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Nucleotide sequences of around 200 residues were determined adjacent to the
3' terminus ofthe genome RNA ofvesicular stomatitis virus, New Jersey serotype,
and adjacent to the 3'-terminal polyadenylic acid tract of the N protein mRNA
of the same virus. These sequences were compared with the corresponding
sequences previously determined for the Indiana serotype of vesicular stomatitis
virus. The sequences obtained for the two strains were readily aligned, showing
70.8% homology overall. Examination of the sequences allowed identification of
the translation initiation and termination codons for the N mRNA of each
serotype. The deduced N-terminal and C-terminal amino acid sequences of the
two N polypeptides were each similar, and most of the differences between them
consisted of substitution by a clearly homologous amino acid. It was proposed
that these nucleotide sequences, within limits imposed by their functions, com-
prise reasonably representative measures of the extent of sequence homology
between the genomes of the two serotypes, and that this is higher than previously
estimated, but with little exact homology over extended regions.

Vesicular stomatitis virus (VSV) specifies five
polypeptides: the external glycoprotein G, the
matrix protein M, the nucleocapsid protein N
(which forms a ribonucleoprotein complex with
the genome RNA), and two proteins constituting
the RNA-dependent RNA polymerase, L and
NS (1, 21). There are two classical types of VSV,
designated the Indiana and the New Jersey se-
rotypes (3, 21) (and hereafter referred to as VSV-
Ind and VSV-NJ). Antisera to the external G
proteins ofthese viruses do not show heterotypic
activity, but antisera directed against intemal
components (N and M) do exhibit heterotypic
activity; that is, these latter antigens contain
group-specific sites (3, 10). Apart from serolog-
ical studies, the proteins of these viruses have
also been compared by making fingerprints of
their tryptic digests (7). These agree with the
serological results in that the maps of the major
internal proteins (N and M) are similar for the
two serotypes, whereas the maps of the G pro-
teins are quite distinct.
Two types of comparative study ofRNA com-

ponents of the viruses have been published.
First, measurements have been made of the
extent to which (+)-strand RNA species of one
virus anneal to (-)-strand genome RNA of the
other (18). By this assay, the sequences present
in the genomes of the two viruses are only 4 to
20% homologous. Second, fingerprints of oligo-
nucleotides generated by T, RNase digestion of

genome RNA also show large differences be-
tween the virus types (4). Thus, the RNA studies
appear to be in some conflict with the results
obtained by comparison of protein species.
We have previously determined the sequence

of 200 nucleotides extending from the 3' termi-
nus of VSV-Ind genome RNA (14). This includes
47 nucleotides adjacent to the 3' terminus, which
are complementary to the (+)-strand leader
RNA (5), and 150 nucleotides complementary to
the 5' terminus of N-protein mRNA (19). We
have also published the sequence of 205 nucleo-
tides adjacent to the 3'-terminal polyadenylic
acid [poly(A)] tract of N mRNA of VSV-Ind
(15). Thus, for VSV-Ind, the sequences of the
two terminal regions of N mRNA are known. In
this paper we describe the determination of the
corresponding sequences for VSV-NJ and em-
ploy the data in two ways. First, we analyze N
mRNA structure and function, and in particular
identify the position of translation termination
in each mRNA. Second, we use the sequences
from each virus type, each of about 400 nucleo-
tides, as paradigms for the whole genomes
(about 11,000 nucleotides; 2) to examine the
relations between VSV-Ind and VSV-NJ.

