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ABSTRACT

Possible alignments for portions of the genomic codons in eight different
plant and animal viruses are presented: tobacco mosaic, brome mosaic,
alfalfa mosaic, sindbis, foot-and-mouth disease, polio, encephalomyocarditis,
and cowpea mosaic viruses. Since in one of the viruses (polio) the aligned
sequence has been identified as an RNA-dependent polymerase, this would imply
the identification of the polymerases in the other viruses. A conserved
fourteen-residue segment consisting of an Asp-Asp sequence flanked by hydro-
phobic residues has also been found in retroviral reverse transcriptases, a
bacteriophage, influenza virus, cauliflower mosaic virus and hepatitis B
virus, suggesting this span as a possible active site or nucleic acid
;$cogn1:;on region for the polymerases. Evolutionary implications are

scussed.

INTRODUCTION

In the last five years the nucleotide sequence of genomic RNAs and DNAs
have been determined for several animal, bacterial, and plant viruses. Table 1
1ists several viruses which will be discussed in this report as well as
references describing their codon sequences.

Franssen et al. (1) have recently observed homology in the amino acid
sequences of the RNA-dependent RNA polymerases and segments of protein 2C
(formerly known as P2-X (2,3)) from polio virus which is an animal picornavirus
and from cowpea mosaic virus (CPMV) which is a plant comovirus. Argos et al.
(4) have aligned the primary structures for the 2C protein, RNA polymerase,

VPg protein, and the polyprotein proteinase from three picornaviruses (polio,
foot-and-mouth disease (FMD), and encephalomyocarditis virus (EMC)) and CPMV.
Haseloff et al. (5) have found similarities in the amino acid sequences for
non-structural proteins encoded by the subgenomic RNA2 of brome mosaic (BMV)
and alfalfa mosaic (AMV) viruses (plant bromo viruses) and by the genomic
RNA of tobacco mosaic virus (RMV, a plant virus) and sindbis virus (SNBV, an
animal alphavirus). They suggest that the homologous proteins are involved
with RNA replication. Toh et al. (6) have observed sequence homology between
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Table 1. A 1ist of the viruses discussed in this report
and references for their genome nucleotide sequence.

Virus Name Abbreviation Used Host References
Tobacco Mosaic ™V plant (24)
Brome Mosaic BMV plant (25,26)
Alfalfa Mosaic AWY plant (27-29)
Sindbis SNBY animal (30)
Cowpea Mosaic CPMV plant (38,39)
Polio Polio animal (41-44)
Foot-and-Mouth Disease FMD animal (22)
Encephalomyocarditis EMC animal (23)
Rous Sarcoma RSV animal (45)
Hepatitis B HBV animal (46)
Maloney Murine Leukemia MuLY animal (47)
Adult T-cell Leukemia ATLV animal (35)
Phage MS2 MSY bacteria (34)
Influenza FLU animal (31-33)
Caulifiower Mosaic CaMv plant (48)

portions of retroviral reverse transcriptases (Maloney murine leukemia virus
(MuLV), Rous sarcoma virus (RSV), and T-cell leukemia virus (ATLV)) and the
putative RNA polymerases of hepatitis B virus (HBV) and cauliflower mosaic
virus (CaMV). Though Toh et al. (6) were not able to align the sequences
for the entire polymerases and transcriptases, they show an alignment for a
94-residue segment shared by the various viruses.

In the present report, possible identification of the RNA-dependent
polymerases as well as alignment of their entire sequences in TMV, AMV,
BMV, SNBV, FMD, EMC, polio, and CPMV is given. A conserved Asp-Asp sequence
flanked by generally hydrophobic residues was found in all the putative
polymerases and is suggested as the probable active and/or recognition site
region. Within the central portion of the 94-residue segment relating
reverse transcriptases or polymerases from HBY, RSV, MuLV, ATLV, and CaMV,
there exists a 14-residue stretch that also conformed to the Asp-Asp region
of the previously mentioned viral polymerases whose entire sequences were
aligned. This putative active site segment was also found in the influenza
virus (FLU) protein PA, suggesting its function as an RNA polymerase.
Furthermore, a homologous active site span was observed in the RNA replicase
of bacteriophage MS2 (MSV). Evolutionary implications are discussed through
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an analysis of the extent of homology and residue physical characteristic
correlations of aligned amino acids.

