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. The patterns of point mutation and nu-

stitution berween protein-coding (fonctional genes)

Sumimary.
cleotide substitution are inferred from
differences in three coding and two noncoding re-

and ding regions (p of the verte-
brate genome can be explained by assuming that the

gions of Evidence is

nf purifying at the amino acid

in favor of the view that the majority of
accumulate at the reverse iranscription stage. Pu-
rifying selection is apparently very weak at the ami-
no acid level, and almost nonexistent between syn-
onymous codons. The pattern of purifying selection
obeys the rules previously established in vertebrates
[Gojoberi T, Li W-H, Graur D {1982) ] Mol Evol
18:360-369]; i.c., the magnitude of purifying selec-
tion at the amine acid level is negatively correlated
with Grantham’s [Grantham R (1974) Science 185;
862-864] chemical distances between the amino
acids i d. We refute Modiano et at.'s [Mo-
diano G, Battistuzzi G, Motulsky AG (1981) Proc
Natl Acad Sci USA 78:1110-1114] hypothesis, ac-
cording to which the pattern of mutation is pre-
adapted to buffer against deleterious mutations. On
the contrary, the pattern of mutation reduces the
level of conservativeness from that itnposed on the
amino acid substitution pattern by the structure of
the genetic code. The extraordinarily high rate of
nuclestide substitution in retroviruses in compari-
son with that in other organisins is apparently caused
by an extremely high rate of mutatien coupled with
a lack of stringent purifying selection at both the
coden and the amino acid levels,
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Intreduction

In a previous study, Gojobori et al. {1982) showed
that the difference in the pattern of nucleotide sub-

level is negat by lated with G; s (1974)
chemical distance between the amino acids inter-
changed. That is, in protein evolution, amino acid
substitutions occur mainly between amino acids with
similar physico-chemical properties. This obser-
vation was later extended to a larger group of eu-
karyotic genes by Li et al. (1984). The purpose of
the study reported here was to establish the patterns
and relative rates of nucieotide and amino acid sub-
stitution in Retroviridae, and to see whether the
rules of purifying selection inferred by Gojoberi et
al. (1982) are specific 1o vertebrates, or are appli-
cable to other organisms as well. In this context,
retroviruses are particularly useful, since their mo-
lecular biclogy differs from that of vertebrates in
many respects. Consequently, finding similar rules
of purifying selection at the protein level would be
strong evidence that the rules are governed by a
universal cause independent of the nature of the
organism and are determined only by properties in-
trinsic to the structure of proteins.

Extensive genetic variation exists among popu-
lations of retroviruses (Vogt 1971; Kawai and Han-
afusa 1972; Temin 1974; Zarling and Temin 1976),
and vast RNA sequence polymorphism is main-
tained within populations (e_g., see Darlix and Spahr
1983). As a consequence, the genome of a viral
species can be described only as an average of a large
number of different individual sequences (e.g., see
Domingo et al. 1978), RNA genomes are known to
evolve 10-10° times faster than DNA genomes (for
a review, sez Holland et al. 1982). Gojobori and
Yokoyama (1984) have recently shown that in the
cellular oncogene c-mos the rate of nucleotide sub-
stitution is approximately 2 x 10~° per site per year,
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Fig. 1. Schematic Tepresentation of the RSV genome and the
structure of the available data

whereas in its viral homologue, v-mos, this rate is
about one million times faster. This high rate of

ik ituti reflects (1) an
underlying high rate of mutation and (2) lack of
stringent purifying selection at the amino acid level.
Tintend, in the following, to clarify these points, and
to investigate into the reasons for this situation in
the Retroviridae.

Phylogenetic Relationships

TRous sarcoma virns (RSV) belengs to the avian sub-
genus of the Oncovirus C genus within the family
Retroviridas, the RNA-~containing tumor viruses
(Davis et al. 1980, pp 1243-1261). The genome of
RSV consists of iwo identical single-stranded 358
RNAs forming a 708 duplex by means of hydrogen
bonds. The entire sequence (9312 nuclectides) of
the Prague C (Pr-C) strain of RSV has been deter-
mined (Schwartz et al. 1983), together with approx-
imately 95% of the sequence of a Pr-C variant pres-
ent in the population in an amount roughly equal
10 that of the completely sequenced variant. In ad-

the RNA genome, and the nature and magnitude
of the selective constraints that have resulted in the
observed pattern of substitution.

