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We compared the predicted amino acid sequences of the vesicular stomatitis
virus and rabies virus glycoproteins by using a computer program which provides
an optimal alignment and a statistical significance for the match. Highly significant
homology between these two proteins was detected, including identical position-
ing of one glycosylation site. A significant homology between the predicted amino
acid sequences of vesicular stomatitis virus and influenza virus matrix proteins
was also found.

Vesicular stomatitis virus (VSV) and rabies
virus were originally classified as members of
the rhabdovirus family because they both have
the bullet-shaped morphology characteristic of
members of this family (12). Subsequent bio-
chemical characterization has shown numerous
other similarities, including the presence in both
viruses of single, negative-stranded RNA ge-
nomes from which five separate mRNA species
are transcribed. These mRNAs encode five
structural proteins of similar sizes in both virus-
es (3, 5, 8, 14). The single glycoprotein species
(G protein) found in virions of both VSV and
rabies virus protrudes from the viral envelope,
forming visible "spikes." This protein is re-
quired for binding of the virus to the host cell
(12).
Recent determination of the nucleotide se-

quences of the mRNAs encoding a VSV G
protein (11) and a rabies virus G protein (1) has
made it possible for us to examine the extent of
sequence relatedness between the predicted
amino acid sequences of these two rhabdovirus
proteins. We have also examined the extent of
homology between the matrix (M) protein of
VSV (11) and the M protein of an influenza virus
(13), an enveloped, negative-stranded RNA vi-
rus from a separate family, the orthomyxovi-
ruses.
The VSV and rabies virus G proteins are

approximately the same size, being composed of
511 and 524 amino acids, respectively. The two
sequences were compared by a computer pro-
gram with an algorithm similar to that described
by Needleman and Wunsch (7). The computer
essentially considers all possible alignments of
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the two sequences. An alignment score is gener-
ated such that a penalty is imposed for every gap
that is equal to 2.5 times the score given for each
identity (4). The statistical significance of the
alignment score is then gauged by generating a
set of scrambled sequences that have the same
lengths and compositions as the two sequences
being compared. A large number (36 in this case)
of alignments are then made with the scrambled
sequences, scores are tabulated, and a mean and
standard deviation are calculated. The signifi-
cance of the authentic comparison can then be
expressed in standard deviations above (or be-
low) the mean score of the scrambled compari-
sons. A score of 3.0 standard deviations above
the mean has been accepted as evidence for a
significant relationship implying common ances-
try (2, 4). The VSV and rabies virus sequences
have 102 identities (20%) in the optimum align-
ment; there are seven gaps (Fig. 1). The align-
ment score was 12.6 standard deviations above
the mean obtained from the randomized compar-
isons, a highly significant result.

Certain regions of the proteins show greater
homology. For example, in the 24 amino acids
preceding and including the putative glycosyla-
tion sites nearest the COOH terminus of both
proteins (arrowed), the identity is greater than
50% and includes exact alignment of the putative
glycosylation sites. The similar positioning of
cysteine residues in both proteins is also espe-
cially notable, because cysteine residues \are
known to be highly conserved in protein evdlu-
tion (2, 4). Of the 15 cysteine residues in VSV G
protein, 8 are aligned with 8 of the 17 cysteine
residues in rabies virus G protein. Both proteins
have hydrophobic signal peptides at their amino
termini (Fig. 1, shaded), and although they differ
in length, the alignment places the sites of pro-

361



362 NOTES J.VIROL.

VSV 'C ' FPHNQKGNWKNVPSNYHYCPSSTWHD IETRAB IES .. ~~~~PjYTILDKLG- SPIDIHHLSCNLVVEDEGCF
RABIES

100

VSV AIQVKMPKSHKAIQADGWMCHASKWVTTCDFRWYGPKYITQSIRSFTPSVE YNW
RABIES SYMELKVGYILAIKMNGFTCTGVVTEAETYI K T A

VSV XQGTWLNPGFP PQSCGYATVTDAEAVIVQVTPHHVLVDEYTGEWVDSQFINGKCSN
RAISv KAGTWLPGFSHPYPDYWLRTVKTTKESL~VIISPSVADILP~YDRSLHSRVFPSGKCSGRABIES MA~PRESLNYPY