MATERIALS AND METHODS
Materials. Avian myeloblastosis virus reverse tran-

scriptase was a gift of J. W. Beard. Rat liver cytosol
RNase inhibitor was a gift of G. D. Searle Co. Nucleo-
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side triphosphates, deoxy- and 2',3'-dideoxynucleoside
triphosphates (dNTP's and ddNTP's, respectively),
p(dT)11-rA, and p(dT)8-dC were from PL Biochemicals
Inc. Radiochemicals were from the Radiochemical
Centre, Amersham.
Preparation of RNAs of VSV-NJ. The VSV-NJ

strain used was an isolate of the Missouri strain (16).
N mRNA of VSV-NJ was synthesized in vitro and
purified as described in reference 15. Virion RNA
(vRNA) of VSV-NJ was prepared, and a 3'-terminal
poly(A) tract was added by following the procedure
described in reference 14.
Sequencing with reverse transcriptase and

ddNTP's. The 3'-terminal sequence of VSV-NJ
vRNA was determined by copying the polyadenylated
vRNA with reverse transcriptase from a p(dT)11-rA
primer in the presence, one at a time, of each ddNTP
species, as described for VSV-Ind (14). The sequence
of N mRNA of VSV-NJ adjacent to the 3'-terminal
poly(A) tract was similarly analyzed using p(dT)8-dC
as the primer (15).
Computation of nucleotide sequence homol-

ogy. Nucleotide sequence homology between corre-

sponding regions of VSV-Ind and VSV-NJ RNAs was
estimated as follows. The sequences were aligned to
maximize coincidence of sequence, allowing for addi-
tion/deletion changes where necessary. The number
of positions with identical residues in the two se-

quences were then scored and expressed as a percent-
age of the total pertinent sequence length, which in-
cludes allowance for apparent deletions in either se-

quence (that is, each nucleotide residue in an addition/
deletion region is scored as a change). Residues whose
identity was not resolved in one or other strain were

excluded from the estimation.

RESULTS
The 3'-terminal sequence of VSV-NJ

vRNA. As will be discussed below, the VSV-NJ
sequences show considerable homology with
previously determined VSV-Ind sequences. Ac-
cordingly, for our present purpose of compari-
son, we have used the VSV-Ind numbering sys-
tem previously employed, with the 3'-terminal
U residue of vRNA as number 1 (14). The type
of result obtained is illustrated in Fig. 1, and the
deduced vRNA sequence for residues 1 to 201 is
listed in Fig. 2 in alignment with the correspond-
ing VSV-Ind sequence. Residue 15 of VSV-NJ
was not unambiguously determined. Residues 1
to 47 of VSV-Ind are complementary to the
leader RNA, and the N mRNA complementary
sequence starts with residue 51, leaving a spacer
sequence AAA (14). In VSV-NJ, this spacer is
now seen to be AAAA. At VSV-NJ position 106
the identity of the residue was obscured by a

species present in all tracks of the gels, including
a control with no ddNTP. At VSV-Ind positions
177 and 178, two residues of unknown identity
are thought to occur (unpublished data). Apart
from these points the sequencing system yielded

unambiguous results for residues 1 to 201. Fur-
ther data, containing some ambiguities, were
obtained to about residue 230.
The 3'-terminal sequence of VSV-NJ N

mRNA. The numbering system previously used
for the 3'-terminal region of VSV-Ind N mRNA
was adopted (15). Results obtained with VSV-
NJ N mRNA are shown in Fig. 3, and the
deduced sequence of VSV-NJ N mRNA adja-
cent to the 3'-terminal poly(A) tract is shown in
Fig. 4, in alignment with the VSV-Ind sequences
(15). Between residues 24 and 44, five addition/
deletion changes between the two strains had to
be postulated to maintain alignment of homol-
ogous regions. Following residue 95 of VSV-NJ,
there was a strong compression in the spacing of
bands for the next few residues, which prevented
determination of residues 96 to 98 by the stan-
dard protocol. Since it was considered important
to obtain the complete sequence in this region,
to help deduce the position of translation ter-
mination, various attempts were made to resolve
this difficulty. The sequence was eventually ob-
tained by use of a sequencing gel containing an
increased urea concentration (8.4 M), run at
1,400 to 1,800 V (0.06 W/cm2 of gel surface).
Additionally the sequence in this region was
verified by analysis of a DNA copy of the mRNA
in the sequencing system of Maxam and Gilbert
(12).

