input RNA. After phosphorylation
with polynucleotide kinase and [y-32P]ATP (10), the oligonu-
cleotides were purified by polyacrylamide gel electrophoresis
(10) and DEAE-cellulose column chromatography. RNase
A-resistant oligonucleotides were prepared from 100 ug of
poliovirus [32P]RNA by digestion with 7.5 ,gg of RNase A in 100
,Ml of 0.3 M NaCl/0.05 M Tris-HCl, pH 7.5/2 mM EDTA for
1 hr at 370C followed by precipitation with ethanol and two-
dimensional polyacrylamide gel electrophoresis. Individual
RNase A-resistant oligonucleotides were eluted, dephosphor-
ylated, and 5'-labeled as described above.
The 5'-32P-labeled oligonucleotide primer (5-50 X 105 cpm)

was dissolved in 6 MAl of 0.1 mM EDTA containing 1 Ag of
cDNA; 1 Ml of 0.5 M NaCl/66 mM Tris-HCl, pH 7.4/66 mM
MgCl2/10 mM dithiothreitol (8) was added. The mixture was
heated to 100'C for 3 min and then incubated at 670C for 30
min in a silicone-treated capillary. DNA synthesis was as de-
scribed by Sanger et al. (8) with modifications: 2 MI of the ddN
mixture (e.g., 0.5 mM ddGTP, 0.005 mM dGTP, and other
dNTPs at 0.1 mM) were mixed with 2 ul of the primer/cDNA
solution and 1 Mul (1 unit) of DNA polymerase and incubated
at 37°C for 30 min. The reaction was stopped with 1 Ml of 0.2
M EDTA and 6 ,l of 10 M urea/0.05% xylene cyanol/0.05%
bromophenol blue; 3 Ml of the final mixture was heated to
100°C for 3 min and applied to a sequencing gel (12).
General Strategy for Poliovirus RNA Sequence Determi-

nation. Our method is summarized in Fig. 1. (i) cDNA to pol-
iovirus RNA is synthesized with reverse transcriptase. (ii) Pol-
iovirus RNA is digested with RNase T1 and phosphomonoest-
erase; oligonucleotides are separated by two-dimensional
polyacrylamide gel electrophoresis (7). (iii) An oligonucleotide
is selected on the basis of its position in the genomic RNA (20),
eluted from the gel, and labeled at the 5' end. (iv) The 5'-
32P-labeled oligoribonucleotide is used as a primer for DNA
synthesis with E. coli DNA polymerase I (Klenow) in the
presence of unlabeled dNTP and specific chain terminators
(ddNTP) (8).

In four polymerization mixtures, each containing a specific
ddNTP, DNA fragments are produced that terminate opposite
one of the four bases. The DNA fragments are separated by slab
gel electrophoresis. Each ddNTP generates a different ladder
of bands, and use of all four ladders permits a reading of the
sequence complementary to the cDNA template. This ingenious
method developed by Sanger and his colleagues has been
modified by us in that we use labeled primers and unlabeled
triphosphates instead of labeled nucleoside triphosphates. The
modification proved crucial in that it reduced the background
of radioactivity in sequencing gels to nearly zero. Overlaps of
DNA sequences and the oligoribonucleotide sequences served
as controls for the sequence generated by the dideoxy
method.

RESULTS
Synthesis of cDNA to Poliovirus RNA. The products of

reverse transcription were separated by zonal centrifugation
through an alkaline sucrose gradient, and only cDNA in the
leading fractions of the peak was used. When analyzed on al-
kaline agarose gels (Fig. 2), only one band of cDNA was visible;
it migrated slightly faster than plasmid DNA pSM3 (estimated
to be 7.7 kilobases long) and slightly slower than pSM2 DNA
(estimated to be 7.0 kilobases long) (22). When analyzed in a
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FIG. 1. Strategy for determining the primary structure of pol-

iovirus RNA. Primers for the chain termination method are generated
by RNase T1 digestion of virion RNA followed by two-dimensional
gel electrophoresis (Upper Right) and enzymatic modification. (Lower
Right) Sequencing gel. PME, phosphomonoesterase; *, 5'-32p of the
primers; VPg, genome-linked protein. For details, see text.

similar fashion, unfractionated reverse transcription product
yielded smaller cDNA in addition to the 7.4-kilobase band;
discrete DNA bands of partial transcripts (23), however, did
not occur under our conditions of synthesis (data not shown).
The average size of the cDNA product did not change when
virus RNA that had been pretreated with proteinase K to de-
stroy the 5'-linked protein [VPg (24)] was used as template (data
not shown). Oligonucleotide-primed DNA synthesis provided
evidence that the cDNA shown in Fig. 2 contained molecules
with 3' ends that terminated within 100 nucleotides from the
5' end of genome RNA (unpublished results). Attempts to
transfect HeLa cells (26) with the cDNA failed.

