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Summary. Using nine sets of viral and cellular on-
cogenes, the rates of nucleotide substitutions were
computed by using Gojobori and Yokoyama’s (1985)
method. The results obtained confirmed our pre-
vious conclusion that the rates of nucleotide sub-
stitution for the viral oncogenes are about a million
times higher than those for their cellular counter-
parts. For cellular oncogenes and most viral onco-
genes, however, the rate of synonymous substitution
is higher than that of nonsynonymous substitution.
Moreover, the pattern of nucleotide substitutions
for viral oncogenes is more similar to that for func-
tional genes (such as cellular oncongenes) than for
pseudogenes. This implies that nucleotide substi-
tutions in viral oncogenes may be functionally con-
strained. Thus, our observation supports that nu-
cleotide substitutions for the oncogenes in those
DNA and RNA genomes are consistent with Ki-
mura’s neutral theory of molecular evolution (Ki-
mura 1968, 1983).
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Introduction

RNA viruses show high mutation rates. Because of
this high mutation rate and high rates of replication,
the rates of RNA genome evolution can be more
than a millionfold greater than the rates of the DNA
genome of their hosts (Holland et al. 1982). The
hemagglutinin genes (Air 1981) and neuraminidase
gene (Krystal et al. 1983; Martinez et al. 1983) in
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the influenza A virus seem to show the typical rate
of RNA genome evolution (Hayashida et al. 1985;
Buonagurio et al. 1986; Saitou and Nei 1986).

For conducting detailed quantitative analyses of
evolutionary dynamics of the RNA genomes, on-
cogenes in RNA tumor viruses (retroviruses) and
their host genomes are excellent material. Onco-
genes are genes whose activities are responsible for
both the imitiation and the maintenance of neo-
plastic transformation in cells of organisms (for a
review see Bishop 1983). Since viral oncogenes in
retroviruses originated from cellular homologs in
DNA genomes (Bishop and Varmus 1982), the evo-
lutionary rates of RNA and DNA genomes can be
evaluated directly by comparing cellular and viral
oncogenes.

Recently, we developed a method for computing
the rates of nucleotide substitution for cellular on-
cogenes, viral oncogenes, and the retrovirus genome
simultaneously (Gojobori and Yokoyama 1985). The
method was applied to the nucleotide sequences of
a viral oncogene, v-mos, in Moloney murine sar-
coma virus (Mo-MuSYV), celiular oncogenes, c-#10s,
in mouse and human, and the gag genes of Mo-
MuSV and its helper virus, Moloney murine leu-
kemia virus (Mo-MuLV). We have then shown that
the rates of nucleotide substitution for v-mos and
the gag genes are approximately 10-3/site/year,
whereas those of c-mos in mouse and human are
about 10~%/site/year.

At present, out of about 20 known oncogenes,
nine sets of viral and cellular oncogenes are available
for similar comparisons. In this paper, we apply
Gojobori and Yokoyama’s method to nine data sets
and conduct evolutionary studies of nucleotide sub-
stitutions in both viral and cellular oncogenes. The
analyses show that the rates of nucleotide substi-



ttion for the viral oncogenes are about a million
Umes higher than those for their cellular counter-
Parts, confirming and extending our previous con-
Clusion, Furthermore, for cellular oncogenes and
Most viral oncogenes, the rate of synonymous (si-
lent) substitution is higher than that of nonsynon-
Ymous (amino acid-altering) substitution. Since these
Tesults can be explained by rates of mutation and
un?ﬁonal constraints (i.e., negative or purifying se-
lection) against amino acid changes, the evolution-

Tablg 1. Abbreviations for different virus strains and variants
Used in this study

Abb"eViation Full name

Ab-MuLy Abelson murine leukemia virus

AMV-BAI/A Avian myeloblastosis virus strain BAI/A

AMV~526 Avian myeloblastosis virus strain E26

(AEV-EZG) (Avian erythroblastosis virus strain E26)
J-Mul.v Finkel-Biskis-Jinkins murine leukemia virus

I:BJ*MuSV Finkel-Biskis-Jinkins murine osteosarcoma

virus

FBR-MuLv Finkel-Biskis-Reilly murine leukemia virus

R-Musv Finkel-Biskis-Reilly murine osteosarcoma vi-
rus

LLy Nondefective lymphoid leukosis virus

May Myeloblastosis-associated virus

MC 29 Avian myelocytomatosis virus

Mo-MuLy Moloney murine leukemia virus

Mo-Musy Moloney murine sarcoma virus

REV.A Reticuloendotheliosis virus strain A

REv.T Reticuloendotheliosis virus strain T

TASV144] Recovered avian sarcoma virus strain 1441

Rsy Rous sarcoma virus

SR-RgV Schmidt-Ruppin strain of RSV

SR-RSV.A Schmidt-Ruppin strain of Rous sarcoma vi-
dNY108 rus strain A transformation-defective mu-

tant (td) NY108
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ary nucleotide substitutions in those DNA and RNA
genomes are compatible with Kimura’s neutral (ran-
dom drift) theory of molecular evolution (Kimura
1968, 1983).