DISCUSSION
In this Discussion the sequence data obtained

are examined from several viewpoints. Specific
functional aspects of the RNAs are first consid-
ered. In this category are included identification
of the leader RNA sequences, the nature of the
junction between leader and N mRNA, the na-
ture of the 5'-terminal sequences of the N
mRNA's, the location of the translation termi-
nation codons, and the nature of the 3'-noncod-
ing region of each N mRNA. General sequence
comparisons are then made, specifically base
compositions, homology between the RNAs, and
types of change observed between the sequences
of the two strains. The N polypeptide amino
acid sequences predicted from the nucleotide
sequence data are then described and compared.
Sequences in the 3'-terminal regions of

the vRNA's. The sequence of the leader RNA
of VSV-NJ [that is, of the (+)-strand transcript
of 47 to 48 residues complementary to the 3'
terminus of the vRNA] has been published by
Colonno and Banerjee (6). When this is com-
pared with the complement of our 3'-terminal
vRNA sequence, three single base alterations
between the two sequences are found, at residues
21, 31, and 46, and also an apparent deletion of

J. VIROL.
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FIG. 1. Sequencing gels for the 3'-terminal region of VSV-NJ vRNA. The figure shows autoradiographs of
portions ofsequencing gels. The ddNTPpresent is indicated at the top ofeach track. "O" indicates a reaction
without any ddNTP. The identity of every tenth residue in the copy DNA is shown, using the VSV-Ind
numbering system (see Fig. 2). (1) 16% gel, samples with ddNTP/dNTP ratio of 10. The first ddNTP-specific
band is G3. (2) 10% gel, ddNTP/dNTP ratio 0.1. (3 and 4) 6% gels, ddNTP/dNTP ratios 0.1.

1 25 5P 75
INDIANA 3'HOUGCUUCUGUUUGUUUGGUAAUAAUAGUAAUUUUCCGAGUCCUCUUUGAAAUUGUCAUUAGUUUUACAGACAAUGU
NEW JERSEY 3' HOUGCUUCUGUUUUUUXGGUAAGMUGUUMUAAACCGGAUCUCCCUCGAAAUUGUCUAUAGUUUUACCGAGGAUGU

x

76 100 125 150
CAGUUCUCUUAGUMCUGUUGUGUCAGUAUCAAGGUUUUGMGGACGUUUACUCCUAGGUCACCUUAUGGGCCGU
CAMUUCUCUUAGUUMUUGCUGAGUUMUAAXUCGGGUCUMUGGCCGGUUGCUCCUGGGCCAUCUUAUGGGCCGA

151 175 200
CUAAUGMGUCUUUUAGUUUCCUCUAXXGAGAAAUGUAGUUAUGAUGUUU 5'

CUAAUGAAGUUUUUAUUAUGGUUAUAUCACAAUAUACACUCGUGGUUUCAU---5'
FIG. 2. Sequences adjacent to the 3' termini ofthe vRNA's of VSV-Ind and VSV-NJ. Copy DNA sequences

were built up from overlapping results of various gel electrophoresis conditions, as illustrated in Fig. 1, and
the vRNA sequence was deduced. The sequences are written in the 3' to 5' direction. The numbering is for
VSV-Ind. The VSV-Ind sequence is as previously published (14) except that we now consider there are two
unidentified residues, at positions 176 and 177 (unpublished data). The VSV-NJ sequence contains an

additional A residue, written as lying between residues 50 and 51. Ambiguous residues are written as "X,
and regions of identical sequence are denoted by the heavy line between the sequences.
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FIG. 3. Sequencing gels for the 3'-terminal region of VSV-NJ N mRNA. The figure shows portions of
autoradiographs ofsequencing gels, as described for Fig. 1. Again, the numbering is for VSV-Ind (see Fig. 4).
(1) 16% gel, ddNTP/dNTP ratio of 10. The first ddNTP-specific band is T3. (2) 10% gel, ddNTP/dNTP ratio
of 1. (3 and 4) 6% gels, ddNTP/dNTP ratios of 0.2. The asterisk in panel 3 marks the position of the strong
compression mentioned in the text.