Preparation of Oligonucleotide Primers. Digestion of RNA
with RNase T1 and simultaneously with calf intestine alkaline
phosphatase yields oligonucleotides suitable as primers. Because
of nuclease contamination, bacterial alkaline phosphatase has
not been used. The products of an RNase Ti/phosphomo-
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noesterase digestion yielded two-dimensional polyacrylamide
gel electrophoresis patterns that were indistinguishable from
those of RNase Ti digests (7) except that the dephosphorylated
oligonucleotides migrated slower in both dimensions relative
to the poly(A) (Fig. 3A). The pattern shown in Fig. 3A indicates
that fragmentation and dephosphorylation proceeded to
completion.

Electrophoreses of poliovirus RNA after cleavage with RNase
A proved to be more difficult because (i) digestion in low-salt
medium leads to cleavages at A residues, and (Hi) digestion in
0.3 M NaCl, which prevents cleavages at A residues, interferes
with subsequent gel electrophoresis. Suitable patterns were
obtained, however, when the oligonucleotides were freed from
salt by precipitation with ethanol (Fig. 3B).
The use of oligonucleotides eluted from polyacrylamide gels

as substrate for kinase or as primer in DNA synthesis requires
purification of the oligonucleotides by DEAE-cellulose column
chromatography. If this purification step is omitted, the yield
of phosphorylation with kinase is low and DNA synthesis is
totally inhibited.

Oligonucleotide-Primed DNA Synthesis in the Presence
of Chain Terminators. In initial experiments, we used reverse
transcriptase for DNA synthesis without success. Apparently,
initiation of DNA synthesis with oligoribonucleotide requires
specific interactions between primer, template, and reverse
transcriptase (27), a condition not provided by poliovirus-spe-
cific oligonucleotides and poliovirus cDNA. The Klenow
fragment (28) of E. coli polymerase I, on the other hand, fa-
cilitates RNA-primed DNA synthesis independently of the
sequence of the primer. However, when a-32P-labeled deox-

ynucleoside triphosphates were used as label (8), background
incorporation in the absence of primer was high, making it
impossible to read sequences from autoradiograms of the se-
quencing gels. Attempts to remove putative endogenous
primers, and thus reduce the background incorporation, failed.
The problem was solved by using 5'-32P-labeled oligonucleo-
tides as primers and carrying out DNA synthesis with unlabeled
dNTPs.

Fig. 4B shows a set of ladders generated by Tl-oligonu-
cleotide no. 48 that has the sequence C-U-U-C-C-U-A-C-C-
C-C-C-A-U-G (data not shown). The reaction mixture was
loaded twice onto an 8% polyacrylamide gel under conditions
such that approximately 150 nucleotides can be read. In order
to read up to 250 nucleotides, the mixtures were loaded onto
6% gels and electrophoresed longer (not shown).
The dark area at the bottom of part 2 of Fig. 4B represents

the primer and degradation products of the primer. Limited
degradation of the primer, occurring during enzymatic reac-
tions and subsequent separation procedures, does not interfere
with the analysis. We have found it impossible, however, to read
the bases immediately following the primer. The reason for this
phenomenon, which has also been observed by others (29), is
not clear. This problem can be solved by generating overlapping
sequences, a procedure required in any case for ordering se-
quences. In the analysis shown in Fig. 4B, an overlapping se-
quence was obtained by priming DNA synthesis with Tl-oli-
gonucleotide no. 50 (see Fig. 5).

Also shown in Fig. 4B is a "compression" of bands within the
sequence C-G-C-T-A(G,T,C)T-C-C-T-A-G (corresponding to
the nucleotide sequence -427 to -440 of the poliovirus RNA).
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FIG. 3. Autoradiogramb of two-dimensional gel electropherograms of enzymatic digests of type 1 poliovirus (Mahoney) [32P]RNA. (A) RNA
was digested simultaneously with RNase T1 and calf intestine alkaline phosphatase. (B) RNA was digested with RNase A. The base composition
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of Lee et al. (7) that considerably simplifies the separation.
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LACAAACCAGAGACACUAAGGAAAUGCAAAAACUGCUCGACACAUAUGGAAUCAACCUC