Table 1 shows the nucleotide substitution dis-
tances calculated by the method of Jukes and Cantor
{1969). Figure 2 shows the UPGMA (Sneath and
Sokal 1973) phylogenctic relationship among the
vimses. The standard errors of the branching points
were calculated by the method of Nei et al. (1984).
We can sec from the tree that the seven OTUs are

clustered by and large according 10 the intuitively

expected phylogeny based on three hierarchical levels
of divergence: (1) between viral species (RSV,
SMRYV, and MMTV); (2} between strains within
species (Pr-B and Pr-C); and (3) between variants
within strains. The only anomaly observed, which
concerns the topological position of one of the RSV
Pr-B variants, is resolved if we not¢ that the length
of the branch connocting this variant to the rest of
RSVs is not significantly different from the length
of the next distal branch, connecting the RSV Pr-
Bs to the RSV Pr-Cs. The tree in Fig. 2 requires a

of 203 id ions (74 syn-

and 129 If we change

the position of the anomalous RSV Pr-B wariant
ing to the intuiti 1 we obtain a

‘ree that requires 204 substitutions (74 synonymons
and 130 nonsynonymous). Consequently, I cannot
conclude with any degree of confidence that the
anemalous Pr-B strain diverged before the split be-
rween Pr-C and Pr-B. Checking most of the 945
possible networks (Cavalli-Sforza and Edwards
1967), I construcied the most parsimonious tree (Fig.
3). This tree requires 199 substitutions (73 synon-
ymous and 126 nonsy ¥y , but is. 1!

in many respects compared with the phylogeny ¢x-
pected from the hi hical i i d
above. We see that the distances among the viral
species and the RSV strains are, in general, quite
Jarge, suggesting either a very long time since di-
vergenoe or an extraordinarily high rate of nucleo-

tide i The bl evids favors the

dition, that cover 1y 40% of
the genome of several spontaneous variants of the
RSV Prague B (Pr-B) strain have been sequenced
(Darfix and Spahr 1983). Recently portions of the
3’ termini of the pol genes in squirrel monkey Te-
trovirus (SMRYV), mouse mammary tumor virus
(MMTV), and Moloney murine lenkemia virus (M-
MuLV) were sequenced (Schinnick ct al 1981; Red-
mond and Dickson 1983; Chiu et al. 1984). Initial
studies using approximately 540 base pairs within
the pol gene revealed some small, though statisti-
cally significant, degree of sequence similarity among
SMRY, MM TV, and RSV (Chiu et al. 1984). With
these data, presented schematicaily in Fig. 1, it is
possible 1o infer the pattern and rate of substitution
in various protein-coding and noncoding regions of

second alternative.

Pattern and Rate of Nucleotide Substitution

The first step in estimating the pattern of nucleotide
substitution is to comstruct an ancesiral sequence
and count the number of each type of nucleotide
substitution. The requirement is that we have at
least three variants; the direction of substitution is
then inferred by ing the mast parsi i

pathway. For example, the pentanucleatide se-
quences spanning positions 2774 102778 in five RSV
variants are CAGTT, CAGTT, TAGTT, CAGGT,
and CAGTT, respectively. From these sequences we
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Teble 1. Matrix of Jukes—-Cantor (1969} distances among throe species of netroviryses®

MMTV

RSV Pr-Cl RSV PrC2 RSV Pr-B1 RSV Pr-B2 RSV Pr-B3

SMTV 0.6982 0.9482 0.9287 1.0238 0.7969 0.8652
{0.0545) {0.0762) 0.0743) 10.1052) 0.0879) (0.1158)

MMTV 0.9134 0.9326 11031 1.0875 1.1261
0.0730) 0.0749) (©0.1164) (0.1283) ©.1618)

RSV Pr-Cl 00113 01773 0.1373 0.1343
0.0045) (0.0250) (0.0242) (0.0287)

RSV Pr-C2 0.1699 0.1329 0.1154
(0.0244) 0.0237) 0.0264)

RSY Pr-Bl 0.1981 0.2687
©.0301) (0.0439)

RSV Pr-B2 0.0730
{0.0205)