200 175 151
INDIANA 5'---CACAAGGCAGAGAUGUGGUCGAAUGGCUCGGAUGGUUUGAAGAUCAAMCAGAAA
NEW JERSEY 5'---CAAAAGGAAGMAUGUCGUGGACUGGCUUGGCUGGUAUGAUGACAACGGGGGAAA

1 1

150 125 10p 76
ACCGACUCCUGAUAUGAUGCAGUAIJGCGAAACGAGCAGUCAUGUCACUGCAAGGCCUAAGAGAGAAGACAAUUGG

_ _ _- =2. - - - - -_ - _, _: X , -

ACCCACACCAGAUAUGCUCAACUUCGCAAGAAGAGCAGUUAACUCUCUGCAGUCACUUCGUGAGAAGACAAUUGG
1 1

75 50 25 1
CAAGUAUGCUMGUCAGAAUUUGACAAAUGACCCUAUAAUUCUCAGAUCACCUAUUAUAUAUUAUGCUACAUAUGPOLY A_ 1-- 3- 1---
CMAAUAUGCCAAGGCAGAGUUUMCAAGUGACCCU-UAAAUACCA?AUCA-CUAUUAUAUUCUAUGUUAUAUAUGPOLY A

1 MMG 7

FIG. 4. Sequences adjacent to the poly(A) tracts ofN mRNA's. The sequences are written in the 5' to 3'
direction. The VSV-Ind sequence and the numbering are as previously published (15). The VSV-NJ sequence
is obtained as illustrated by Fig. 3. In the VSV-NJ sequence a dash is written opposite the position of each
extra residue in VSV-Ind. Extra residues in VSV-NJ are written as subscripts. Potential translation
termination codons are underlined and their reading frames are numbered, as previously described (15).
Regions of identical sequence are indicated by the heavy line between the sequences.

one A residue in our sequence [(+) strand] at ported here are for VSV-NJ (Missouri), and the
residues 45 or 46. It has been shown that two differences between our data and those of Co-
distinct subtypes of VSV-NJ exist, the genome lonno and Banerjee presumably result from their
sequences of which are distinguishable by oli- using the more commonly studied strain VSV-
gonucleotide fmgerprinting (17). The results re- NJ (Concan).
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As previously described (14), in VSV-Ind
vRNA the sequences encoding the leader RNA
and those encoding the start of N mRNA are
separated by a "spacer," AAA. Examination of
the homologous VSV-NJ region (Fig. 2) shows
that 3'-UUGUC-5', complementary to the 5'-ter-
minus of N mnRNA (8), occurs as expected, but
is separated from the leader complement by
AAAA in this case. In another intertranscript
junction, the N mRNA/NS mRNA junction of
VSV-Ind, the spacer is 3'-GA-5' (13). It thus
appears from these three examples that the tran-
scription mechanism requires a spacer ofa small,
but not unique, number of purine residues.

Since gene splicing is thought not to occur in
VSV (9), we can deduce the 5'-terminal se-
quences of the N mRNA's from the 3'-terminal
vRNA sequences, as shown in Fig. 5. As previ-
ously deduced for VSV-Ind (14, 19), the se-
quence AUG at residues 64 to 66 must be the
translation initiation codon, and in both strains
the resulting reading frame is then clear of ter-
mination codons for the remainder of deter-
mined sequence, unlike both other possible
frames (see Fig. 5).
The 3'-terminal sequences of the N