Nucleotide Sequences Used

In surveying the literature, we have restricted our
attention to viral oncogenes and their cellular coun-
terparts whose nucleotide sequence data are both
available. Furthermore, we consider only viral on-
cogenes whose transduction times are known. This
is essential, because the divergence time between
the viral and cellular oncogenes is needed to com-
pute the rates of nucleotide substitution for the viral
oncogenes, as we will see in the next section. If a
viral oncogene has been molecularly characterized,
then the time of cloning is available. Thus, the di-
vergence time is estimated by the time between the
transduction and the cloning of a viral oncogene.
Note that this estimation may give the maximum
value for some viral oncogenes, especially if they
have been frozen in storage for some time. The dif-
ferent viral strains and variants used in this study
are listed in Table 1.

When the viral oncogenes have been transduced
experimentally, the time of virus isolation can be
equated to the transduction time. Experimentally
transduced genes include v-abl, two v-fos, v-mos,
v-rel, and v-src (Table 2). Among these, the v-src
needs special mention. It is known that v-src is con-
tained in a transformation-competent Rous sar-
coma virus (RSV) in its host, the chicken. Note that
the v-src in Table 2 differs from the v-src in the

Table 7, The estimated divergence period of viral oncogenes since the time of their transduction into retroviral genomes

Diver-

gence References
Viral Carrying Host Time of Time of period  for base
Oncogene virus strain Helper virus species transduction cloning (yr) sequences
Veabl Ab-MuLV Mo-MuLV Mouse 1970 [1* 1981 [2]} 12 {3, 4, 5]
V+fos (FBJ) FBJ-MuSV FBJ-MuLV Mouse 1966 (6] 1982 (7] 17 [8]
Vfos (FBR)  FBR-MuSV FBR-MuLV Mouse 197319, 10, 11] 1984 [12] 12 [13]
V-mos Mo-MuSV Mo-MuLV Mouse 1966 [14] 1981 [15, 16] 16 (15,16,17]
V-myb AMV-BAIVA MAV-2(0) Chicken 1941 [18, 19] 1982 [20] 42 {20, 21]
V-myb.E AMV-E26Y MAV Chicken 1962 [18] 1984 [19] 23 [21, 19]
V-mye MC 29 LLV Chicken 1964 {22, 23] 1981 [24] 18 [25]
V-rel Rev-T Rev-A Turkey 1966 [26] 1981 [27) 16 [28]
V-src rASV1i441 SR-RSV-A Chicken 1977 [29] 1981 [30] 5 [30, 31, 32]

td NY108

“ Data source: [1] Abelson and Rabstein (1970), (2] Srinivasan et al. (1981), [3] Reddy et al, (1983), {4] Wang et al. (1984), [5] Ben-
Neriah et al. (1986), [6] Finkel et al. (1966), [7) Curran et al. (1982), [8] Van Beveren et al. (1983), [9] Finkel et al. (1973), [10]
Finkel et al. (1975), [11] Lee et al. (1979), [12] Curran and Verma (1984), [13] Van Beveren et al. (1984), [14] Moloney (1966), [15]
Van Beveren et al. (1981b), [16] Reddy et al. (1981), {17] Van Beveren et al. (1981a), [18] Teich et al. (1982), {19] Nunn et al. (1984),
(20] Klempnauer et al. (1982}, (21] Rosson and Reddy (1986), [22] Ivanov et al. (1964), [23] Mladenov et al. (1967), [24] Lautenberger
etal. (1981), [25] Watson et al. (1983b), [26] Theilen et al. (1966), [27] Chen et al. (1981), [28] Wilhelmsen et al. (1984), [29] Kawai
¢t al. (1977), [30] Takeya et al, (1981), [31] Takeya and Hanafusa (1982), [32) Takeya and Hanafusa (1983)

It is also called AEV-E26, since it causes erythroblastosis as well as myeloblastosis in chicken
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Table 3. The sequence comparisons of the cellular oncogenes
between the two different species

Diver- Refer-

Cellular gence ences for
onco- Species comparison time base se-
genes used in the study (Myr)® quences®
c-abl Human vs mouse 80 [1, 2]
c-fos Human vs mouse 80 [3, 4]
c-mos Human vs mouse 80 [5, 6]
c-myb Mouse vs chicken 270 [7-9)
c-myc Human vs mouse 80 [10, 11]
c-src Chicken vs Drosophila 600 [12,13]

