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The 5' nucleotide sequence of
pppApCpGp ....

vesicular stomatitis viral RNA is

Vesicular stomatitis virus (VSV) is a rhab-
dovirus which possesses a virion RNA-depend-
ent RNA polymerase (2). Both in vivo and in
vitro studies have shown that this RNA polym-
erase transcribes the viral genome completely
and repetitively to give messenger RNA mole-
cules smaller than, but complementary to, the
viral genome (1, 3, 4, 6, 10). RNA synthesis
occurs in a 5' to 3' direction (12). In vitro
analyses have identified four 5' initiation se-
quences involving pppAp... .or pppGp nucleo-
tides (5, 11).
Although we do not know how transcription

and replication are interrelated, it is of interest
to identify the 5' nucleotide sequences of not
only the intracellular VSV messenger RNA but
also those of the 42S viral and viral complemen-
tary RNA. We report here that the sequence of
the 5' end ofVSV viral RNA is pppApCpGp ....
which is one of the sequences found during in
vitro transcription product analyses (5, 11).

MATERIALS AND METHODS
Reagents. 'H-labeled nucleosides and ["2P]phos-

phoric acid were obtained from I.C.N., Irvine, Calif.
Preparation and purification of 'H-labeled nu-

cleoside or "2P-labeled virus. The procedures used to
obtain labeled virus grown in the presence of [3H ]uri-
dine (25 IACi/ml, 8.0 Ci/mmol), [3H ]cytidine (25
liCi/ml, 36 Ci/mmol), ['H ]guanosine (25 MCi/ml, 16.3
Ci/mmol), ['H]adenosine (25 uCi/ml, 20.8 Ci/mmol),
or [32P ]phosphate (200 gCi/ml) have been described
(1, 9). Virus preparations were purified by polyethyl-
ene glycol precipitation followed by sucrose equilib-
rium gradient centrifugation (10).

Extraction and purification of labeled RNA.
Labeled virus preparations obtained from sucrose
gradients were diluted fivefold with 0.15 M NaCl and
0.01 M Tris-hydrochloride buffer (pH 7.4), adjusted to
1% (wt/vol) sodium dodecyl sulfate, and extracted
with an equivolume of a mixture of 1 part of chloro-
form and 4 parts of redistillsd phenol, m-cresol,
8-hydroxyquinoline (500:70:0.5 g, previously satu-
rated with 0.15 M NaCl, 0.01 M Tris-hydrochloride,
pH 7.4). The phenol-chloroform phase was reex-
tracted with 0.4 M NaCl, 0.01 M Tris-hydrochloride

(pH 7.4) and 1% sodium dodecyl sulfate and the
combined aqueous phases were extracted with a fresh
chloroform-phenol mixture. After alcohol precipita-
tion, the RNA was chromatographed through a col-
umn of 4% agarose suspended in 0.4 M NaCl, 0.01 M
Tris-hydrochloride, and 0.1% sodium dodecyl sulfate.
The void fractions containing the viral RNA were
recovered by alcohol precipitation, dissolved in 0.001
M EDTA (pH 7.4), and stored frozen at -20 C until
required.

Alkali and ribonuclease digestion conditions.
Alkali digestions were performed by adjusting an
RNA sample to 0.33 M KOH and incubating at 37 C
for 18 h. Potassium ions were exchanged for hydrogen
ions using Dowex-50 [H+ form] ion exchange resin
until pH 7 was reached (11). Ribonuclease A or Tl
digestion conditions have been described previously
(9, 11, 12).
DEAE-cellulose chromatography of oligonu-

cleotides. The resolution of nucleotides by DEAE-
cellulose column chromatography has been described
(5, 11, 13). Nucleotides were quantitatively recov-
ered by ethanol precipitation of their barium salts
and quantitatively converted to and recovered as their
hydrogen form by use of Dowex-50 [H+ ] ion exchange
resin as described previously (11).
Dowex-l-formate resolution of mononucleotides.

The resolution of mononucleotides by Dowex-1-for-
mate column chromatography followed the procedure
described by Hurlbert et al. (7). Nucleoside tetra-
phosphates were recovered from the column by strip-
ping with 88% formic acid.

Base-ratio determinations. Paper electrophoresis
at pH 3.5 was employed to determine base ratios of
the 'H-labeled nucleoside or 3"P-labeled RNA sam-
ples as described elsewhere (11, 12).