mRNA's. For interpreting the sequence data of
the 3'-terminal regions of the N mRNA's, it is
important to locate the position of translation
termination. Since there are no C-terminal
amino acid sequences available for either N
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polypeptide, this must be attempted through
examination of the nucleotide sequences. Previ-
ously, we decided that for VSV-Ind N mRNA
the most likely translation termination codon
was UGA at residues 45 to 47 (see Fig. 4), but
the arguments available were not conclusive
(15). In the 3'-terminal regions of the two N
mRNA's now determined, the sequence homol-
ogy is 71.4%. The two species are therefore
closely related, and comparisons between them
should help to assign the translation termination
codon. We have concluded from such exercises
that the previous choice of termination codon,
UGA at positions 45 to 47, is correct for both
strains. The most important features of the ar-
guments to this end are as follows.

(i) In the reading frame designated number 3
(Fig. 4), both strains show a clear frame from
the limit of determined sequence to UGA (resi-
dues 45 to 47). We previously argued that the
termination codon should lie within 128 residues
of the poly(A) tract (15).

(ii) When the sequences are divided into co-
dons in frame 3 from residue 48 to residue 205,
and the base changes between the two sequences
are classified as changes in each codon position,
the results are: first residue in codon, 12 changes;
second residue, 6 changes; third residue, 28
changes. Thus, the greatest number of changes
is in the third codon position, as would be ex-
pected for the correct reading frame with mu-

51 75 100
INDIANA GPPPAACAGUAAUCAAA AUG UCU GUU ACA GUC AAG AGA AUC AUU GAC MC ACA GUC
NEW JERSEY GPPPAACAGAUAUCAAA AUG GCU CCU ACA GUU MG AGA AUC AUU AAC GAC UCA AUU

INDIANA NH2 - MET SER VAL THR VAL LYs ARG ILE ILE AsP ASN THR VAL
NEW JERSEY NH2 - MET ALA PRO THR VAL LYs ARG ILE ILE ASN AsP SER ILE

125 150
AUA GUU CCA AAA CUU CCU GCA AAU GAG GAU CCA GUG GAA UAC CCG GCA GAU
AUU XAG CCC AGA UUA CCG GCC AAC GAG GAC CCG GUA GM UAC CCG GCU GAU

ILE VAL PRO LYs LEU PRO ALA ASN GLU AsP PRO VAL GLU TYR PRO ALA AsP
ILE ? PRO ARG LEU PRO ALA ASN GLU AsP PRO VAL GLU TYR PRO ALA AsP

175 200
UAC UUC AGA AAA UCA MG GAG AUX XCU CUU UAC AUC MU ACU ACA MA ---
UAC UUC AM MU MU ACC MU AUA GUG UUA UAU GUG AGC ACC MA GUA ---

TYR PHE ARG LYs SER LYs GLU ? ? LEU TYR ILE ASN THR THR LYs ---
TYR PHE LYs ASN ASN THR ASN ILE VAL LEU TYR VAL SER THR LYs VAL ---

FIG. 5. 5'-terminal sequences of N mRNA's. The 5'-terminal sequences of the N mRNA's are written
starting with the known cap structure (8, 19) and as deduced from the vRNA sequences (Fig. 2), with spacing
to indicate codons. Numbering is from Fig. 2. Potential termination codons are underlined. The deduced
amino acid sequences are written below the mRNA sequences. Codon assignments are from reference 20.
Pairs of amino acids identical in the two strains are underlined. Pairs with identical codons are indicated
with a double underline.
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tational changes between two closely related
mRNA's. Furthermore, if the same exercise is
performed for the 5' regions of the N mRNA's,
where the reading frame is identified (see Fig.
5), a similar result is obtained: first residue, 12
changes; second residue, 11 changes; third resi-
due, 23 changes.

(iii) The conservative results of this pattern of
codon change are seen when the frame 3 de-
duced amino acid sequences are considered (Fig.
6). The amino acid residues are identical at 36
of 52 positions. Of these identical pairs, 20 of 36
are coded by nonidentical codons. Of the 16
nonidentical pairs, most are clearly homologous
changes (for instance, two occurrences each of
Tyr/Phe, Gln/Asn, Glu/Asp, and Asp/Asn
changes, and one each of Ser/Ala and Lys/Arg).