» Myr: million years

® Data source: [1] Shtivelman et al. (1985), [2] Ben-Neriah et al.
(1986), [3] Van Straaten et al. (1983), [4] Van Beveren et al.
(1983), [5] Watson et al. (1982), [6] Van Beveren et al. (1981a),
[7] Bender and Kuehl (1986), [8] Klempnauer et al. (1982), [9]
Rosson and Reddy (1986), [10] Watson et al. (1983a), [11]
Stanton et al. (1983), [12] Takeya and Hanafusa (1983), [13]
Simon et al. (1985)

RSYV. Deletions of part or all of the v-src in the RSV
lead to transformation-defective (¢¢) mutants (Ka-
wai et al. 1977). Transformation-competent viruses
have been recovered from host cells after transfec-
tion of these td mutants. They are called recovered
avian sarcoma viruses (rASVs) (Halpern et al. 1979).
These rASVs contain v-srcs that are newly trans-
duced from c-src of the chicken genome.

The oncogenes v-myb, v-myb-E, and v-myc are
transduced naturally (Table 2). Once these onco-
genes are transduced into the viral genome, the host
organism will develop an acute neoplastic tumor.
Thus, the virus strain becomes extinct as soon as
the host organism dies out, unless the virus is iso-
lated. For this reason, even if they are naturally
occurring virus strains, we may be able to identify
the transduction time as the isolation time of the
virus strains.

Among the nine viral oncogenes, v-abl, v-mos,
v-myc, v-rel, and v-src can be compared to the en-
tire cellular counterpart in the host species (see Ta-
ble 2). However, the viral oncogenes v-fos (FBJ) and
v-fos (FBR) are comparable to the different but
overlapping regions of the mouse c-fos. Similarly,
the oncogenes v-myb and v-myb-E are comparable
to the different regions of the chicken c-myb. (See
Tables 2 and 3 for details and references to the
sequences used.) In these comparisons, we assumed
that even if the viral oncogene contains an allelic
sequence of the cellular counterpart, it does not af-
fect the measurement of nucleotide changes for the
viral oncogene very much. This assumption seems
reasonable because of the low level of DNA poly-
morphism of the functional nuclear genes such as
the cellular oncogenes (Nei et al. 1984),

Six out of the seven cellular oncogenes have been
characterized in two different species (Table 3). The
nucleotide sequences of the cellular oncogenes c-abi,

c-fos, c-mos, and c-myc have been obtained from
human and mouse. The nucleotide sequences of the
c-myb are obtained from both mouse and chicken,
whereas those of the c-src are obtained from chickenl
and Drosophila. The oncogene c-rel has been char-
acterized only in the host organism, i.e., turkey.
In the present study, only the coding regions were
examined, because most viral genes lack intron se-
quences completely, due to the fact that reverse tran-
scription occurs primarily by using mature mRNA
as a template. We also excluded deleted and in-
serted nucleotides from the sequence comparisons
since we are mainly interested in the evolutionary
implications of nucleotide substitutions.

Results and Discussion

Rates of Nucleotide Substitution
at Each Codon Position

The number (d) of nucleotide substitutions per site
between a viral oncogene sequence and its cellular
counterpart was estimated by the formula for the
six-parameter method (Gojobori et al. 1982a) based
on Kimura’s 2FC substitution scheme (Kimura
1981). Since the divergence period (t) of a viral on-
cogene is at most several decades for the genes stud-
ied in this paper (Table 2), the probability of having
a nucleotide substitution in the cellular oncogene
during such a short period of time should be neg-
ligible. Thus, it is reasonable to assume that nu-
cleotide differences between the viral and cellular
oncogenes are attributable to nucleotide changes in
the viral oncogene and not in the cellular counter-
part. Then, the rate (v) of nucleotide substitutions
per site per year for the viral oncogenes can be com-
puted by d/t.

With the exception of c-rel, the number (D) of
nucleotide substitutions for the cellular oncogenes
was also estimated by the six-parameter method,
using comparable nucleotide sequences for the cel-
lular oncogenes between two appropriate species (se€
Table 3). The rate (V) of nucleotide substitutions
for the cellular oncogenes is given by V = D/Q2T),
where T represents the divergence time between the
two species compared (Table 3).

