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Summary. Based on the rates of synonymous sub-
stitution in 42 protein-coding gene pairs from rat
and human, a correlation is shown to exist between

the frequency of the nucleotides in all positions of

the codon and the synonymous substitution rate.
The correlation coefficients were positive for A and
T and negative for C and G. This means that AT-
rich genes accumulate more synonymous substitu-
tons than GC-rich genes. Biased patterns of mu-
tation could not account for this phenomenon. Thus,
the vanation in synonymous substitution rates and
the resulting unequal codon usage must be the con-
sequence of selection against A and T in synony-

mous positions. Most of the variation in rates of

synonymous substitution can be explained by the
nucleotide composition in synonymous positions.
Codon-anticodon interactions, dinucleotide fre-
quencies, and contextual factors influence neither
the rates of synonymous substitution nor codon
usage. Interestingly, the nucleotide in the second
position of codons (always a nonsynonymous po-
sition) was found to affect the rate of synonymous
substitution. This finding links the rate of nonsynon-
ymous substitution with the synonymous rate. Con-
sequently, highly conservative proteins are expected
to be encoded by genes that evolve slowly in terms
of synonymous substitutions, and are consequently
highly biascd in their codon usage.
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Introduction

The rate of synonymous substitutions is generally
much higher than that of amino acid replacements
(Kimura 1977; Jukes and King 1979; Miyata et al.
1980; Lietal. 1985a; Sharp and Li 1987a), but lower
than the rate of substitution in pseudogenes (Li et
al. 1981; Miyata and Yasunaga 1981). This means
that synonymous substitutions are not completely
free of selective constraint, and that some selection
opcrates against synonymous changes (Miyata and
Hayashida 1981). It has been suggested (Miyata et
al. 1980) that the rate of synonymous substitution
1s similar among genes. More recently, however, Li
et al. (1985a) found that the rate of synonymous
substitution varies greatly from gene to gene, albeit
not nearly as much as the nonsynonymeous rate. They
concluded that this variation is too large to reflect
random fluctuation only.

According to the neutral theory of molecular evo-
lution (Kimura 1983), biased codon usage and di-
minished rates of synonymous substitution are both
results of purifying selection. Indeed, Sharp and Li
(1987a) found a negative correlation between the
bias in codon usage and the rate of synonymous
substitution. This result indicates that not only are
certain codons from among each isoacceptor group
selected against, but that the magnitude of selection
varies between genes. In the literature (see review
by L1 et al. 1985a) there have been suggestions that
the rate of synonymous substitution, and conse-
quently the pattern of codon usage, are affected by
such factors as tRNA availability (Ikemura 1980,
1981a,b, 1982, 1985; lkemura and Ozeki 1983;
Sharp and Li 1987b), the strength of the hydrogen
bond between the codon and its tRNA anticodon
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(Gros_|ean et al. 1978; Grosjean and Fiers 1982),
contextual constraints (Lipman and Wilbur 1983),
dinucleotide preferences (Nussinov 1981), and
overall GC content (Nichols et al. 1980; Yanofsky
and van Cleemput 1982). Eight rules affecting codon
usage are hsted 1n Ikemura (1985). The rules, how-
ever, are not applicable to either all genes (Ikemura
and Ozeki 1983) or all organisms (Chen et al. 1986).
One of the aims of this study was to check some of
these hypotheses and to look for other factors that
may underlie the pattern and rate of synonymous
substitutions in different genes.

Several findings in the literature suggest that a
connection exists between the rate of synonymous
substitution and the rate of amino acid replacement.
In particular, the rate of synonymous substitution
1s positively correlated with the nonsynonymous rate
(Graur 1985). In addition, poorly conserved regions
at the protein level were found to have less biased
codon usages than conserved regions (Lipman and
Wilbur 1983). In this study we shall look for com-
positional factors that might explain the connection
between synonymous rates and biased codon usage,
on the one hand, and nonsynonymous rates and
constraints at the amino acid level, on the other.
Because Graur (1985) found that nonsynonymous
substitution rates are influenced by compositional
factors, we 1investigate here compositional param-
eters that might either predict or influence the syn-
onymous substitution rate. By implication, we look
for the level of genetic information transfer (e.g.,
replication, transcription, or translation) at which
selection against synonymous changes is exerted.