CCACUGGUGACUUAUGUAAGAUGAACUUAGAUCCAAAACAAAGGUUGAGCAGGGGAAAUCCAGAUUAoAUGAAGCUoc
22

UAGUUUGAAUGACUCAGUGGCAAUGAGAAUGGCUUUUGGGAACCUAUAUGCUGCUUUUCACAAAAACCCAGGAG0GAUAA
6

CAGGUUCAGCAGUGGGOUGCIAUCCAGAUUyG0UUUGGAGIMAAAUOCCGOGUAUUGAUGrAAGAGAAGOCGu*GUGCUUU

-760
GACUACACAGGGUAUGAUGCAUCUCUCAGCCCUGCUUGGUUCGAGGCACUAAAGAUGGUGCUUGANAAAAUCGGAUUCGG

-680

-60

-520

-440

4
AGACAGAGUUGACUACAUCGACUACCUAAACCACUCACACCACCUGUACAAGAAUAAAACAUACUGUGUCAAGGGCGGUA
3 1~~~~~~3

UGCAUCUGGCUGCUCAGGCACOCAAUUOUUUAACUCAAUGAUUAACAACUUGAUUAOCAGGACACUCUUACUGAAAACCU

50 I& 48
ACAAGGGCAUAGAUUUAGACCACCUAAAAAUGAUUGCCUAUGGUGAUGAUGUAAUMUUGCUUCCUACCCCCAUGAAGUUGA

CGCUAGUCUCCUAGCCCAAUCAGGAAAAGACUAUGGACUAACUAUGACUCCAGCUGACAAA(CAGCUACAOUUGAAACAG

-360 8
UCACAUIOGGAGAAUGUAACAUUCUOOAAGAGAUUCUUCAGGGCAGACGAGAAAUACCCAUUUCUUAUUCAUCCAGUAAUG

-280
CCAAUGAAGGAAAUUCAUGAA(JCAAUUAGAUGGACUAAAGAU(CCUAGGAACACUCAGGAUJCACGOUCGCIJCUJCuGUGCCU

-200 /7
UUUAGCUUGGCACAAUUGGCGAAGAAGAAUAUAACAAAUUCCUAGCUAAAAUCAGGAGOGUGCCAAUUGGAAGAGCUUUA

-120
UUGCUCCCAGAGUACUCAACAUUGUACCGCCG0UGGCUUGACUCALJUUAGUAACCCUACCUCAGUCGAAUUGGAUUGGG

- 40 /6
UCAUACUGCUGUAGGGGUAAAUUUUUCUUUAAUUCGGAGG-poly(A)

FIG. 5. 3'-Terminal nucleotide sequence of type 1 poliovirus
(Mahoney) RNA. Bars and numbers above the sequence correspond
to oligonucleotides used as primers for the dideoxy method. All
numbers refer to RNase T1-oligonucleotides except that no. 6' is a
RNase A-oligonucleotide. Triplets underlined with'a solid or broken
line or a solid double line indicate termination codons in three reading
frames. The black arrow marks the position (-562) at which termi-
nation codons begin to occur in all three reading frames. Poly(A) is
at the 3' end of the RNA (6).

(A) (B)

FIG. 4. Autoradiograms of separations of DNA chains on poly-
acrylamide gels. DNAs were synthesized in the presence of poliovirus
cDNA and ddNTP as primed with 5'-32P-labeled oligonucleotide no.
48 of poliovirus RNA. (A) Separation on a 20% gel (0.4 mm X 16 cm
wide X 12 cm long) at 50-60°C. (B) Separation on an 8% gel (0.4 mm
X 33 cm wide X 40 cm long) (12). Part 1, first application; part 2,
second application. G, A, T, and C represent lanes of DNA chains
terminated in ddG, ddA, ddT, and ddC, respectively.

The compression was observed at exactly the same position
when DNA synthesis was primed with oligonucleotide no. 13
or no. 50 (see Fig. 5). The uncertainty of base sequence was
solved by separating the DNA bands by electrophoresis on a
small 20% gel at higher temperature (Fig. 4A). Other com-
pressions have been solved by using dITP instead of dGTP
(31).

Several TI-oligonucleotides (for example, no. 12, U-U-U-
A-C-C-A-A-A-C-A-A-A-A-A-A-C-C-C-A-A-C-G) did not prime
DNA synthesis at room temperature but did so at 370C. We
assume that this phenomenon may be due to effects of secon-
dary structure.
The G ladder in part 1 of Fig. 4B reveals a gap in the upper

portion that is 25 nucleotides long. This gap corresponds to
Tl-oligonucleotide no. 8 and thus identified no. 8 as a primer
suitable to extend the sequence generated by Tl-oligonucleo-
tide no.48. In this manner, each newly generated G ladder (or
pyrimidine ladder) was examined for a segment (10-35 bases
long) lacking either G or pyrimidines. Such segments corre-
spond to RNase T1- or RNase A-resistant oligonucleotides that
were subsequently used as primers to deduce a continuous chain
of nucleotides.
The 3' End of Poliovirus RNA. Fig. 5 shows the 3'-terminal