The rates of nucleotide substitution at each of
three codon positions as well as at all positions for
the nine viral oncogenes are shown in Table 4. The
average rates over the nine viral oncogenes at the
first, second, and third codon positions are 0.42 %
1073, 0.64 x 1073, and 0.79 x 10~3/site/year, re-
spectively. For all positions, the average rate is
0.62 x 103, Thus, the rates of nucleotide substi-
tution for the viral oncogenes are on the order of
10~4 or 1073, The rates of nucleotide substitution
for the cellular oncogenes are given in Table 5. The
average rates of nucleotide substitution over the six
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Table 4, The rates of nucleotide substitution per year for viral oncogenes

Proportion of different nucleotides at

Rates of nucleotide substitution at

Virai codon position codon position
Oncogene Al First Second Third All First Second Third
V-abl 1/204  0/68  1/68 0/68 0.40 x 10-3 0.0 x 10°3 1.02 x 103 0.0 x 10°3
(£0.41 x 10%) (0.0 x 1073 (£0.44 x 107%)  (£0.0 x 10-3)
Vfos (FBJ) 11/995 2/332 3/332 6/331 0.66 x 107? 0.31 x 107? 0.53 x 10-? 1.17 x 103
(£0.21 x 107%)  (£0.33 x 107%) (£0.51 x 103 (0.50 x 107%)
V+fos {FBR) 9/709 17237 47236 4/236 1.05 x 1073 0.30 x 1073 1.37 x 102 1.48 x 1072
(£0.37 x 107%)  (£0.52 x 1073 (x0.92 x 10-%) (£0.75 x 107%)
V-mos 21/1026 7/342  3/342 11/342 1.31 x 1072 1.26 x 103 0.56 x 1073 2.08 x 1073
(£0.29 x 1073 (£0.52 x 1073 (x0.34 x 10~%) (+0.06 x 1073
V-myb 9/762 2/254  4/254 3/254 0.29 x 10-? 0.17 x 103 0.36 x 103 0.29 x 103
(£0.12 x 103  (*0.18 x 1073 (+0.29 x 10-%) (*0.19 x 107%)
V-myb-E 1/848 0/283 1/283 0/283 0.06 x 107} 0.0 < 1073 0.20 x 103 0.0 x 103
(£0.14 x 1073) (x0.0 x 10-%) (£0.40 x 107?) (£0.0 x 1073
V-mye 871263 2/421 4/421 2/421 0.33 x 1073 0.26 x 1073 0.55 x 1072 0.24 x 103
(£0.17 x 1073 (£0.28 x 1073 (+£0.46 x 1073 (£0.29 x 107%)
V-rel 2171422 6/474  9/474 6/474 0.92 x 1073 0.79 x 103 1.16 x 103 0.79 x 107*
(£0.22 x 1073 (£0.44 x 103 (£0.44 x 107%) (=0.34 x 107
V-src 3/1092 1/364  0/364 2/364 0.57 x 1073 0.65 x 1072 0.0 x 1072 1.09 x 1073
(£0.05 x 1073 (£1.11 x 1073) (0.0 x 107%) (£0.90 x 1079
Average 0.62 x 1073 0.42 x 1073 0.64 x 1073 0.79 x 1072
(£0.24 x 1073 (*+0.49 x 1073) (+0.66 x 107%) (*+0.46 x 107?%)
See Gojobori et al. (1982a) for the calculation of standard errors
Table 5. The rates of nucleotides substitution per year for cellular oncogenes
Cellular Proportion of different nucleotides at Rates of nucleotide substitution at
Onco- codon position codon position
Sene All First Second  Third All First Second Third
©-abl (human vs mouse) 0.52 x 10~ 0.20 x 10-° 0.0 x 10~ 1.46 x 10-°
26/342 3/114 0/114 23/114 (£0.11 x 107% (£0.13 x 109 (£0.0 x 10™% (£0.33 x 10°%)
¢-fos thuman vs mouse) 0.83 x 10-° 0.49 x 10-° 0.11 x 10-° 2.24 x 10-°
1207995 25/332 6/332 89/331 (£0.79 x 107%) (x0.10 x 109 (£0.06 x 10-%) (*0.28 x 10°%)
©-mos (human vs mouse) 1.71 x 10~ 1.22 x 10°? 0.93 x 107° 3.61 x 10*
232/1017 58/339 45/339  129/339 (£0.12 x 1079  (x0.17 x 1079 (*0.14 x 10™%) (£0.42 x 10-%)
C-myb (mouse vs chicken) 0.59 x 10~° 0.48 x 10—° 0.27 x 10* 1.27 x 10-°
193/747 51/249 32/249 110/249%9 (£0.04 x 1079 (+£0.07 x 10-%) (£0.05 x 10-%) (%0.16 x 10-°)
C-ye (human vs mouse) 0.80 x 10-° 0.38 x 10-° 0.37 x 10° 2.13 x 10-°
89/765 15/255 14/256 60/254 (£0.09 x 1079 (£0.10 x 10-%) (£0.11 x 10-%) (£0.38 x 107%)
C-src (chicken vs Drosophila) 0.64 x 10~* 0.59 x 107° 0.51 x 10-° 1.21 x 10~®
517/1092 162/364 147/364  208/364 (£0.04 x 1079 (x0.06 x 109 (*0.05 x 10-%) (%0.31 x 10-%)
Average 0.85 x 107° 0.55 x 10-° 0.36 x 10 1.99 x 10
(£0.08 x 109 (x0.11 x 109 (+0.08 x 107%) (*0.32 x 10-%)

Cellular oncogenes at the first, second, and third co-
don positions are 0.55 x 10-9, 0.36 x 10-%, and
1.99 % 10-9/site/year, respectively, giving an av-
frage rate of 0.85 x 10-° for all positions. These
Tesults confirm our previous observation that viral
°{'1C0genes evolve at a rate about a million times
higher than cellular oncogenes (Gojobori and Yo-
koyama 1985).