$ 200

VSV YICPTVH TWHSDYKVKGLCDSNLIS ITFFSEDGELSSLGKEGGRSN
RABIES VAVSSTYCSTNH ETIWMPENPRLGMSCDIFTNSR1KRASKGS4TCFVDERGLYKSL

VSV GK H MQYCKHWGVRLPSGVWFEMADKDLFAAARFPE C EGSSISAPSQTSVDVSLIQDV
RABIES KGACKYKHWGVRLPM£VWAM CPPDQLVNLHDFRSDEIEHLVWE

300 1

VSV ERILDYSLCQETWSKIRAGLPISPVDLSYLAPKNPGIPAFTII .KYFETRYIRIRABIESLVRKRECLDALESIMTTKSVSFRRLSHLRKLVPGFGKAYTIFImMEADAHYKSVRT
RABIES EVRKREECQTWRALP6Y.A

400

AAVAAPESRMVGMISGTTTERELWDDWAPYEDVEIGPNGVLRTSSGYKFPLYMIGHGMLDSD
RABIES WNEaPSKGCLRVaGRCHPHVNGVFF NGIILGPDNVLIPEMQSSLLQQHH

I-, r-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~-*":........
VSV LHLSSKAQVFEHPHIQDMASQLPDDESLFFGDTGLSKNPIELVE GWFSSWKS$X *F
RABIES ELLESSVIPLVLHPLADPSTVFKDGDEAEDFVEVHLPDVHNQVSGVDLGLPNWGK 4

J ~~~~~~~~500
VSV FlII VGIHLCIKLKHTRRQ IYTDIEMNRLGK

RABIES XVNRSEPTQHNLRGTGREVSVTPQSGKIISSWESHKSGGETRL
FIG. 1. Comparison between the predicted sequences of VSV (San Juan strain) G protein and rabies virus

(ERA strain) G protein. The amino acid sequences were aligned for optimum identity as described by Doolittle
(4). The entire sequence of each protein, including the signal peptide, is shown. Areas of identity are bracketed.
The NH2-terminal signal sequences are shaded, as are the putative transmembrane segments of each protein near

their COOH termini. Putative glycosylation signals, Asn-X-Ser and Asn-X-Thr, are also shaded. Arrows indicate
the three putative glycosylation sites in rabies virus G protein and two putative glycosylation sites in VSV G

protein. The letter codes for the amino acids are as follows: A, alanine; C, cysteine; D, aspartic acid; E, glutamic
acid; F, phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine; N,
asparagine; P, proline; Q, glutamine; R, arginine; S, serine; T, threonine; V, valine; W, tryptophan; and Y,
tyrosine.

teolytic cleavage in register. Similarly, the hy-
drophobic transmembrane segments near the
COOH terminus (Fig. 1, shaded) are aligned
exactly on one side. It is notable that the signal
sequences and transmembrane segments are not

highly homologous, presumably because the ma-
jor constraint is only that a hydrophobic charac-
ter be maintained in these regions. Our unpub-
lished work (C. J. Gallione and J. K. Rose)

indicates that these regions are also highly vari-
able among VSV strains and serotypes.

Taken together, these similarities provide
strong evidence for related three-dimensional
structures in both G proteins and provide a

quantitative measure of the evolutionary relat-
edness of these two viruses. Future comparisons
of rhabdovirus G protein sequences will allow us

to determine whether these homologies are con-
served throughout the rhabdovirus family. In
addition to important structural roles, such con-
served domains could function as signals for
transport of these proteins through the cellular
membrane system to the cell surface or in virus
binding and entry into cells.
The degree of relatedness between rabies vi-

rus and VSV is not as great as that seen for the
structural proteins of Sindbis virus and Semliki
Forest virus, two members of the alphavirus
family (10). These viruses show approximately
47% identity, making the homology obvious
without computer analysis. The relatedness of
the rabies virus and VSV G proteins is similar to
that found for the ,-chain of human hemoglobin
and human myoglobin (4).