(iv) When the same comparisons are made for
candidate translation terminations in the other
two frames, it is seen that the majority of base
changes do not occur in the third positions of
predicted codons, that the predicted amino acid
sequences show greater differences between the
two species than for frame 3, and that the amino
acid changes are in general of a less homologous
nature. The latter two points are illustrated in
Fig. 6.
Thus, we have deduced the reading frame and

termination codon for the two 3'-terminal
mRNA sequences. Although this is not definitive
in the way that availability of C-terminal poly-
peptide sequence would allow, we do consider
that the assignment is strong.
The 3'-terminal noncoding region of hetero-

polymeric RNA thus comprises residues 1 to 44.
The portions immediately distal to the termi-
nation codons (20 residues in VSV-Ind, 23 in
VSV-NJ) are notable in that they contain four
single-residue addition/deletion changes and
one such triplet change, in contrast to the other
noncoding parts of these mRNA's. This suggests
that any sequence-specific function ofthis region
is miniimal, and it may act only as a spacer
section. This region is followed by an AU-rich
tract, residues 11 to 23, which shows symmetry
about residue 17 (partial in the case ofVSV-NJ).
We have previously postulated that this region,
together with the remaining sequence to the
poly(A), represents part of the control or signal-
ing structure for transcript processing after com-
pletion of N mRNA synthesis (13, 15). If this is
correct, then the 3'-noncoding region of each of
these mRNA's comprises a variable region (of
postulated minimal function) followed by tran-
scriptional control regions, followed by the
poly(A) tract.

FRAME 1 I ND---THRARGGLNARGCYSGLYARGMETALAARGMETVAL-COOH
NJ --- LYSARGLYSLYSCYSARGGLYLEUALATRPLEUVAL-COOH

FRAME 2 IND---HISLYSALAGLUMETTRPSERASNGLYSERASPGLYLEULYSILELYSTHRGLUASNARGLEULEUILE-COOH
NJ ---GLNLYSGLUGLUMETSERTRPTHRGLYLEUALAGLYMETMETTHRTHRGLYGLUASNPROH ISGLN I LECYS---

FRAME 3 IND---GLNGLYARGASPVALVALGLUTRPLEUGLYTRPPHEGLJASPGLNASNARGLYSPROTHRPROASPMETMETGLNTYR
NJ ---LYSGLYARGASNVALVALASPTRPLEUGLYTRPTYRASPASPASNGLYGLYLYSPROTHRPROASPMETLEUASNPHE

FRAME 3, IND ALALYSARGALAVALMETSERLEUGLNGLYLEUARGGLULYSTHRILEGLYLYSTYRALALYSSERGLUPHEASPLYS-COOH
CONT. NJ ALAARGARGALAVALASNSERLEUGLNSERLEUARGGLULYSTHRILEGLYLYSTYRALALYSALAGLUPHEASNLYS_COOH

FIG. 6. Amino acid sequences in each reading frame at the 3'-terminal regions of the mRNA's. For each
possible reading frame the amino acid sequences are listed for the following regions of the N mRNA's: Frame
1, from nucleotide residue 204 to the stop codons at 166 to 168; Frame 2, from residue 205 to the stop codon in
VSV-Ind at 139 to 141; Frame 3, from residue 203 to the stop codons at 45 to 47. Thus, for Frames 1 and 2 and
the first line of Frame 3, amino acid sequences from a given section of each mRNA are in approximate
columnar alignment. Pairs of identical acids are underlined, and such pairs with identical codons are
marked with a double underline. Codon assignments are from reference 20.