METHODS

Searches for homologous amino acid sequences were performed by the
method of Jukes and Cantor (7). In comparing two sequences, every amino acid
span of length L residues from the first protein is aligned with all stretches
of length L in the second protein. The total minimum base difference (MBD)
for each of the possible oligopeptide alignments is determined by summing
the minimum base change per codon (MBC/C) between paired amino acids in the
aligned L-residue spans. The length L was chosen as 10 residues, a number
which allows statistical significance and yet makes reasonable allowances for
possible gaps. Significance is tested by calculating the ratio (Pops/Peaic)
for all possible MBD values resulting from a comparison of the two proteins.
Pobs is the frequency with which a given MBD is observed in comparing all
segments from the two proteins while P.,q. is the expected frequency calculated
from the amino acid compositions of the proteins compared. As the frequency
ratio becomes increasingly larger than one, the significance of the homology
becomes greater. The mean MBD value and associated standard deviation were
also determined for each pairwise comparison of the several viral polymerases.
Ten residue alignments were used that displayed a MBD value three or more
standard deviations below the mean value.

After alignment of the proteins from the various viruses, certain
characteristics of residues were selected to assess the degree of structural
homology. The parameters included the experimental hydration potential of
Wolfenden et al. (8); the bulk hydrophobic character, statistically
determined by Manavalan and Ponnuswamy (9); a measure of hydrophobicity based
on the amino acid mutability matrix of Dayhoff (10); the Chou-Fasman (11, 12)
parameters for perference of alpha-helical, beta-strand, and reverse-turn
configurations, as calculated by Palau et al. (13); and the residue polarity
listed by Jones (14). These characteristics were selected as they represent
the major forces thought to be required for proper protein folding (15, 16).

Three measures of hydrophobicity were used, as several have been
calculated or empirically determined, but they do not necessarily correlate
well (17). The measures of hydrophobicity represent an empirical and two
theoretical attempts to quantify this character for the amino acids. The
bulk hydrophobicities of Manavalan and Ponnuswamy were calculated by averaging
the Nozaki-Tanford transfer-free energies (18) for residues surrounding a

7271



Nucleic Acids Research

given amino acid type within known structures of soluble proteins. The values
of Wolfenden et al. (8) result from measured vapor-water partition coefficients
for model compounds corresponding to each of the amino acids. The values of
Dayhoff were calculated from the relative frequency with which amino acids
exchange in members of aligned primary structures in several protein families
(10). The combination of all three measures of hydrophobicity, as used in this
report, should provide an adequate sample of the possible measures.

After the sequences of the individual proteins from EMC, polio, FMD,
CPMV, SNBV, TMV, AMV, and BMV had been aligned, they were compared pairwise,
and the parameters for each residue were determined, and correlation
coefficients (14) were calculated. These values should indicate the extent
of structural and evolutionary relatedness amongst the three viruses (cf. 19).

RESULTS AND DISCUSSION
Sequence Alignment

The alignment of the major portion of the codons in AMV and BMV subgenomic
RNA2s and codon segments of the genomic RNAs of SNBV and TMV has been reported
by Haseloff et al. (5). In the present work a MBC/C search was performed on
the aforementioned viral sequences and a strong homology was also found. The
alignment presented here (Figure 1) is essentially similar to that of
Haseloff et al. (5) except for segments about 40 residues long that relate
the N- and C-terminal portions of SNBV to AMV, BMV, and TMV. The homologies
in these spans were weaker and were aligned visually with the constraints
of maintaining matched charged and hydrophobic residues described in the
caption of Figure 1. The alignments of the RNA-dependent RNA polymerases for
EMC, FMD, polio and CPMY were taken from Argos et al. (4) where, once again,
the residue correlations were strong. In these two sets, each involving the
alignments of sequences from four different viruses, a completely conserved
Gly-Asp-Asp segment was visually observed in roughly the same location along
the sequences from the N- to C-termini. This observation prompted a search
to determine if the rest of the primary structures could be aligned thereby
allowing the identifications of the RNA-dependent RNA polymerase in AMV, BMV,
TMV, and SNBV.