RESULTS
Alkali digestion of 'H-labeled nucleoside

VSV RNA. Portions of VSV RNA individually
labeled with each of the four 'H-labeled nucleo-
sides were subjected to alkali digestion. A
sample of each digest was dissolved in scintilla-
tion fluid or evaporated to dryness and counted.
It was found that the percentage of tritium
exchange with water during alkali digestion
varied depending upon the precursor nucleo-
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side. For both the ['H ]guanosine- and
['HH]adenosine-labeled RNA, 48% of the label
was recovered in water, whereas for the
['H ]cytidine- or ['H ]uridine-labeled RNA only
8% and 6%, respectively, were recovered in
water. The distribution of label among the
mononucleotides is shown in Table 1 in essential
agreement with results reported earlier (9).
A sample of the ['H]adenosine-labeled RNA

digest was resolved by DEAE-cellulose column
chromatography together with a pancreatic ri-
bonuclease digest of 3 mg of chicken embryo
RNA. The distribution of label relative to the
mono-, di-, tri- (etc.) nucleotides is shown in
Fig. 1, indicating that although most of the RNA
was digested to mononucleotides, a small frac-
tion of labeled oligonucleotides survived the
alkali digestion. Evidently, to identify the ter-
minal nucleotide, residual oligonucleotides
would confuse interpretation of the results. It
was found that two successive alkali digests
were necessary to digest all oligonucleotides and
reveal the 5' termInal nucleotide (see below).

Identification of 5' terminal nucleotide of
VSV RNA. Mixtures of " P- and 3H-labeled
nucleoside VSV were digested with alkali,
loaded on DEAE-cellulose, and subjected to
chromatography as in Fig. 1. As soon as the
labeled mononucleotides were eluted, the col-
umn was stripped by 0.7 M LiCl in 7 M urea
buffer, and the resulting eluant fractions were
pooled, mixed with 0.1 Mmol each of 2',3'- mixed
AMP, CMP, GMP, and UMP nucleotides, and
recovered as their barium salts by alcohol
precipitation. After exchange of hydrogen for
barium, the nucleotides were mixed with 100 Ag
of chicken embryo RNA, adjusted to 0.33 M
KOH, and redigested for another 18 h at 37 C.

TABLE 1. Base-ratios of labeled VSV RNAa

-[HlH] [HlH] [3HJ [3H]- [.2p]_
Precursor adeno- guano- cyti- uri- phos-
nucleotide sine sine dine dine phate

(%) (O) (%) (%) (%)
CMP 0.7 0.8 89.2 24.7 20.7
AMP 78.0 4.6 0.5 0.6 27.0
GMP 20.9 93.3 0.3 0.5 21.0
UMP 0.4 1.3 10.0 74.2 31.3

a 'H-labeled nucleoside or ["P]phosphate-labeled
VSV RNA was obtained as described. A sample of
each RNA was digested with alkali, and the products
were resolved with 2',3'- mixed mononucleotides of
CMP, AMP, GMP, and UMP by paper electrophore-
sis at pH 3.5. The percentage of label recovered in
each spot (identified by their ultraviolet light absorb-
ance) is given.

First Alkali: 3H-A VSV RNA
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FiG. 1. DEAE column chromatography at pH 8.0 of
nucleotides obtained from an alkali hydrolysis of
['H]adenosine-labeled VSVRNA. Columns (5 ml, 0.5
by 25 cm) ofDEAE equilibrated in 7M urea, 0.01 M
Tris-hydrochloride, and 0.0003 M EDTA (pH 8.0)
were loaded with nucleotide mixtures (see below) and
eluted with a 160-mI linear gradient of LiCI (0.02 to
0.25 M) in 7M urea, 0.01 M Tris-hydrochloride, and
0.003 M EDTA (pH 8.0). Fractions (about 0.8 ml)
were collected, and their content of unlabeled nucleo-
tides (optical density at 260 nm) or labeled nucleo-
tides was determined by counting in a liquid scintilla-
tion spectrometer after mixing with 15 ml of the
Triton:toluene scintillation cocktail (11). Nucleotide
mixtures consisted of a pancreatic ribonuclease digest
of unlabeled chicken embryo cellular RNA (3 mg of
RNA, 0.3 mg of ribonuclease in 0.1 M NaCI, pH 7.0,
incubated at 37 C for 60 min), and the 'H-labeled
nucleotides from a single alkali digest of the viral
RNA. The alkali digest initially contained 5.84 x 106
counts/min of ['HJadenosine-labeled RNA. Note that
'H-labeled water derived by tritium exchange (see
Results) eluted in the early fractions of the column.
The elution positions of the mono-, di-, tri- (etc)
oligonucleotides from the pancreatic ribonuclease di-
gest are indicated.