* Values in parentheses are sumndard errors
rape
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Fig. 2. UPGMA tree of MMTY, SMRY, and two sirains of
RSV

can infer the ancestral sequence (CAGTT) and the
direction of substitution (i.e., C — T at position 2774
in the third variant and T - G at position 2777 in
the fourth variant). In this study I had such data for
3891 nucleotides (42% of the RSV genome). Sixty
eight percent of the noncoding regions and 39% of
the protein-cading regions of the RSV genome are
included in this znalysis. The interspecific compar-
ison among RSV, MMTYV, and SMRYV is based on
a stretch of 534 aligned nucleotides within the 3"
terminus of the po! gene, The sample size in the
interspecific study is, obviously, very small in com-

parison with the sample size of the RSV study, and

I performed the former mainly to check, for longer

times of divergence, the conclusions derived from

the strain comparisons.

As in Gojobori et al."s (1982} study, I considered
only the untranscribed strand. In 97 sites the an-
cestral sequence and the direction of nucleotide sub-
stintion could not be inferred. To iHustrate this

ity, if four to be have

RSV Prog.

e —

SHRY

Fig. 3. Parsimonious iree of MMTV, SMRYV, and twa strains
of R§V

T, T, C, and C at a particular position, respectively,
one cannet decide whether the ancestral sequence
had T or C at this position, and whether the sub-
stitution was T—~C or C+T. One can, however,
infer the type of substitution that occurred {T « C).
In nine sites, even the type of substitution could not
be determined. I excluded deletions or insertions
from the present study. In the coding region of the
gag gene I excluded sites 521-348, since in addition
1o coding for a protein, this region takes part in
forming the dimer linkage structure connecting the
two 358 subunits of the RSV genome. The pattern

of sel at this site is expected to reflect two
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Table 2. Proportions of base substitutions in RSV

Region A-T A-C A-G T-A T-C T-G
Noncoding regions: all positions
5" termius 4476 276 216 1766 5786 1466
Intergene 072 02 02 a4 04 o4
7 terminus a4 2 ¥ T 277 7
Total 8%z 4152 57152 8147 29147 147
Coding cogions: sil poiti
gaggeme 2133 9233 18/233 9/248 26/248 Vus
pol e 2342 12342 137342 15329 621329 87329
env pene nis &S 1175 10/165 207163 5/165
Total 481750 267750 44/150 34742 1171742 16742
gag gene 127185 /165 9/163 6/158 13158 2158
pol gene 167234 8/234 42m 11218 421218 1
emv gene 421 s/121 121 7107 191107 ¥107
Towl 32/520 20s520 2520 241483 747483 12/483
Coding regions: thind codon positions
gag gene 10768 /68 9/68 290 1390 1790
poi gene 57108 47108 9/108 ant 200111 1111
env geme 1754 154 6754 58 10/58 258
Total 16/230 6/230 241230 10259 431259 41259

kinds of constraints, and this might complicate the
interpretation of the resulis.

The directien of substitution was determined for
616 sites. The type of substitution was determined
for 706 sites. Table 2 lists the proportions of base
substitution {P;) in coding and noncoding regions
of the RSV genome. In coding regions the substi-
tutions are listed according to their positions in the
codon (the first and second positions were treated
together). Since in each region the rates of substi-
tution are inferred from a different number of vari-
ants, 1 d the rates of ion among the
different regions of the genome and among the dif-
ferent genes by using the relative rate of substitution
per site per lineage. Here I use the word “relative”
because I have no knowledge of the times of diver-
gence between ¢ither the strains or the viral species.
The relative rates of substitution per lineage are also

Jower than the rate in coding regions by a factor of
approximately 1.5 (Table 2). The rate of substitution
in the 3’ terminus is greater than that in the §' ter-
minus by a factor of approximately 2. The patterns
of substitution for these regions also differ from each
other to a considerable extent, suggesting that these
two noncoding regions are subject to different se-
lection regimes and stringencies. In both cases tran-
sitions oocur more frequently than transversions,
due mainly 10 2 preponderance of T~C and, to a
lesser extent, C—T substitutions. The §' terminus
exhibits the lowest rate of substitution wnhm the
RSV genome, ing the 17- id g in-
tergenic region between the gag and pol genes, wlnch
is perfectly conserved in all four sequenced Pr-B and
Pr-C strains. Evidently, the 5’ noncoding region of
the genome is subject to strong purifying selection,
probably because of its role (among other functions)