A MBC/C search using a probe length of 10 residues was performed for all
possible pairwise comparisons among the four-viral sequences in each of the
two sets of aligned residues, resulting in a total of 16 pairwise searches.
A1l aligned ten-residue spans that displayed a MBD value of seven or less
were compiled. The smallest MBD value observed was four in a Gly-Asp-Asp
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segment, heretofore referred to as the GDD span. The Pobs/Pcalc ratio for
MBD=7 averaged near 1.5 in all the pairwise comparisons while the lowest
MBD=4 corresponded to a ratio near 25. The probability of detecting a seven
MBD value was of the order of 10-4 which decreased to 10-6 for a MBD value of
four. The mean MBD for each of the pairwise sequence comparisons was near 14
with a standard deviation of 2 such that MBD=7 was removed by 3.50 from the
mean while MBD=4 corresponded to 5.0c. From the compiled 1ist of segment
alignments, several were chosen that would allow a contiguous alignment of
the sequences from each of the four-viral sets. If one alignment was found
between any two viruses in each of the sets, then the alignment for the
remaining viruses in the region was implied by virtue of the excellent match
of each of the four-viral sets. Figure 1, which displays the alignment of
the sequences from all eight viruses, shows these "marker" spans through
underscoring of the amino acid symbols. If more than two spans are under-
lined, then more than one pair of spans had a MBD value of seven or less.
Such matched pairs were sufficient in number and sequence distribution to
allow the visual alignment of the remaining residues sandwiched between

the marker segments. Constraints involving the preservation of hydro-
phobicity, charge, and turn preference were applied in the visual alignment.
Gaps were kept to a minimum. There were no marker segments for the
C-terminal region (Figure 1); the alignments given there are suggestive.

Correlation coefficients were calculated between aligned residues over
seven residue physical characteristics (mentioned in the Methods section)
for each pairwise sequence comparison. The resulting mean correlation
matrix is shown in Figure 2; the values are all positive and range from
0.63 to 0.12. The mean number of aligned residues over each pairwise
comparison was 438. There are 171 alignment positions for which the amino
acids display conservative characteristics (e.g. hydrophobicity, see caption
of Figure 1) in six or more of the eight sequences, resulting in a 40%
conservation.

Possible Identification of RNA Polymerases

Not all the terminal positions of the protein sequences of Figure 1
are known. For the polio virus, the primary structure given is known to
be an RNA-dependent RNA polymerase; the terminal segments are composed of
GIn-Gly residues which have been observed as polyprotein cleavage sites
(2, 20, 21). The sequences for the FMD and EMC polymerases have been
determined by homology with the polio genomic structure (22, 23). The
CPMV polymerase has been inferred once again by homology with the three
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™ VWEVHKTA----PPGSFVY-KSLVKYL======---
AV TAHRYLRRPSLY-EAALESLGKIFAGKTLCKECLFN
BMV HEVRYLKYGKE-KPWIFEEV-RAALAAFSLYSECLN
SNBV VAVTT-RYEVDNITPVLLALRT-FAQSKRAFQAIRG
FMD LAVHSGPDE---YRRLFEPFQ--GLFEIPSYRS-~-~-
EMC LAVHSGKQE---YDRLFAPFRE-VGVVVPSFES-~- -
Polio LAWHNGEEE-~-~-YNKFLAKIRS-VPIG-RALLL=-=-P
CpMV NVVNVLRELYMHSPREATEFRRKVLKKVSWITS--G
++ + + + * + + +

™M/ ---SDKVLFRSLFIDGSSC
AV EKHESNVKIKPRRVKKSHSDARSRARRA
BV FLRFSDCYCTEGIRVYQMSDPVCKFKRT
SNBV EIKHLY=-=====-- GGPK
FD ----LYLRWVNAVC=-G--DA
EMC ---VEY-RWRSLFW
Polio EYSTLYRRWLDSF
CpMV DLPTLAL--LQEFYEYQRQQ

+ +

Figure 1. Alignment of the amino acid sequences of the putative polymerase
regfons in eight viruses. Abbreviations for the viral names are given
in Table 1. Underscored segments indicate spans used to align one or
more of the top four viruses with one or more of the lower four. The
conservation of residues is shown according to the following scheme.

23; Residue conserved in all eight sequences.
*) Residues at this position in all efght sequences are members of
one of the following sets of residues: D,E,Q,N. (acidic and polar);
K,R,D,E (charged); C,F,I,L,M,V,A,W,H,Y (hydrophobic); P,G,N,D (strong
turn formers (2)).