Data and Methods

Nucleotide sequence data were obtained either from the GenBank
library or directly from the lhiterature. Forty-two complete human
and rat protein-coding genes were selected. Introns and the ini-
tiation and termination codons were excluded from the analysis.
Also excluded were gaps in the sequences that came out of align-
ment by the algonthm of Wilbur and Lipman (1985).
Synonymous and nonsynonymous substitution rates (K, and
K,) were calculated according to Li et al. (1985b). We note that
the results reported here are not affected by the choice of method
for estimating K, and K. Because we do not want to assume any
particular time in regard to the rat-human divergence event, the
rates of substitution are expressed as nucleotide substitutions per
site for the combined rat-human lineages. By using only rat-
human comparisons we also avoid complications related to the
fact that DNA sequences evolve at different rates in different
organisms (Wu and Li 1985; Liand Tanimura 1987; Li and Wu
1987; Liet al. 1987; Graur et al. 1988). The genes and their sizes

and rates of synonymous and nonsynonymous substitution are

listed in Table 1, together with the literature sources.

The following compositional parameters were calculated for
cach of the genes: (1) The frequencies of the four nucleotides
according to codon position. These were denoted as f{lm, i), where
m stands for the nucleotide (m = A, C, G, T), and 1 for the codon
position (i = 1, 2, 3). For example, {{A, 2) is the frequency of A
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in the second position. The values of f{m, 1) for the 42 genes are
shown in Table 2. Table 2 also contains the frequencies of the
four nucleotides pooled ovcr all positions. (2) Dinucleotide fre-
quencies, denoted as f(‘j) where d stands for the dinucleotide
(d = ApA, ApT, ApC, .. .), and j for the location relative to the
reading frame () = 1p2, 2p3, 3pl1), and (3) tnnucleotide frequen-
cies, denoted as f{t, k), where t stands for the trinucleotide (t =
ApApA, ApApT, ApApC, . . .) and k represents the frame of
reference (k = 1p2p3, 2pip!l, 3plp2). For reasons of brevity we
do not present the dinucleotide and tnnucleotide data.
Correlation coefhicients (r) were calculated between K, and

f{m, 1), f{d, ), and {1, k).

Results

The Rate of Synonymous Substitution

The rate of synonymous substitution was found to

- vary in the present sample of genes by a factor of

about 4, from 0.289 substitutions/site in metallo-
thionein I, to 1.074 in serum albumin. The mean
rate was 0.643 substitutions per synonymous site in
the combined human and rat lineages (Table 1). In
comparison, the nonsynonymous substitution rate
in the same sample varies over a range of about 350.
A positive correlation exists between K, and K, (r

= (0.513), similar to Graur (198)).

Nucleotide Frequencies

From Table 2 we see that the varation in nucleotide
usage 1n each of the codon positions 1s quite large.
The largest vanation in nucleotide usage was seen
in the third position, e.g., for {{C, 3) the maximum
value was 0.725 and the minimum was (.184, span-
ning a range of 0.541. By using the methods of
Wright (1969, p. 26) and Tajima and Nei (1982),
the equilibrium frequencies of the four nucleotides
due to mutational biases were calculated by Gojo-
bon et al. (1982) and L1 et al. (1984). They found
that the equilibrium frequencies for A, T, C, and G
were 0.34, 0.34, 0.16, and 0.16, respectively. Inter-
estingly, the frequencies of A and T in the third
position are smaller than 0.34, and the frequencies
of C and G are larger than 0.16. The only exceptions
are a-amylase (39.5% T), metallothionein II (14.2%
G), and metallothxoncm I (15.0% G), but these de-
viations {rom the ethbnum frequencies were not
statistically significant. This inding repudiates the
notion that consistent mutational biases throughout
the genome may be responsible for the vanation in
K,.