This second alkali digest was resolved by DEAE
column chromatography at pH 8.0 with marker
oligonucleotides derived from a pancreatic ribo-
nuclease digest of 3 mg of chicken RNA. The
results obtained for mixtures of 3'P-labeled
VSV RNA plus ['H]uridine-, ['H]cytidine-,
['H ]guanosine-, or ['H Jadenosine-labeled VSV
RNA are shown in Fig. 2. Only for the adeno-
sine-labeled RNA were 'H counts recovered in
the tetranucleotide peak along with the "2P_
labeled material. The recovery of either label
relative to the initial amount of labeled RNA
was determined and the molar proportions were
calculated (Table 2). The results indicated that
the 5' terminal nucleotide was pppAp.... The
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Second Alkali Digest of Dual Labelled VSV RNA
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FIG. 2. DEAE column chromatography at pH 8.0 of nucleotides obtained after two alkali digests of
"8P-labeled VSV RNA plus 'H-labeled nucleoside VSV RNA. Mixtures of 8.7 x 106 counts/min of
[3H]adenosine-labeled RNA plus 3.0 x 106 counts/min of "2P-labeled VSV RNA, 6.8 x 106 counts/min of
[3H]cytidine-labeled RNA plus 7.8 x 106 counts/min of 32P-labeled VSV RNA, 8.0 x 106 counts/min of
[3H]guanosine-labeled RNA plus 8.0 x 106 counts/min of "2P-labeled VSV RNA, or 6.7 x 106 counts/min of
[3H]uridine-labeled RNA plus 7.7 x 106 counts/min of 32P-labeled VSV RNA were treated with two cycles of
alkali digestion as described in Results and the second digests were resolved on DEAE columns with suitable
marker nucleotides as described in Fig. 1.

fact that adenosine tetraphosphate is recovered
in the tetranucleotide isoplith (i.e., somewhat
earlier than its net phosphate charge would
predict) has been documented in previous com-
munications (5, 11).

Identification of the penultimate nu-
cleotide at the 5' end of VSV RNA. A sample
of [3H]adenosine-labeled VSV RNA was di-
gested with pancreatic ribonuclease to degrade
the RNA at cytidine and uridine residues and
the resulting oligonucleotides were resolved by
DEAE-cellulose chromatography at pH 8.0
(Fig. 3). The region of the chromatogram (i.e.,
the tetra-, pentanucleotides) expected to con-
tain pppApPyp (where Py is a pyrimidine
residue) was pooled (5, 11) and a portion was
subjected to alkali digestion and chromato-
graphed on DEAE-cellulose. The number of 'H

counts per minute obtained in the tetranucleo-
tide peak was equivalent to that expected for a
single terminus of pppApPyp in the original
digest.
A similar pancreatic digest of "2P-labeled

VSV resolved at pH 8.0 was used to give
nucleotide pools corresponding to the tetra-
nucleotides, tetra-pentanucleotides, penta-hex-
anucleotides, or hexa- and larger nucleotides.
Each pool was subjected to alkali digestion but
only the tetra-pentanucleotides gave a 3p_
labeled pppAp nucleotide upon subsequent al-
kali digestion (data not shown).
A second portion of the [3H ]adenosine-

labeled tetra-pentanucleotide pool (Fig. 3) was
chromatographed at pH 10.0 together with a
pancreatic ribonuclease digest of 3 mg of
chicken embryo RNA. Considerable resolution
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TABz 2. Recovery of 5' nucleotides from
alkali digests of labeled VSV RNAI