(+) As (*) except conserved in six or seven of the eight sequences.

picornaviruses (1, 4); the N-terminal Gly is flanked by a GIn residue and
therefore provides a suspected cleavage site by picornaviral analogy (4).
It is possible that the C-terminus of the putative CPMV polymerase shown
in Figure 1 contains a further 176 residues as discussed by Argos et al.
(4). In TMV the terminal residues given correspond to known protein
termini (24). In BMV the C-terminal amino acid shown is the 3'-terminal
codon of RNA2; the N-terminal Met is codon 194 from the 5' end of BMV RNA2
(25, 26). It is possible that the extra N-terminal residues are part of
the BMV polymerase suggested here or represent another protein of unknown
function. The situation is similar for the AMV RNA2 where a further 262
codons exist at the 5' terminus (27, 28, 29). However, it is noteworthy
that the homologies ended in the vicinity of a Met in both AMV and BMV.
For SNBV the C-terminal residue shown in Figure 1 corresponds to the
3'-terminal codon of the first open reading frame in the SNBV genome while
the N-terminal Asp given is 97 residues removed from the suspected
N-terminus of the fourth SNBV non-structural protein (30).
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EMC PMD Polio CPMV SNBV BMV AMV ™V

EMC XX 63 54 42 29 19 19 18
FMD 63 XX 47 35 31 22 17 14
Polio 54 47 XX 39 25 15 14 12
CPMV 42 35 39 XX 26 16 13 14
SNBV 29 31 25 26 XX 34 30 25
BMV 19 22 15 16 34 XX 45 34
AMV 19 17 14 13 30 45 XX 36
™V 18 14 12 14 25 34 36 XX

Figure 2. Mean correlation coefficients (x100) of seven residue character-
istics for aligned amino acids in a given protein pair. A random
correlation would be 0.00. The symmetric matrix is given in its
entirety for ease of comprehension. Viral names are abbreviated as
1isted in Table 1.

It is suggested that the sequences represent all or a major part of
the primary structures of the RNA-dependent polymerases in the eight
viruses. Only in polio virus has the polymerase been definitely assigned.
Given the positive correlations of residue characteristics, the even
distribution of "marker" spans, and the statistical significance of MBD
values seven or less, it is certainly possible that the sequences are
RNA-dependent RNA polymerases and share a similar tertiary fold.

Toh et al. (6) were able to align 94-residue spans in the reverse
transcriptases of MuLV and RSV with putative polymerases of CaMV and HBV.
For the individual pair, MuLV and CaMV, they were further able to match
about 330 residues which contain the 94-residue segment with a Tyr-Val-Asp-
Asp (YVDD) sequence near position 181 of the RSV reverse transcriptase.
In the eight sequences shown in Figure 1, the GDD span occurs at approxi-
mately position 350 which roughly corresponds to the Asp-Asp sequence
position in CaMV, HBV, and MuLY. The 350 position is considerably removed
from the 181 site in RSV. Nonetheless the Asp-Asp segments flanked by
about six hydrophobic residues on either side are all clearly homologous
for all the viruses (Figure 3). The Asp-Asp sequence in three further
viruses has also been observed; position 478 of the PA polypeptide of
influenza virus (31, 32, 33); position 340 of the RNA-dependent RNA
polymerase (B chain) of bacteriophage MS2 (34); and position 189 of ATLV
(35) as also noted by Toh et al. (6). These segments are also listed in
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™V IKGAFCGDDSLLYF
AMV NFVVASGDDSLIGT
BMV DCAIFSGDDSLITIS
SNBV RCAAFIGDDNIIHG
FMD YTMISYGDDIVVAS
EMC VKVLSYGDDDLLVA
Polio LKMIAYGDDVIASY
CPMV IGLVTYGDDNLISYV
ATLV CTILQYMDDILLAS
MSV GTIGIYGDDIICEPS
FLU NASCAAMDDFQLIP
HBV CLAFSYMDDVVLGA
RSV LCMLHYMDDLLLAA
MuLV LILLQYVDDLLLAA
CaMV KFCCVYVDDILVFS

Figure 3. Alignment of regions for several viruses around the Asp-Asp
sequence. Viral names are abbreviated as listed in Table 1. The
hydrophobic character of residues flanking the Asp-Asp pair is evident.