sequence of 1060 nucleotides that we have elucidated with the
aid of eight oligonucleotide primers. The sequence preceding
oligonucleotide no. 22 was determined by priming DNA syn-
thesis with no. 1' but, because of the uncertainty of the nucle-
otide sequence immediately following the primer, no. 1' was

omitted from the figure. All sequences generated by oligonu-
cleotides no. 1', 22, 6', 4, 13, 50, 48, and 8 overlapped, sometimes
by as many as 200 nucleotides. The sequence generated by no.
8 connected with the 3'-terminal poly(A).It overlapped, and
was consistent, with a sequence of 156 nucleotides reported by
Porter et al. (32) for type 1 poliovirus (Mahoney) RNA.
Oligonucleotides no. 17, 51, and 16 have not been used as
primers. The sequences of all oligonucleotides have been de-
termined independently (data not shown) and corroborated the
sequences obtained by the dideoxy method.

DISCUSSION
Our method for determining the sequence of poliovirus RNA
is a variation of a procedure developed by Sanger based on
copying a nucleic acid strand in the presence of chain termi-
nators and analyzing the copies produced. The procedure was
originally developed for sequence analyses of DNA (8, 12, 33)
but subsequently was modified for studies on RNA (30, 34-36).
All copying methods with DNA have in common their de-
pendence upon primers. In the case of DNA, restriction frag-
ments may serve as primers or the DNA under investigation
may simply be partially degraded by exonuclease prior to
copying. In studies of RNA sequence, however, primarily
synthetic oligodeoxyribonucleotides have been used. They may
have been synthesized to complement a 3'-terminal sequence
or internal sequences. If the d(N)n primer is short (n = 5-9)
multiple initiation may ensue (34), particularly if the template
is long (n > 1000), making it difficult or impossible to read se-
quences. On the other hand, if the primer is sufficiently long
(n > 10) to ensure unique initiation even on long templates, its
synthesis is prohibitively expensive.

Unlike other procedures, ours uses RNA primers generated
from the RNA under investigation by RNase Ti or RNase A
digestion. Because viral RNA can be isolated in microgram
quantities, most of the primers can be produced in sufficient
amounts. Moreover, the primers can be generated and purified
simultaneously.
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The severe problem of background incorporation that we
encountered in our system was solved when the newly syn-

thesized DNA strands were labeled with 5'-32P-labeled primers

rather than with [a-32P]dNTP. This modification also elimi-
nated the need for a "chase step" after DNA synthesis (8).
Moreover, 5'-labeling of primers with kinase and [y-32P]ATP
is much less costly than internal labeling of the DNA chains with
[a-32P]NTP because we can synthesize the ["y-32P]ATP in our
laboratory from phosphorus-32 and ADP in a rapid and simple
procedure (18, 19).
The selection of oligonucleotide primers according to their

physical map position within the genome (21) permitted us to
order nonoverlapping sequences during the early stages of se-

quencing. In general, knowledge of the map position of primers
is useful, particularly when only specific segments of high
molecular weight RNA are to be analyzed. This is true, for ex-

ample, in studies of genetic variation of viral genomes.

In principle, our strategy for sequence analyses of RNA can

be applied to any high molecular weight RNA, provided that
cDNA can be prepared. For analyses of RNAs of minus-strand
viruses this might be facilitated by polyadenylylation of genome
RNAs (16, 37).
The 3' End of Poliovirus RNA. From the 3'-terminal nu-

cleotide sequence of poliovirus shown in Fig. 5, the following
observations can be made. (i) There are 60 termination codons,
37 of which occur in all three reading frames between poly(A)
and position -562. We consider it likely that the UGA at posi-
tion -562 is the codon terminating translation of poliovirus
RNA because of the absence of termination codons in the 500
preceding nucleotides in the same reading frame (but their
presence in the other two reading frames) and the sudden high
frequency of occurrence following nucleotide -562. A segment
of 562 untranslated bases at the 3' end of poliovirus RNA seems

surprising. It should be noted that long segments of noncoding
nucleotides at the 3' end have also been observed in other eu-

karyotic mRNAS (34, 38).
(ii) The sequence does not contain a hexanucleotide (A-A-

U-A-A-A) that characteristically occurs in the vicinity of poly(A)
(within 20 bases) in all untranslated regions of mammalian
cytoplasmic mRNAs known to date (see ref. 39). It has been
proposed that the hexanucleotide may serve as a signal for
polyadenylylation of transcripts in the cell nucleus (32). The
absence of A-A-U-A-A-A at the 3' terminus of poliovirus RNA
is not in disagreement with this hypothesis because poly(A) in
poliovirus RNA is synthesized by transcription from poly(U)
and not by posttranscriptional polyadenylylation (40).
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