listed in Table 2, From this table I the

relative expected proportion of base changes from

the i-th type the j-th type nucleotide (f;) in a random

sequence using the equation
B,

2 2P,

3w

= x 1060

(Gojobori et al. 1982). The results are listed in Table

3.0 ive f; values for itions are given in

brackets in the right upper corner of cach matrix.
The rate of substitution in noncoding regions is

as a pri site in reverse transcription
(Schwartz et al. 1983). In contrast, the 3" terminus
regions included in this study have very few func-
tions attributed to them, and may thus be subject
10 less strong purifying selection, a5 is suggested by
their elevated rates of substitution. Yet even the 3
terminus evolves more slowly than two of the coding
regions of the genome {(po! and env} indicating that
some function does constrain evolutionary change
in this region. The highest rate of substitution among
coding regions is seen in the env gene, which encodes
a glycosylated protein precursor for the envelope of
the virion. This protein is largely responsible for

i
i
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Table 2. Continued

C-A c-T -G G-A

G-T G-C Total

Relative rate
of substitution®

Noncoding regions: all positions

/89 6/89 /8% 325 ir125 /125 28/356 0.08 (0.0199)
05 (V8] o5 0/6 e 06 017 0.00

30 5/50 0750 5480 1780 3/80 57,281 0.20{0.0378)
5/144 11/144 0/144 8211 27211 4/211 857654 0.13 (0.0280)

Coding regions: all positions
9272 191272 87272 134318 s318 16/318 1581071 0.15(0.0355)
WA 38398 157378 18/385 27385 217385 245/1434 017 (0.0418)
5/145 14/145 15/145 14/150 5150 /150 1287635 0.20 (0.0432)
U198 717795 387795 47/853 12/853 441353 531/3140 0.17(0.0400)
Coding regions: first and second codou positions
3200 147200 5/200 8198 37198 6/198 537721 0.13 ©.0311)
11/263 267263 8/263 97243 1/243 15/243 158/958 0.16 (0.0403)
492 6/92 9/92 1/105 3105 7105 81/425 .19 {0.0408)
13/555 467585 22/555 244546 /546 287546 332/2i04 0.16 (0.0373)
Cading regions: third codon positions

1472 572 ¥y 77120 27120 107120 65/350 0.19 (0.0448)
9115 L2115 HELS 97142 17142 /142 81476 0.18 (0.0447)
153 8453 653 743 245 0745 47210 0.2 (0.0479)
10240 25240 £6/240 23307 s 161307 199/1036 0.19 (0.0454)

* Numbers in parentheses represent rates of substitution per lineage

determining the host range of the virus, and it ex-
hibits marked variation in nature (for a review, see
Vogt 1977). The high levels of substitution may be
responsible for this variability.

The rate of for the third nucleotid

dons from our computation, we obtain third posi:
tion substitution rates of 0.0464, 0.0494, and 0.048(
for gag, pol, and env, respectively, and a mean rate
of 0.0482, whmh is sllshtly Iughel' than the overal
mean of for four-fold-redun.

positions of codons (0.0454) is shghtly hlgher than
that for the first and second

dant positions. The difference, however, is too small
1o be statisti or bi i igni

combined (0.0373). The third position rate is par-
ticularly high for those codons with four-fold redun-
dancies (e, TCX, CTX, CCX, CGX, ACX, GTX,
GCX, and GGX). The relative substitution rates for
these codons are 0.0463, 0.0464, and 0.0491 for gag,
poi, and env genes, respectively, with a mean of
0.0471. Assuming that multiple substitutions at a
site can be ignored, all substitutions at the third
positions of these codons are synonymous, and hence
no selection at the protein level is expected to be
involved. Moreover, codon usage is by and large
random for all amino acids encoded by the four-
fold-redundant codens, with the exception of gly-
<cine codons (GGX) in gag and pol genes and valine
{GTX} and alanine (GCX) codons in the gag gene
(Table 4; see also fig. 4 in Schwartz et al. 1983) which
are biased. This suggests that for the majority of the
amino acids selection barely operates on synony-
mous codons. In Table 4 we see that the src gene,
which is not included in this study, has a completely
different pattern of codon usage, and is thus thought
10 have been derived recently from a eukaryotic gene
(Schwartz et al. 1983). If we remove the biased co-