We found significant correlation coefhicients be-
tween the frequencies of the four nucleotides in the
different positions of codons and the synonymous
substitution rates (Table 3). Whenever statistically
significant, the correlation coefficients were positive
for A and T, and negative for C and G, Thus, we




/Table 1. Rates of nucleotide substitution in various genes

/ Gene

/ Synonymous Nonsynonymous
no.* Genes Gene size rate rate
1 Serum albumin 1821 1.074 0.149
2 Prolactin 672 1.018 0.221
3 Relaxin 471 0.943 0.326
4 Thyrotropin 8 411 0.927 0.078
S x-fibrinogen 1305 0.908 0.097
6 a-fetoprotein 1842 0.894 0.204
7 Parathyroid hormone 342 1.871 0.160
8 Ornithine aminotransferase 1314 0.852 0.048
9 Lactate dehydrogenase 993 0.837 - 0.036
10 a-lactalbumin 423 0.833 0.177
11 Glycoprotein hormone «o 345 0.802 0.153
12 S8-tubulin 1324 0.761 0.029
13 Apolipoprotein A-II 231 0.727 0.363
14 Apolipoprotein A-IV 1113 0.719 0.232
15 Growth hormone 642 0.705 0.201
16 Apolipoprotein A-I 774 0.694 0.249
17 Insulin 327 0.691 0.102
18 v-crystallin 519 0.660 0.162
19 a-amylase 1059 0.659 0.097
20 a-actin (cardiac) 1128 0.591 0.001
21 ATPase 8 906 0.576 0.028
22 Thy-1 antigen 480 0.573 0.199
23 Aldolase A 1089 0.572 0.013
24 Transthyretin 438 0.571 0.115
25 Atnal natnuretic factor 447 0.569 0.093
26 Apolipoprotein E 925 0.564 0.179
27 Creatine kinase M 1140 0.549 0.027
28 Apoferntin (light subunit) 447 0.547 0.078
29 Glucagon 534 0.534 0.041]
30 Proopiomelanocortin 687 0.529 0.115
31 Aldolase B 540 0.526 0.030
32 Lutenizing hormone 8 420 0.526 0.164
33 Cholecystokinin 342 0.523 0.131
J4 Glyceraldehyde-3-P-dehydrogenase 996 0.477 0.033
35 B-actin (cytoplasmic) 1047 0.451 0.004
36 Somatostatin 345 0.449 0.016
37 Liver glycogen phosphorylase 243 0.436 0.034
38 Insulin like growth factor Il 537 0.409 0.077
39 Oxytocin-neurophysin I 372 0.405 0.055
40 ~ a-tubulin 435 0.388 0.006
41 Metallothione:n 11 180 0.367 0.052
42 Mectallothionein | 180 0.289 0.021