VSV MSSLKKILGLKGKGKKSKKLGIAPPPYEEDTS MEYAPSAPIDKSYFGVDE
FLU MSLLTEVETYVLSIIPSGPLKAEIAQRLEDVFAGKNTDLEVLMEWLKTRPILSP

VSV MDTYDPNQLRYEKFFTVKrTVRgNRPFRTYSDVA VSHWDHMYIGAGKRPFY I
FLU LTKGILGFVFTLTVPSERGLQRRRFVQN^LNGNGDPNNMDKAVKLYRKLKRE

100
v~I

VSV 9FLGSSNLKATPAVLADOGQPEYHTIEGIYLPHMGKTPP
FLU ITFHGAKEISLSYSAGALASCMGLIYNRMGEVTTEVAFGLVCATEQIRDSQRSHRQMV

VSV MLNVWPEHFiPFNIGLYKGTIELTMTIYDDESLEiAPM DHFN
FLU TTTNLPLI RHERMVLAS3TAKAMEQMAGS&EQMEAMEVASQARQMVQAMRTzGTHPS

200

VSV iSKFSDFREKALMFG'LIVEKKASGAWVLDSISHFK
FLU SSAG LKNDhLENLQ%YQKRMGVQMQRn
FIG. 2. Comparison between the predicted sequences of VSV (San Juan strain) M protein and influenza (A/

PR/8/34 strain) M protein. The optimum alignment was determined as described by Doolittle (4). Identities are
bracketed.

It should be noted that even in regions of high
amino acid identity between VSV G protein and
rabies virus G protein, the extent of nucleotide
sequence identity is less than 50% because of
degeneracy in the genetic code. No sequence
identities longer than six nucleotides are found
in regions of high amino acid homology, indicat-
ing that nucleic acid homology should not be
detectable by nucleic acid hybridization. In fact,
even among different serotypes of VSV it is well
established that there is little nucleic acid homol-
ogy detectable by nucleic acid hybridization (9)
and strong conservation of protein sequences
(6).
Although VSV and influenza virus are mem-

bers of different virus families, they both contain
matrix (M) proteins with similar molecular
weights and apparently similar functions. In
each virus family, the M protein is thought to
form a shell beneath the viral envelope (12).
Because the M gene sequences have been deter-
mined recently for both VSV (11) and an influen-
za virus strain (13), we examined the possible
relatedness of these proteins as described
above. The maximum alignment is shown in Fig.
2. Although the overall identity is 20o for this
comparison (as it is in the case of the VSV and
rabies virus G proteins), the alignment score is
lower, 3.3 standard deviations above the mean
of 36 comparisons of randomized sequences of
the M proteins. This lower significance results
mainly from the comparison of much shorter
amino acid sequences and the introduction of six
gaps to obtain optimal alignment. This is the
same degree of significance as is found for the
haptoglobin 1-chain and chymotrypsinogen, a

well-established case of common ancestry for
proteins in the same size range as these M
proteins.

It is notable that the single cysteine residue of
VSV M protein is aligned with a cysteine residue
in influenza M protein and that both proteins
begin with the sequence Met-Ser-X-Lys and end
with identical dipeptides. Given the presumably
similar structural roles of the two proteins, we
believe that the significant relatedness indicates
common ancestry. It should be noted, however,
that in comparisons of influenza virus and VSV
G protein sequences and VSV nucleocapsid and
influenza virus nucleocapsid protein sequences
we have not detected significant relatedness. It
seems possible, however, that greater evolution-
ary constraints might have been applied to the M
protein structure so that it fulfills a crucial role in
virus maturation. Because the degree of related-
ness of the M proteins stands out from compari-
sons of a large number of proteins of similar
sizes (4), we are confident that the relatedness is
genuine.
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