Note that altheugh the rate of nucleotide substi-
tution is consistently higher at the third position;
of codons than at the first and second positions, the
difference is much smaller than that for eukaryotic
genes (Li et al. 1981). It is also smalter than that in
viruses other than the Retroviridae, i.c., bacterio-
phages, papova viruses (Soeda and Maruyama 1982),
and, to a lesser extent, influenza viruses (Baez et al
1980; Krystal et al, 1983; Ortin et al. 1983; N, Sai-
tou, personal communication). This result suggests
that purifying selection operating at the amino acid
level is much weaker in retroviruses than in any
other organisms,

Evaluation of jonal C. ints and
their Determinants

Having inferred the patterns of nucleotide substi-
tution in different regions of the genome, we can
answer some guestions pertaining to amino acid
substitution. In particular, we are interested in
whether the frequency of substitution correlates with
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Table 3. Relative expected in protein-coding and ding regions
Noncoding Regions (Al Positions)
5 Terminus ' Terminus. Toal
A T € G (%7 A T C G (613 A T C G [604]
A _ 154 T 77 308 A = 68 34 51 153 A — 96 60 204
Wb - 222 44 30 T 14— 159 33 sa6 T 985 — 37 471
C 66 198 — 00 264 C 1.5 125 — 00 200 € 64 140 = 00 204
G 10 24 24 - us __G L6 Yol G 6o 17 35 = 2L
180 376 323 121 zs.‘l 209 3.4 232 253 4L8 97
Codmnqinmmvndﬁnm)
gag BEDE pol gene: v gene
A T ¢ G w4 A T € G B4 A T € G [s431
A — 186 57 128 Ml A - 29 51 55 193 A - 35 42 52 169
T 60 — 173 20 253 T 86 — #2 3s w3 T 15 = a1 3] 29
c 53 115 — 49 28 € 76 145 -~ 57 218 ¢ 42 u9 127 X3
G 18 26 83 = 137 G 68 07 78 — 154_ _G 115 58 214
193 297 33 197 210 241 202 187 232 19‘5 317 5%
Total
A T C & B9
A - 94 51 86 231
T 61 — 21 31 328
C 63 131 — 70 %4
G_81 20 15 = 17.6
211 245 357 187
Coding Regions (First and Second Codon Positioas)
gag gene pol geme env gene
A T © G W A T € G (517 A T C© G 4
A — 133 81 104 324 A - 102 51 26 18 A - a3 54 1§ 112
T 73 — 157 24 254 T T3 = 38 a8 41 T 85 3 36 351
c 76 134 - 43 258 € 63 148 - 46 7 C 56 127 268
. 58— 64 G 55 06 92 — 153 G 86 86— 20.9
226 302 206 176 193 756 431 120 2.7 155 370 238
Total
A T € G 499
A - 97 60 60 217
T 78 - w40 38 37
c &5 130 - 62 257
G 0_ 80 — 169
212 247 380 161
Coding Regions (Third Codon Positions)
gag gene pol gene env gene
A T € G (528 A T € ¢ 7 A T € G 663
A - 192 19 173 384 A — 62 50 11 223 A - 21 21 125 167
T 43 188 15 246 T § - zal 12 W1 T 38— 194 3% 2.1
c 18 - 54 163 C 105 40 - 81 316 € 21 16y = 127 317
G 16 11 109 - 207 __G 0.9 - 150 G 175 50 00 225
137 305 3L6 242 23.5 2L 347 204 254 240 215 191
Total {Four-fold Unbiased Cedons)
5.7 A T € G (664
. 4 256 A - 113 00 BS 198
) , o0 22 T 21 = 63 00 B4
X - 278 € 38 2580 = 58 346
X X 7 84 O _266 53 53 - 32
4 2 313 .
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the chemical dissimilarity between the amine acids
interchanged. A negative correlation would indicate
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Table 4. Deviations from equal usage among four-fold-redun.
dant codons in the Pr-C swains of RSV, as measured
by !

that substitution occurs mainly between ch
similar amino acids, i.e., that the pattern of substi-

tution is conservative. We shall
relative importance of (1) the structure afthe genetic
code, (2} the patiern of mutation, and (3} purifying
selection in determining the degree of conservatism.