J. VIROL.
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General comparisons of sequences from
the two virus strains. The nucleotide compo-
sitions obtained from the sequence data are sum-
marized in Table 1. The values for each (-)-

strand RNA region are similar, all having a high
U content. With the exception that the 3'-ter-
minal regions of the vRNA's (particularly of
VSV-Ind) are richer in U and poorer in C, the
compositions obtained by sequencing are also
quite close to the nucleotide composition values
for vRNA of VSV-Ind, obtained by Bishop et al.
(2) by digestion and fractionation ofradiolabeled
vRNA. Thus, in this sense the sequences ob-
tained are typical of the whole genomes.
As mentioned above, the sequences for corre-

sponding regions of RNA of the two strains can
be readily aligned, as indicated in Fig. 2 and 4.
The sequence homologies between RNAs of the
two strains are: for the 3'-terminal region of the
vRNA's, 70.2%; for the 3'-terminal region of the
N mRNA's, 71.4%; and for both together, 70.8%.
Thus the two strains are closely related in terms
of the sequences studied. However, in experi-
ments measuring the extent to which (+) strand
of one VSV strain annealed to (-) strand of the
other, Repik et al. (18) concluded that VSV-Ind
and VSV-NJ possessed only 4 to 20% nucleotide
sequence homology. Consideration of this ap-
parent discrepancy has several aspects, as fol-
lows.

(i) The two techniques do not measure pre-
cisely the same quantity "homology." Calcula-
tion of homology from aligned sequences has an
effective range ofabout 25 to 100%, since random
alignment of two unrelated sequences will give
some scored coincidence of residues, close to 25%
for sequences having the nucleotide composition
of these VSV RNAs; this is in contrast to the
potential range of the annealing assay, essen-

tially 0 to 100%. In further use, the term "ho-
mology" is defined as obtained from alignment
of sequences, and computed as described in Ma-
terials and Methods.

(ii) Examination of the sequences shows that
attempted cross-hybridization would result in
lack of annealing of the many short homologous
regions bounded by changed regions, and in
degradation of small annealed fragments to acid-
soluble species during "trimming" of the hybrids

by RNase, before estimation of annealed mate-
rial by acid precipitation. Both these effects
would result in underestimation of the related-
ness of the RNAs.

(iii) The sequences that we have determined
comprise about 4% of each genome RNA, and so

results with these may not be representative of
the entire genomes. We envisage three primary
classes of sequence type differing in their stabil-
ity during evolutionary variation. First, se-

quences encoding polypeptide directly subject
to evolutionary pressure should be the most
labile. In the present instance, sequences encod-
ing the antigenic sites of the G proteins alone
fall clearly into this category. Second, sequences

representing recognition sites and control re-

gions in the RNA, and sequences encoding cru-
cial functional sites in proteins, may be the most
stable. Last, between these extremes, there
should be regions ofRNA whose sequences drift
in a neutral, unselected manner; for instance,
with changes in the third positions of codons.
The sequences that we have determined appar-
ently fall partly into the second of these classes
(for instance, the polymerase iitiation site pre-

sumed to exist at the 3'-terminus of vRNA [11,
14], the ribosome binding site at the 5'-terminus
of N mRNA [19], and sites concerned with proc-

essing events at intertranscript junctions [13,
14]) and partly into the third class.
The simplest resolution of these considera-

tions is that the regions studied are, within rec-

ognized limits imposed by their function, prob-
ably reasonably representative measures of the
extent of sequence homology between the ge-

nomes of VSV-Ind and VSV-NJ, and that this is
higher than was previously estimated, but that
previous estimates were qualitatively correct in
indicating little "exact homology" (18) over ex-

tended regions.
In evolving from a common ancestor, the ge-

nomes of VSV-Ind and VSV-NJ have clearly
undergone several types of change. Single base
substitutions of every possible class are repre-
sented in the sequences determined [that is, A-
U, A-G, A-C, U-G, U-C, and G-C changes,
viewed in either the (+) or (-) strand], although
any given change observed could be the end
result of two or more other changes. Next, as