It should be pointed out that for cellular onco-
8enes, the rate of nucleotide substitution at the third
Codon position is always highest followed by the first

and second codon positions, in that order. This sug-
gests that functional constraints against amino acid
changes are operating on the cellular oncogenes, since
synonymous substitution can occur more frequently
at the third position than at the first two positions
(e.g., see Kimura 1983). The viral oncogenes show
a somewhat different pattern of nucleotide substi-
tution, though differences may not be significant.
The five oncogenes v-abl, v-myb, v-myb-E, v-myc,
and v-rel have the highest rates of nucleotide sub-
stitution at the second codon position, whereas the



152

Table 6. The rates of synonymous and nonsynonymous sub-
stitutions for cellular oncogenes®

Table 7. The rates of synonymous and nonsynonymous sub-
stitutions for viral oncogenes

Synonymous Proportion  Rate of nucleotide

Synonymous Proportion  Rate of nucleotide

Cellular  or non- of different  substitution (per site Viral or non- of different  substitution (per site
oncogene synonymous nucleotides  per yr) oncogene synonymous nucleotides  per yr)
c-abl (human vs mouse) v-abl SYN 0/47.3 0.0 + 0.0y x 107
SYN 26.0/76.7  (0.46 £ 0.10) x 10~ NON 1/156.7 (0.53 + 0.53) x 107*
NON 0.0/266.7 (0.0 =0.0) x 10® v-fos SYN 6/241.5 (1.49 + 0.61) x 107
¢-fos (human vs mouse) (FBJ) NON 5/751.5 (0.39 = 0.18) x 107
SYN 96.0/242.3  (3.52 £ 0.42) x 10~° v-fos SYN 4/172.5 (1.96 + 0.99) x 107
NON 24.0/750.7 (0.20 + 0.04) x 10-° (FBR) NON 5/535.5 (0.78 + 0.35) x 10-3
¢-mos (human vs mouse) v-mos SYN 11/257.2 (2.75 + 0.84) x 107
SYN 129.4/256.7 (5.23 = 0.60) x 10-° NON 10/768.8 0.82 = 0.26) x 10°°
NON . 102.6/760.3 (0.93 £ 0.09) x 10~° v-myb SYN 3/173.8 0.42 = 0.24) x 10
c-myb (mouse vs chicken) NON 6/588.2 (0.24 + 0.10) x 107
-9
DM G007 e s onss  Goxno <o
’ : ot NON 1/659.7 (0.07 = 0.07) x 107
c-myc (human vs mouse) i v-myc  SYN 1/296.8  (0.19 £ 0.19) x 107
SYN 60.5/174.0 (2.92 + 0.42) x 10-° NON 7/966.2 (0.40 + 0.15) x 107
NON 28.5/585.0 (0.31 £ 0.06) x 10~° ’ e 3
c-s7 (chicken vs Drosophila) v-rel SYN 7/311.2 (1.43 + 0.54) x 10
- -3
SYN 169.5/254.7 (1.37 % 0.22) x 10~ NON 14/1107.8  (0.80 £ 0.21) x 107
NON 347.5/8373 (050 £ 0.03) x 100 Ve I 203 U109 .
Average  SYN (total) (3.16 £ 0.50) x 10~ ' (0.24 =+ 0.24) x 3
» Average SYN (total) (1.09 = 0.63) x 10
NON (total) (0.37 £ 0.05) x 10 SYN (excluding v-myb-E  (1.40 + 0.72) x 107
NON (excluding c-abl)® (0.45 + 0.06) x 10° and v-abl)®
NON (total) (0.48 + 0.27) x 107*

* The sequence comparison for c-rel is not available
b Since the number of nonsynonymous substitutions for c-abl is
0, the average was also computed excluding c-ab/

four oncogenes v-fos (FBJ), v-fos (FBR), v-mos, and
v-src have the highest rates at the third codon po-
sition. Furthermore, for the viral oncogenes v-fos
(FBY) and v-fos (FBR), the rate of nucleotide sub-
stitution is higher at the second codon position than
at the first codon position. Thus, only v-mos and
v-src have the same substitution pattern as the cel-
lular oncogenes. Since every nucleotide substitution
at the second position changes the amino acid, it is
possible either that there is no functional constraint
against amino acid changes or that positive selection
for amino acid changes is operating for many viral
oncogenes. The best way to examine this point is to
evaluate the rates of synonymous and nonsynony-
mous substitution directly from the comparisons of
the nucleotide sequences.