Studying amino acid substimtion requires large
sample sizes, since the analysis is done on a matrix
of (21 x 20)/2 = 210 entries. Therefore, the ob-
served relative frequencies of amino acid substitu-
tions (interchanges) within the three genes were

Codon g pol eny s
then, the

CTX (len) 4.66 611 415 9051
GTX (val)  10.53* 2,10 297 4737
TCX (ser} 4.48 7.80 6.93 22,95
oCxipro) 073 541 300 57007
ACX (thr) 290 386 697 19,90
GCX (als) 9.69* 462 553 17.90%
OGX (arg) 3.54 1.30 3n 36.88%
GGX (&ly) 2267 14.737% 110 18.78%

Significance of deviation: * P < 0.05; ** P < £.001

pooled. In¢ ing the selective ints at the
amino acid level in RSV we encounter one difficulty,
no data are available on the intrinsic ion pat-

tern or rate comparable to the data derived from
pscudogenes. I assumed in the folowing that the
pattern of at the third positi of un-

ynony h Grantham di: were
chosen because they are based on measurable phys.
ico-chemical parameters and involve no intuitive
lassi . Other di such as the modified

biased four-fold-degenerate codons reflects the pat-
tern of mutation, since selection at this position was
earlier shown 10 be extremeiy weak. In the first and
second positions the pattern of nucleotide substi-
tution should reflect, in addition to the mutation
pattern, constraints imposed by the protein func-
tion. To make sure that the differences between the
mutation and substitution patterns arise because of
constraints on amino acids I used as a control group
the noncoding regions, where selection is presum-
able affected by other, as yet unknown, constraints.
In the noncoding regions I artificially divided the
sequences into three-letter codons, and combined
the three “reading frames.” For determining the in-
trinsic buffering capacity of the “universal™ genetic
code against radical mutations, I used the frequen-
cies of amino acid substitution due to single-nu-
cleotide substitution that are expected from an equal
substitution pattern (Nei 1975, p. 23), and for de-
termining the degree of conservation imposed by
the mutational pattern, I used the frequencies of
amino acid substitution obtained from the third-
position substitution rate of four-fold unbiased co-
dons {Table 3). The equilibrium frequencies of the
four nucleotides at this position were calculated by
the method of Tajima and Nei (1982). Four thou-
sand pairs of randomly substituted codons were gen-
erated.

For each of the four groups of data {coding re-
gions, noncoding regions, and the theoretical ex-
pectations from the genetic code and the mutational
patiemn), 1 constructed a matrix of amino acid sub-
stitutions along the lines of Dayhoffet al. {1972) and
determined which amino acids are mutually inter-

and at what ies. The results are
presented in Table 5. These frequencies were then
correlated with Grantham's (1974) chemical dis-
tances for all 210 possible combinatiens (including

Sneath distances (Doolittle 1979), require clustering
of several amino acids into one group, and thus
reduce the number of degrees of freedom for the
analysis,

The first question is whether the genetic code
possesses any buffering capacity. [n other words, da
the allowed substitutions tend to be radical or con-
servative? Eck (1963) was probably the first 10 rec-
ogaize the conservative aspect of the assignment of
codons in the genetic code, although his conclusions
were based on a slightly erroneous genetic code.
Doolittle (1979) concluded an the basis of his mod-
ified Sneath distances that “taken as a whele, there
is only a slight bias in the code ... which favors
interchanges between similar amine acids’ (see also
Papentin 1973). The correlation coefficient I obtain
between the amino acid subtitution pattern based
on equal leotid: i and G s
distances fer the case of one substitution per codon
is —0.374, and is statistically significant. This result
indicates that the structure of the genetic code con-
fers significant protection against radical amino acid
replacements.

Next, I examined whether the pattern of mutation
introduces a further bias favoring conservative re-
placements. There are several claims in the litera-
ture that this is indeed the case (e.g., see Modiano
et al. 1981). My results do not support this claim.
When the mutation pattern is taken into account, 1
detedt not an increase, but a slight decrease in the
absolute value of the correlation coefficient between
the frequencies of exchange and Grantham’s chem-
ical distances (r = —0.368). The notion of pread-
aptation of the mutation pattern (i.¢., adaptation
oceurring priot to the action of selection) is not sup-
ported. Furthermore, Modiano et al.’s (1981} pre-
adapiation model predicts that the relative frequency
of T~non-T substitutions will be reduced because
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TaMle . Obscrved and expectcd codon-substitation froquencies {x 1000) in RSV