Counts/minMreoerdi Mole equiv-
Labeled RNA tetranucleo- mole ofRNA

tides moeoRA

(1) ['H Jadenosine 650 0.86
["2P]phosphate 760 3.2

(2) ['H]cytidine 19 0
["SP]phosphate 2,000 3.8

(3) ['H]guanosine 22 0
["2P]phosphate 2,279 3.5

(4) ('H Juridine 0 0
["2P]phosphate 2,066 4.2

a Mixtures of (1) 8.7 x 106 counts/min of
['H]adenosine-labeled RNA plus 3.0 x 10' counts/
min of '2P-labeled VSV RNA, (2) 6.8 x 10' counts/
min of ['H]cytidine-labeled RNA plus 7.8 x 10'
counts/min of "'P-labeled VSV RNA, (3) 8.0 x 10'
counts/min of ['H ]guanosine-labeled RNA plus 8.0 x
10' counts/min of "2P-labeled VSV RNA, or (4) 6.7 x
10' counts/min of ['Hiuridine-labeled RNA plus 7.7 x
10' counts/min of "2P-labeled VSV RNA were treated
with two cycles of alkali digestion (Fig. 2), and the 'H
or "P counts per minute recovered in the tetranucleo-
tides were computed. The total nucleotides present in
VSV RNA have been determined (11,200, reference
10) so that the count equivalent for 1 mol of phosphate
obtainable from 1 mol of RNA could be calculated for
each digest (taking into consideration the "2P decay
during the analysis time course). Likewise on the
basis that VSV RNA contains 3,100 adenosine, 3,500
uridine, 2,100 cytidine, and 2,500 nucleotides (10), the
count equivalent from 1 mol of adenosine, guanosine,
cytidine, and uridine could be calculated after correct-
ing for the tritium exchange (e.g., 48% for each alkali
digest for adenosine, see Results). The recovery of
each label is given in terms of the mole equivalent ob-
tained from 1 mol of RNA. The molar ratio of ['H]-
adenosine to ["2P]phosphate in mixture 1 is 1:3.7.

of the tetra-pentanucleotides was obtained. The
reason for choosing pH 10 was due to an
observation we have made that chromatography
of the pppAp nucleotide is affected by pH
changes to a greater extent than tetranucleo-
tides obtained by pancreatic ribonuclease diges-
tion. For instance, at pH 7.0 pppAp is eluted
after the tetranucleotides, whereas at pH 9.0 it
elutes before the tetranucleotides, as canw be
seen in one of the chromatograms (Fig. 4) in
which a batch of urea buffer possessing a pH of
7.8 was used.
A mixture of :p- and ['H icytidine-labeled

VSV RNA was subjected to pancreatic ribonu-
clease digestion and the tetra-pentanucleo-

tides were recovered and chromatographed at
pH 10.0 (Fig. 4). Of the various peaks resolved
by the pH 10.0 chromatography, only the pool 2
nucleotides gave a "2P-labeled pppAp upon
subsequent alkali digestion (Fig. 4). Although
the alkali digest contained labeled pppAp and
(presumably) 'H-labeled CMP in equimolar
proportions, there were evidently more 32p_
labeled mononucleotides than expected (the
""P-labeled pppAp to 3"P-labeled mononucleo-
tide ratio was 4:3). Did these mononucleotides
contain 32P-labeled UMP in molar equivalent
proportions to the pppAp? To answer this
question, the alkali digest of the pool 2 nucleo-
tides was chromatographed on Dowex-1-for-
mate ion exchange resin, the CMP, AMP,
GMP, UMP, and pppAp were resolved, and the
label therein was computed (Table 3). Very
little "2P-labeled UMP was detected, although
a molar equivalent of "2P-labeled CMP was

present. Consequently, the 5' terminal nucleo-
tide sequence was deduced to be pppApCp....
The third nucleotide at the 5' terminus of

VSV RNA. A ribonuclease T1 digest of 2P-
labeled VSV RNA was chromatographed at pH
8.0 on DEAE-cellulose (Fig. 5) and pools of
nucleotides were made corresponding to the

TABLE 3. Dowex-l-formate chromatography of alkali
digest of nucleotide pool containing 5' terminal

pancreatic ribonuclease fragmenta

Nucleotides Counts recovered

'H-labeled CMP 600
"2P-labeled CMP 144

'H-labeled AMP 0
3"P-labeled AMP 122

'H-labeled GMP 0
32P-labeled GMP 71

'H-labeled UMP 0
"2P-labeled UMP 35

"'P-labeled pppAp 534

aThe pooled nucleotides obtained from pH 10.0
DEAE-cellulose chromatography of the tetra-pen-
tanucleotides of a pancreatic digest of [3H]cytidine-
and [32P]phosphate-labeled VSV RNA (Fig. 3) were
digested with alkali, neutralized, mixed with 2 Mmol
each of 2',3'- mixed mononucleotides (CMP, AMP,
GMP, and UMP), and resolved by Dowex-1-formate
column chromatography. The elution and identifica-
tion of the mononucleotides were monitored by their
absorbance at 280 and 260 nm and the counts per
minute content was computed. The column was
stripped by 88% formic acid to recover the pppAp.
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Ribonuclease A digest of 3H-A VSV RNA
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FIG. 3. DEAE column chromatography of a pancreatic ribonuclease digest of [8H]adenosine-labeled VSV
RNA. [3H]adenosine-labeled VSVRNA (5 x 106 counts/min) plus 3 mg of chicken embryo fibroblast RNA were

digested with pancreatic ribonuclease and resolved by column chromatography (upper panel) as described in
Fig. 1. The indicated fractions were pooled and a portion was either digested with alkali and resolved at pH 8.0
by DEAE chromatography (lower left panel) or resolved without digestion by DEAE chromatography with a

pancreatic ribonuclease digest of chicken embryo fibroblast RNA at pH 10.0 (lower right panel). The apparent
resolution of the chicken embryo fibroblast oligonucleotides at pH 10.0 does not reflect resolution of
oligonucleotides according to their net charge, but rather appears to relate to some extent to their base
composition.