Rates of Synonymous and Nonsynonymous
Substitutions

To examine the degree of functional constraints on
viral and cellular oncogenes, we computed the rates
of synonymous and nonsynonymous substitutions.
The numbers of synonymous and nonsynonymous
substitutions were estimated by using both Nei and
Gojobori’s (NG) method (1986) and Miyata and
Yasunaga’s (MY) method (1980). The former meth-
od gives equal weights for intermediate evolutionary
pathways between a given pair of codons compared,

» Since the numbers of synonymous substitutions for v-myb-E
and v-ab/ are 0, the average was also computed excluding thesé
two genes

whereas the latter method gives unequal weights.
The two methods yield similar estimates and, there-
fore, the results obtained by the NG method for the
cellular oncogenes and viral oncogenes are given i
Tables 6 and 7.

From Table 6, it is clear that for all of the cellular
oncogenes the rate of synonymous substitution i$
much higher than that of nonsynonymous substi-
tution. For the viral oncogenes, as we saw in the
previous section, only two, v-mos and v-src, have
the same pattern as the cellular oncogenes with re-
spect to nucleotide substitution. However, Table 7
shows that most of the viral oncogenes have higher
rates of synonymous substitution, with the excep-
tion of v-abl, v-myb-E, and v-myc, in which non-
synonymous substitution is higher than synony-
mous substitution. Thus, most of the viral oncogenes
and all cellular oncogenes examined seem to have
constraints against amino acid changes. These evo-
lutionary features of oncogenes are consistent with
the neutral theory of molecular evolution (Kimura
1968, 1983), which maintains that nonsynonymous$
substitutions are more functionally constrained than
synonymous substitutions.

For v-abl and v-myb-E, the high rate of nonsyn-
onymous substitution may be easily explained by
stochastic errors, since only one nucleotide substi-
tution occurred in these viral oncogenes. For v-m)¢Cs



.hoWeVer, the rate of nonsynonymous substitution
IS approximately two times as high as that of syn-
Onymous substitution. Although the high rate of
Nonsynonymeous substitution for v-myc can still be
“Xplained by stochastic errors, it is possible that for
V-myc, some type of selection for amino acid changes
May be operating.

The degree of functional constraints seems to dif-
®r between viral and cellular oncogenes. For the
Viral oncogenes the rate of synonymous substitution
1s3 on the average, only about two or three times as

1gh as that of nonsynonymous substitution, where-
as for the cellular oncogenes the former is about 10
Umes as high as the latter. In general, the stronger
the functional constraint is, the larger is the differ-
€nce in the rates between the synonymous and non-
S¥nonymous substitutions. Thus, functional con-
Straints appear to be much stronger in cellular
Oncogenes than in viral oncogenes.

Although the biological function of cellular on-
Cogenes is not well understood, it has been specu-
lated that they may play a vital role in regulating
cell growth {Bishop 1983). If an amino acid change
Occurs in the gene product of a cellular oncogene, it
m’fly impair a regulatory function for cell growth. If
this ig the case, the organism could not stand such
ma_lfunctioning of the cellular system and the mu-
tat}0n would be quickly eliminated from a popu-
ation by selection. Thus, it is easily understandable
tha‘f the cellular oncogenes have stronger constraints
3ainst amino acid changes. On the other hand, even

efective viruses can survive and replicate them-
Selves 10 some extent with the aid of a helper virus.
us, it is expected that a viral oncogene may be
s‘)m‘ewhat exempt from strong functional con-
Straints, However, most of the viral oncogenes still
aPpear to have some functional constraints, as al-
re?dy shown. This implies that the viral oncogene
Might have some useful function for the replication
and survival of the retrovirus.

Pattery, of Nucleotide Substitution

W? have shown that the rates of nucleotide substi-
a“tlop in viral oncogenes are roughly a million times
$ high as those in cellular oncogenes. Since the
;ransduction times of the viral oncogenes studied
v'e very recent, a nucleotide difference between the
lr§1 oncogene and the cellular counterpart can be
aUributed to a substitution in the viral oncogene, as
eready noted. Thus, we can identify the direction
h every single nucleotide substitution, comparing

€ nucleotide sequence of a viral oncogene with
seat of its cellular homolog. For example, the v-re/

Quence has T at the third position of the 22nd
odon whereas its cellular counterpart, c-rel, has C.
N this case, a nucleotide substitution must have
OCcurred from Cto T rather than from T to C. Using
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this logic, we determined the direction of nucleotide
substitutions for all nine sets of viral and cellular
oncogenes.