Noneoding regions {one substitution per codon)
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Table 5. Continued

SER ARG LEU PRO THR ALA VAL OLY [LE PHE TYR CVS HIS GLN ASN LYS ASP GLU MET TRP
MET L] 4 3 o 4 il 4 0 11 0 0 0 [ [} + a o 0
TRP 4 8 4 o o 0 o 4 Q 0 Q 8 (L] o a Q (L) 0

Theoretical expectations from rmutation pattern (one substitution per codon)

SER ARG LEU PRO THR ALA VAL GLY UE

SER 44

ARG 7%

LEU 16 5 36

RO 35 12 43 25

THR 17 4 0 4 712

ALA 4 0 0 12 28

VAL ¢ 0 12 0 0 2% 23

GLY 13 18 0 0 ¢ 12 315

ILE 2 0 8 0 2 o 23 ¢ 12
PHE 20 0 42 0 0 ] 3 Q g
TYR 3 0 0 0 0 o o a [}
CYs 14 0 0 0 0 o 2 [}
HIS 0 23 7 1 0 0 o o a
GLN 0 12 5 2 0 a 1} o L]
ASN 9 o 0 0 3 Q 0 o 4
LYs o 13 o 0 2 0 [+ o 1
ASP ¢ 0 Q [} 0 1 4 15 o
aLu 0 0 a o 0 1 3 9 o
MET 0 1 5 il 6 0 7 1 8
TRP 2 7 2 1) 0 0 Q 1 o

PHE TYR C¥YS HIS GLN ASN LYS ASP GLU MET TRP
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organisms are assumed 1o have adopted the device
of lowering the rates of these mutations, which fre-
quently result in radical amino acid changes (using
Grantham's distances, we see that T+ non-T sub-
stitutions result on the average in an amino acid
replacement of magnitude 139, whereas the rest of
the substitutions result in a change of §3). In my
inferred pattern of ion the relative fry

Let us now examine the patterns of nuclotide
substitution in different retroviral species 10 see
‘whether or not the above conclusions hold for longer
periods of evoluticnary times. Note, however, that
the results in this part should be regarded as ten-
tative.since the problem of multiple substitutions
‘becomes acute in distant comparisons with substi-

of Tenon-T substitutions is 6.25% + 2.08% +
24.98% + 11.34% + 5.32% + 0.00% = 49.97%, as
opposed to the random expectation of 50%. Te
non-T substitutions are cléarly not less frequent than
expected,

As to the purifying-selection pattern, I observe
in the protein-coding regions an increase in the ab-
solute value of the correlation coefficient between

tutions one per site (Table 1}, and the
ameunt of daia is limited. Statistical analyses sim-
ilar to the ones discussed above indicate that in the
pol gene the third position evolves approximately
1.75 times faster (rate of substitution per lineage =
0.290) than the first and second positions (0.166).
This implies the existence of weak purifying selec-
uon at nondegenerate positions of codons. In the

the frequencies of amino acid substitutions and
Grantham's distances (r = —0.412). The improve-
ment is quite minor, but since selection is weak we
did not expect a dramatic change in the first place.
Nevertheless, the rules geverning purifying selection
at the amine acid level are the same as these in
vertebrates (Gojobori et al. 1982), and I cenclude
again that these rules are determined hy the struc-
tural requirements of proteins and are ind

comparisons, the frequency of transi-
tions is reduced to 35.7% from 54,3%, supporting
the notion that transitions are erased with evolu-
tionary time {Brown et al. 1982), The frequency of
synenymous substitutions is also reduced, as ex-
pected (Gojobori 1983). The relative frequencies of
the six possible bidirectional base substitutions are
shown in Table 6. As was done by Gojobori et al.
(1982), for each kind of nucleotide substitution, I

of the organism. Mast replacements occur between
amino acids with similar physicochemical proper-
ties.