expected position of nucleotides of sequence

pppGp, pppXpGp, pppXpYpGp, pppXpYp-
ZpGp, etc. (5, 11). Each pool was subjected to
alkali digestion and the digests were resolved
by DEAE chromatography. Only for the pool
expected to contain pppXpYpGp was a labeled
nucleoside tetraphosphate obtained. Conse-
quently, the 5' terminal nucleotide sequence of
VSV RNA was deduced to be pppApCpGp...

DISCUSSION
In light of the recent discovery that the

messenger polarity strands of the double-
stranded RNA genomes of cytoplasmic polyhe-
drosis virus (9) and human reovirus (K. Miura,

K. Watanabe, M. Sugiura, and A. T. Shatkin,
Proc. Nat. Acad. Sci. U.S.A., in press) possess
modified 5' nucleotides, presumed to consist of
a 2'-O-methyl group on the ribose moiety of the
nucleotide, we were interested to know if VSV
also contains a modified 5' nucleotide. Evidence
has been presented that the modified ribose
prevents alkali, ribonuclease T1, or pancreatic
ribonuclease digestion at the phosphodiester
bond between the modified ribose and the next
nucleotide, presumably by preventing 2',3'-
cycle phosphate intermediates (8; K. Miura et
al., in press). The presence of four phosphates in
a nucleotide residue obtained after alkali diges-
tion is, therefore, not sufficient to identify the 5'
terminal nucleotide since the sequence could be

0
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Ribonuclehs A digst of 3P-3H-C VSV RNA
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120 160 FIG. 5. DEAE column chromatography of a ribonu-
clease T1 digest of "P-labeled VSVRNA. A sample of
'9P-labeled VSV RNA (2.5 x 10' counts/min) was

nucleotides digested with ribonuclease T, and the products were
resolved by DEAE column chromatography atpH 8.0.
The indicated fractions were pooled, and the nucleo-
tides were recovered and digested with alkali. This

32 X digest was then chromatographed at pH 8.0 (inset)
j with marker nucleotides derived from a pancreatic
L ribonuclease digest of 1.5 mg of chicken embryo

I4 Cfibroblast RNA. After fraction 160, 1 M LiCI was used
I
2 to strip the column.
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FiG. 4. DEAE column chromatography of a pan-
creatic ribonuclease digest of ['H]cytidine and "2p-
labeled VSV RNA. A mixture of ['HJcytidine (5.2 x
10 counts/min) and "2P-labeled (5.2 x 106 counts!
min) VSV RNA was subjected to pancreatic ribonu-
clease digestion and the products were resolved by
DEAE column chromatography at pH 8.0 (upper
panel). The indicated fractions were pooled and chro-
matographed at pH 10.0 (lower right panel). A portion
of the indicated fractions from the pH 10.0 chromat-
ogram was subjected to alkali digestion and the digest
was subjected to DEAE chromatography at pH 7.8
(lower left panel). The recovery of 3H-labeled CMP
in the alkali digest was equivalent to 1 mol of 'H-
labeled mononucleotide per original mole of 'H-
labeled RNA. The recovery of "2p in the tetranucleo-
tides was equivalent to 4 mol (as expected for pppAp),
although the ratio of 32P-labeled monophosphates to
32P-labeled pppAp was 3 to 4.

pppXp or ppX*pYp, where X* indicates a
nucleotide with a modified ribose.
We have sought another approach to settle

this question which involved using both base
and phosphate-labeled RNA and comparing the
molar ratios of labels in the 5' nucleotide
residue. Our results indicate that there is a
pppAp sequence and not a ppA*pAp or other
dinucleotide sequence.

It is surely more than coincidental that the 5'
nucleotide sequence of the VSV viral RNA
(pppApCpGp...) is the same as one of the 5'
initiation sequences we have found in in vitro
transcription analyses for VSV (Indiana or New
Jersey serotypes) as well as Chandipura, Cocal,
and Piry viruses (5). To determine whether this
pppApCpGp sequence is related to replication
attempts in the in vitro system, we will have to
identify the 5' terminal nucleotide sequence of
the 42S viral complementary RNA (which is no
mean task) as well as those of the intracellular
VSV messenger RNA species.
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