Table 8 lists the proportion of nucleotide substi-
tutions from the ith nucleotide to the jth nucleotide
(i,j = A, T, C, and G) at all positions for each set
of oncogenes. This proportion can be given by di-
viding the number (n;) of nucleotide substitutions
from the ith to the jth by the number (m;) of the ith
nucleotide contained in the cellular oncogene, i.e.,
ny/m;. For instance, the proportion of substitution
A - T atall positions for v-fos (FBR) is 2/168 (Table
8), because n,p = 2 and m, = 168. The average of
these values (P;;) over all viral oncogenes can be
computed by dividing the sum of n; by the sum of
m; for all oncogenes. For example, P, at all posi-
tions is 372078 (Table 8). Using the P, values, we
calculated the relative substitution frequency using
the equation:

fi = —-—%’—P X 100%

. N N y

i =i
(Gojobori et al. 1982b). Note that f;; x 100 repre-
sents the expected number of nucleotide changes
from the ith type to the jth among every 100 sub-
stitutions in a random sequence, i.e,, in a sequence
in which the four kinds of nucleotides are equally
frequent. Table 9 shows these f; values in matrix
form for all positions and for the first two codon
positions.

In Table 9, we can see two interesting character-
istics in the substitution pattern of the viral onco-
genes. First, transitions (G -~ A,C - T, T -~ C, and
A - G) occur much more frequently than trans-
versions (all other nucleotide changes). Indeed, the
transitions totaled 74.3% at all positions; cumula-
tive f; values for transitions are given in brackets
in the far right column of each matrix (Table 9).
Second, the substitution G — A, which isa transition
type, is the most frequent of all. In fact, the fre-
quency of G — A is more than two times higher
than that of the second most frequent change, T -
C. It is known that for functional genes in the nuclear
genome, the change G — A occurs much more fre-
quently than C — T, whereas for pseudogenes these
changes occur almost equally (Gojobori et al. 1982b;
Li et al. 1984). Thus, the pattern of nucleotide sub-
stitutions for viral oncogenes is more similar to that
for functional genes than for pseudogenes. This again
implies that nucleotide substitutions in viral on-
cogenes may be functionally constrained.

Functional Constraints and Substitution
Patterns

We suggested that functional constraint against ami-
no acid changes may be the most plausible expla-
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Table 8. The proportions of nucieotide substitutions at all codon positions and the first two codon positions (in parentheses) for

viral oncogenes

Cellu-
Viral lar on-
oncogene cogene A —~ T A-C A-G T—-A T-~C T-G C- A C-T
v-abl c-abl 0/47 0747 0/47 0/44 0/44 0/44 0/54 0/54
(0/41) (0/41) (0/41) (0/28) (0/28) (0/28) 0/27) (0/27)
v-fos c-fos 0/218 0/218 0/218 0/199 17199 0/199 0/306 1/306
(FBI) (0/168) (0/168) (0/168) (0/140) (1/140) (0/140) (0/190) (1/190)
v-fos c-fos 2/168 0/168 1/168 1/140 0/140 0/140 1/211 0/211
(FBR) (1/127) 0/127) (1/127) (1/96) (0/96) (0/96) (1/134) (0/134)
V-mos c-mos  0/221 1/221 4/221 1/213 17213 17213 0/307 3/307
(0/169) (1/169) (3/169) (0/154) (0/154) (1/154) (0/188) (0/188)
v-myb c-myb 0/209 1/209 1/209 0/153 2/153 0/153 0/229 1/229
©/157) (1/157) ©/157) (0/94) (2/94) 0/94) (0/148) (0/148)
v-myb-E c-myb (/259 0/259 0/259 0/153 0/153 0/153 0/220 0/220
(0/191) 0/191) (0/191) 0/91) 0/91) 0/91) (0/148) (0/148)
v-myc c-myc  0/285 3/285 1/285 0/178 0/178 0/178 0/443 2/443
(0/237) (2/237) (0/237) (0/148) (0/148) (0/148) (0/244) (2/244)
v-rel c-rel 1/426 3/426 5/426 0/313 5/313 0/313 0/353 3/353
(1/305) {3/305) (4/305) 0/197) (3/197) 0/197) (0/223) (1/223)
v-sre C-Sre 0/245 0/245 0/245 1/178 1/178 0/178 0/352 1/352
(0/212) (0/212) (0/212) (0/143) (0/143) (0/143) (0/189) (1/189)
Total 3/2078 8/2078 12/2078 3/1571 10/1571 1/1571 1/2475 1172475
(2/1607) (7/1607) (5/1607) (1/1091) (6/1091) (1/1091) (171491) (5/1491)