Figure 3. This consistent homology may point to a common nucleic acid
recognition site in the various polymerases and/or to an active processing
region.

Attempts to align the entire polymerase sequences of RSV, HBV, CaMV,
MuLV, FLU, MSY and ATLY are presently underway, both by the MBC/C criteria
or by the physical characteristics of the amino acids which have been sug-
gested as more sensitive criteria for residue alignment (36). There are
many examples of known protein tertiary architectures which display similar
folding patterns and active sites and yet a random MBC/C between amino acids
whose side chains are associated with spatially equivalenced Ca positions
(cf. 37). Though the position of the Asp-Asp sequence in the RSV and ATLV
(pol) gene product would appear too N-terminal as compared with the other
viruses, these two viruses perhaps possess only a recognition domain.
Evolution

Are all the viruses mentioned here related by divergent evolution;
i.e., have they derived from a common ancestral virus? The authors "feel"
that the answer to the question is yes, an affirmation that is far from
proven. The pros and cons of the query's answer will be subsequently
discussed.

Figure 2 shows the average correlation coefficient over seven residue
physical characteristics for each pairwise comparison of the putative
polymerases for eight viruses. It is clear that FMD, polio and EMC are
strongly related as they should be, given their many similar properties
that classify them as picornaviruses: a single genome that is encapsidated
by an icosahedrally symmetric protein capsid composed of four coat protein
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types and that is similarly organized in protein coding and function (see
(4) for a discussion). CPMV, a plant virus, is best related to the three
animal picornaviruses. Though CPMV has a divided genome and requires two
particles for infection,each containing a subgenome with one (M RNA) coding
for structural proteins and the other (B RNA) for non-structural proteins
(38, 39), its B RNA is similarly organized in protein coding and function
as the picornaviruses (see (1) and (4) for a discussion). It would appear
then that CPMV, FMD, EMC, and polio virus are divergently related, allowing
for genetic recombination and separation. BMV and AMV display a close
correlation, again as expected from their viral properties such as requiring
several icosahedral particles for infection, each made up of the same capsid
protein and each containing one of three different but similarly-sized RNA
subgenomes (see (5) for a discussion). TMV is best related to AMV and BMV
and displays about the same correlation to these latter two viruses as does
CPMV to the picornaviruses. TMV, however, uses a single genome encapsidated
in a rod-shaped cluster of identical copies of coat protein. Haseloff et al.
(5) have observed that the codons of AMV and BMV RNA1 are also homologous
to the 5'-most portion of the TMV RNA and that the AMV and BMV RNA2 codons
are homologous with a TMV segment just following the region homologous with
RNA1. The 3'-most part of the TMV genome codes for the coat protein as
does RNA3 of AMYV and BMV. Once again, assuming a facile ability for genetic
recombination, it would appear that TMV, AMV, and BMV are divergently related
as also suggested by Haseloff et al. (5). SNBV appears about as closely
related to CPMV and the picornaviruses as it does to TMV and the bromoviruses
with a somewhat favorable correlation with BMV. The Sindbis virion contains
a single genome of two open reading frames with the 5'-most portion coding
for non-structural proteins and the 3'-most handling the structural proteins.
SNBV also requires polyprotein processing as the picornaviruses and CPMV.
If all the viruses proceeded from a common ancestor, SNBV would provide the
1ink between the probable divergent groups.

The reverse transcriptases are another matter since their homology
with each other in the (pol) gene products and with the other viruses is
presently observed to be 1imited. If the residue physical characteristic
correlations prove significant such that their entire polymerase sequences
can be aligned with all the other viruses, then perhaps divergent evolution
will be plausible as juxtaposed to the convergent evolution of active site
processing (cf. 40). Nonetheless, it is possible that all the viruses share
an active and/or recognition site important in copying an RNA template into
DNA or an oppositely-stranded RNA.
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The alternative evolutionary pathway for viral development is a
convergent one. The viruses could have independently evolved from their
host cells taking those genes that are amenable for transfer and necessary
for viral replication. The sequence similarities observed here may thus be
a result of common viral transfer mechanisms and the structural and func-
tional constraints on host cell proteins as RNA-dependent polymerases.

Hopefully the alignments of Figures 1 and 3 will be useful in
discovering the polymerase sequences of still further viruses.
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