Noncoding regions show exactly the ite ten-

the change in terms of chemical
distance (Grantham 1974} between the exchanged
amino acids. Based on these distances, we can pre-

dict the direction of change (Af) in the relative fre-
ies of base ituti

dency (r = ~0.226). In these regions the purifying
selection, which in magnitude is much stronger than
in protein-coding regions, obeys other rules,

in protein-coding re-
glons of the genome. For G- A, C~G, and CwA
substitutions we expect an increase in frequency in
protein-coding regions as compared with the mu-
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Table 6. Relative frequencies of base substitution in the pol

5

Substitu- Nen- L
tion coding  Coding* Obs.  Exp.
c-T 15.1 15.¢ - -
G~A 123 16.8 + +
C-G 17.2 19.1 + +
C-A 19.4 209 + +
T-G 159 146 - -
T-A 0.1 13.5 - -

The argument runs as follows. In eukaryotic DNA
the wansition C—T frequenuly arises from deam-
ination of methylated C residues, which occur al-
most exclusively at 3'—CG—3' dinucleotide sites
(Coulondre ¢t a!, 1978; Razin and Riggs 1980). In-
terestingly, the majority of ancestral CG sequences
in both ¢oding and noncoding regions are mutated
in derived sequences (Gojobori et al. 1982). The
rate of substitution in G is much larger than would
be expected from the rates of C+non-C and G—
non-G separately, resulting in a scarcity of CG in

+ Third positions of fourfold unbiased codoas
* First and second positions of all codons
* See text for cxplanation of Af;

tational expectations, because on the average these
substitutions result in less drastic amine acid changes
than do C~T, T~ G, and T~A. These Iattcrchanges.

in turn, are d to d in fr in
protein-coding res:mm follnwmg the action of pu-
tifying ion. The of the d and

observed changes in relative frequency of substi-
tution in the interspecific comparisons are listed
qualitatively in Table 6. We observe changes in all
but the C—T frequencies, and these are all in the
directions predicted by a negative correlation be-
tween the magnitude of punfy'mg selection and
G s (1974) This sup-
ports the notion that the pattern of nucleotide sub-
stitution is determined mostly by the chemical re-
latedness between exchanged amino acids. The
pattern of purifying selection is the same as that in
vertebrates (Gojobori et al. 1982) and agrees well
with the idea that constraints determined by amino
acid composition requirements are exerted in pro-
tein-coding regions.

Origin of Mutations

One of the most puzzling questions concerning the
evolution of Retroviridae is why their rates of nu-
cleotide substitution ar¢ so much higher than those
of DNA genomes. In Retroviridae mutations can
accumulate in any one of three steps in the infor-
mation flow pathway: (1) reverse transcription
(RNA - DNA), (2) replication (DNA —~ DNA), and
(3) transcription (DNA — RNA). Only the first step
is absent in DNA genomes, this is also the only step
requiring enzymes encoded by the viral genome and
RNA as a template. The source of the difference
must therefore lie in the reverse transcription pro-
cess. Indeed, RSV reverse transcriptase has been
shown to be a powerful mutagen (e.g., see Battula
and Locb 1974). The present study provides addi-
tipnal evidence that most mutations are introduced
during the reverse transcription stage.

DNA (e.&., se¢ Subak-Sharpe et al. 1966,
Nussinov 1981; Wain-Hobson et al. 1981; Konigs-
‘berg and Gedson 1983). This scarcity has been shown
to be closely correlated with the degree of methyl-
ation (Gantt and Schneider 1979; Bird 1980). The
same is true of RNA genomes lacking the reverse
transcription stage (Rothberg and Wimmer 1981).
Sinee in Retroviridae mutations ¢an be introduced
both during the replication and transcription stages,
when the templaie (DNA} is heavily methylated,
and during the reverse transcription stage, when the
template (RNA) is only lightly methylated, and nev-
er 5o in CG positions, one can ascertain the stage at
which most mutations occur by comparing the rates
of substlmucm in C and G manonncleondes with

the ion rate in OG
In RSV no significant increase was detected in
the ion rate in CG di ides. Only 53

out of 171 ancestral CG pairs have changed in at
least one derived sequence. The expectation from
random substittion is 46.8 changes. The difference
is not statistically significant, although the slight in-
crease may arguably be atiributed to the very smail
fraction of mutations occurring at the replication
and transcription stages. The results are essentially
the same for both coding and noncoding regions,
and are homogeneous with respect to region. This
observation supports the notion that in RSV most
mutations are introduced at the reverse transcrip-
tion stage. We do find a shortage of CG dinucleo-
{ides in the coding regions, but we also find a similar
though slightly lesser, shortage in GC dinucleotides,
contrary to findings in other organisms. This sug-
gests that the reasons for the shortages are different
from those for DNA genomes.
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