Table 9. The pattern of nucleotide substitutions for the nine
viral oncogenes®

Substituted nucleotide

Original
nucleotide A T C G [74.3] [71.6]
All codon positions
A - 3.5 9.5 14.2 27.2
T 4.7 - 15.6 1.6 21.9
C 1.0 10.9 - 2.0 13.9
G 33.6 34 0.0 — 37.0
39.3 17.8 25.1 17.8
Sum of first and second codon positions
A - 3.4 12.2 13.9 29.5
T 2.6 - 154 2.6 20.6
C 1.9 9.4 —- 3.7 15.0
G 32,9 2.0 0.0 - 34.9
374 14.8 27.6 20.2

* To see the trend in the change of base content, the sum of the
f; values in each column is presented in the row below the
matrix. These sums represent the numbers of substitutions that
result in A, T, C, and G, respectively, among every 100 sub-
stitutions in a random sequence (Gojobori et al. 1982b). The
relative frequency that one type of base is replaced by any of
the others is also given by the sum of the f; values in each row
and is presented in the column under the brackets

nation for the substitution patterns in viral onco-
genes. To see if this is the case, we computed the fj;
values at the first two codon positions (Table 9) and
examined the relationship between nucleotide ex-
changeability and amino acid exchangeability, be-

cause the majority of nucleotide changes at the first
two codon positions cause amino acid changes. In
particular, we examined whether the frequency of
substitution correlates with the chemical dissimi-
larity between the amino acids interchanged. We
did this because it is known that for the genes, such
as functional nuclear genes, with constraints against
amino acid changes, there is a negative correlationl
between these two quantities: the larger the dissim-
ilarity between the interchanged amino acids, theé
less frequently the substitution occurs.

For nucleotide exchangeability in the viral on-
cogenes, we computed the sum of f; and f; for a
given pair of nucleotides i and j, following Gojobor!
et al.’s (1982b) procedure. These values (f; + f;) at
the first two codon positions are given as 24.7, 46.8,
3.7,14.0, 4.6, and 6.0 for the changes between C and
T,Gand A,Cand G, Cand A, Tand G, and T
and A, respectively. For the amino acid exchange-
ability, a dissimilarity index between a given paif
of nucleotides has been obtained from the chemical
dissimilarity between the interchanged amino acids
(see Gojobori et al. 1982b for details). The dissim-
ilarity indexes between C and T, G and A, C and
G,Cand A, T and G, and T and A are 120.5, 76.5,
84.5, 89.0, 153.0, and 142.5, respectively. The cor-
relation coefficient between the f; + f}; values and
the dissimilarity indexes is —0.52. Although this
value is not significantly different from 0, this again
suggests that constraints against amino acid changes
certainly exist in the viral oncogenes, but are not a$
strong as those in the functional nuclear genes.



Table g, Continued

C-G¢ G-a G-T G-C Total
0/54 1/59 0/59 0/59 17204
027 (1/40) (0/40) (0/40) (1/136)
0/306 9/272 0/272 0/272 11/995
©/190) (3/7166)  (0/166)  (0/166) (5/664)
21 3/190 0/190 0/190 /709
(17134 (0/116)  (0/166) 0/116) (5/473)
17307 8/285 17285 0/285 21/1026
(/188) @173 (©/173)  (0/173)  (10/684)
07229 3/171 17171 0/171 9/762
(0/148) (3/109)  (0/109)  (0/109) (6/508)
07220 0/216 17216 0/216 1/848
07148, (0/136) (1/136) (0/136) (1/566)
0/443 2/357 0/357 0/357 8/1263
07244) (2/213)  (0/213) (0/213) (6/842)
0/353 4/330 0/330 0/330 21/1422
(0/223) (3/223)  (0/223)  (0/223)  (15/948)
07352 0/317 0/317 0/317 3/1092
0/189)  (0/184)  (0/184)  (0/184) (1/728)
2/2475 3072197 3/2197 0/2197  84/8321
Q/1491)  (16/1360) (1/1360)  (0/1360)  (50/5549)

Recently, Graur (1985) studied the pattern of nu-
Cleotide sybstitution and the extent of purifying se-
€Ction in retroviruses, using several different strains
of Rous sarcoma virus. In his study, the direction
9f nucleotide substitution was estimated from an
nferred ancestral sequence in the reconstructed
D%‘Ylogenetic tree. For the virus sequences used in

18 study, the divergence time is not known. If the
dl"_ergence time is not short, many multiple substi-
Wtions may have occurred in the viral genes before

€ time of virus isolation. For this reason, the in-
f,erred ancestral sequence and the estimated direc-
lion of sybstitution may not be reliable. Thus, our
Approach appears to have an advantage in estimat-
Ing the direction of nucleotide substitution. Never-
theless, our observation supports his conclusion that
Purifying selection in retroviral genomes is weak but

€ pattern of purifying selection follows the rules
Obtained for nuclear genes.
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