TABLE 1. Nucleotide compositions of (-)-strand RNA regions

RNA No. oif nu- A (%) U (%) G (%) C (%) Source of data (reference)cleotides

3' terminus, vRNA, VSV-Ind 199 23.1 41.7 20.1 15.1 Sequence (14)
3' terminus, vRNA, VSV-NJ 200 24.5 37.5 20.5 17.5 Sequence, this paper
Downstream region of N gene, VSV-Ind 205 23.9 35.1 18.5 22.4 Sequence (15)
Downstream region of N gene, VSV-NJ 208 24.0 34.1 19.7 22.1 Sequence, this paper
Total genome RNA, VSV-Ind -11,000 25.2 34.4 22.4 18.0 RNA digestion (2)

VOL. 33, 198
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evidenced by the sequences for the 3'-noncoding
regions of the N mRNA's (Fig. 4), changes of an
addition or deletion nature can occur, although
it is not logically possible to resolve which type
gave rise to any given observed difference. We
do not detect any evidence of large-scale rear-
rangements between the two types in the regions
sequenced.
The amino acid sequences of the N poly-

peptides. Knowledge of the nucleotide se-
quence and reading frame of portions of the
mRNA's should allow us to deduce the encoded
amino acid sequences. This exercise is critically
dependent on the nucleotide sequences being
correct and, in particular, on the absence of any
frame-shifting errors in the analysis. The follow-
ing features ofour nucleotide sequence data gave
confidence in deducing amino acid sequences.
First, the nucleotide sequences reported here
were all determined with apparent unambiguity,
and without using the gel sequencing technique
near the limit of its resolution. Second, in the
predicted amino acid coding regions, the nucleo-
tide sequences from the two serotypes support
each other in that there are no frame-shifting
differences between the sequences, and the de-
duced amino acid sequences are readily relatable
to each other in terms of the frequency of iden-
tical residues and homologous changes (see sec-
tion "The 3'-terminal sequences of the N
mRNA's" above, and below).
The deduced amino acid sequences for the N-

terminal and C-terminal regions of the N poly-
peptides are presented in, respectively, Fig. 5
and Fig. 6. We estimate that together these
account for about 23% of the amino acid com-
plement of each N protein. The N-terminal se-
quences contain identical amino acids at 27 po-
sitions out of the 43 unambiguously determined,
and at 8 more positions the residues are ob-
viously homologous (two instances each of Asp/
Asn, Val/Ile, and Lys/Arg changes, and one each
of Ser/Ala and Ser/Thr changes). The C-ter-
minal sequences are even more similar, with 36
identical residues out of the 52 unambiguously
determined, and 10 obviously homologous resi-
dues (listed above). Clearly we would expect the
two proteins to give similar peptide maps, as
observed by Doel and Brown (7) (although our
predicted sequences are not long enough to
make worthwhile predictions ofpeptide species).

In both strains, 18 amino acid species are
represented in the sequences, with Cys and His
absent. Both C-terminal sequences have Lys as
the most abundant amino acid, but are not in
toto strongly basic, and the N-terminal regions
contain a near equality of acidic and basic
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groups. The N-terminal regions also show a
higher content of hydrophobic amino acids and
a striking Pro content.
The work presented here comprises a fresh

way of looking at relations between VSV strains.
Previous studies have analyzed aspects of ge-
nome structure, such as ability to form hybrids
between RNAs of two strains (18), oligonucleo-
tide fingerprints (4), and fingerprints of peptides
(7). All of these present aspects of the structure
of the whole, or a large part, of the genome, but
in ways which are either of low resolution or are
not amenable to numerical treatment. In con-
trast, our sequence data represent a high-reso-
lution analysis of a small portion of the genome.
It should be possible to extend this type of
analysis with relative ease (particularly for se-
quences adjacent to the 3' termini of genome
RNAs) to examining relations between other
members of the rhabdovirus family.
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