* References: (1) H (human): Dugaiczyk et al. 1982; R (rat): Sargent et al. 1981; (2) H: Truong et al. 1984: R: Cooke and Baxter 1982:
(3) H: Hudson et al. 1984; R: Hudson et al. 1981; (4) H: Hayashizaki et al. 1985; R: Godine et al. 1982; (5) H: Rixon et al. 1983;
R: Crabtree et al. 1985; (6) H: Morinaga et al. 1983; R: Jagodzinski et al. 1981; (7) H: Vasicek et al. 1983: R: Heinrich et al. 1984;
(8) H: Inana et al. 1986; R: Mueckler and Pitot 19895; (9) H: Tsujibo et al. 1985; R: Liet al. 1983; (10) H: Hall et al. 1982; R: Qasba
and Safaya 1984, (1) H: Fiddes and Goodman 1981; R: Godine et al. 1982; (12) H: Wilde et al. 1982; R: Sullivan et al. 1984: (13)
H: Luo et al. 1986; R: Luo et al. 1986; (14) H: Karathanasis 1985; R: Boguski et al. 1985; (15) H: Roskam and Rougeon 1979; R
Page et al. 1981, (16) H: Law and Brewer 1984; R: Boguski et al. 1985; (17) H: Ullnich et al. 1980: R: Soares et al. 1985; (18) H:
Meakin et al. 1985; R: den Dunnen et al. 1986; (19) H: Nakamura 1984; R: MacDonald et al. 1980; (20) H: Hamada et al. 1982;
R: Mayer et al. 1984; (21) H: Kawakami et al. 1986; R: Young et al. 1987; (22) H: van Rijs et al. 1985; R: Moriuchi et al. 1982;
(23) H: Sakakibara et al. 1985; R: Joh et al. 1985; (24) H: Wallace et al. 1985; R: Sundelin et al. 1985: (25) H: Greenberg et al.
1984; R: Argenuin et al. 1985; (26) H: McLean et al. 1984; R: McLean et al. 1983; (27) H: Perryman et al. 1986; R: Benfield et al.
1684; (28) H: Santoro et al. 1986; R: Leibold and Munro 1987; (29) H: White and Saunders 1986; R: Lopez et al. 1983; (30)-H:
Chang et al. 1980; R: Drouin and Goodman 1980; (31) H: Rottmann et al. 1984; R: Tsutsumi et al. 1983; (32) H: Chin et al. 1983;
R: Chin et al. 1983; (33) H: Takahashi et al. 1985: R: Deschenes et al. 1985; (34) H: Hanauer and Mandel 1984: R: Fort et al. 1985:
(35) H: Ng et al. 1985; R: Nudel et al. 1983 (36) H: Shen et al. 1982; R: Argos et al. 1983; (37) H: Newgard et al. 1986; R: Osawa
et al. 1986; (38) H: Graeme et al. 1984; R: Dull et al. 1984; (39) H: Sausville et al. 1985: R: Heinrich et al. 1984: (40) H: Cowan et
al. 1983; R: Ginzburg et al. 1981; (41) H: Kann and Richards 1982; R: Andersen et al. 1986; (42) H: Varshney and Gedamu 1984;
R: Andersen et al. 1983
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conclude that AT-rich genes accumulate more syn-
onymous substitutions than GC-rich genes. The
highest absolute values were found for A (Fig. 1a),
C (Fig. 1b), and T in the third position (0.696,
—0.652, and 0.490, respectively), and for G in the
second position (—0.490). All four nucleotides were
correlated significantly with the synonymous sub-
stitution rates only in the second position of codons.
Despite the fact that the second position is always
nonsynonymous, we find that it greatly affects the
rate of synonymous substitution. The overall nu-
cleotide composition of genes was also correlated
with K.,

Table 4 shows how much of the variation in K,
can be explained by the different factors of nucleo-
tide frequency composition. We found, for 1nstance,
that by using f{A, 3) and f{G, 3), we could explain
more than 52% of the variation in the SYynonymous
substitution rate. Similarly, by using flA, 3) and f{A,
2), we could explain about $4% of the variation.
The conclusions from these results are: (1) that the
nucleic acid composition at the third position pre-
dicts the rate of synonymeous substitution better than
the second, and the second position better than the
first, and (2) that in terms of nucleotide composition
in the three positions of codons, A explained more
of the variation than C, C more than G, and G more
than T. Again, we see that the second (nonsynon-
ymous) position influences the rate of synonymous

Dinucleotide and Trinucleotide Frequencies

In Table 5, we list the statistically significant cor-
relation coefficients between the frequencies of the
16 dinucleotides in the different positions of codons
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and the rate of synonymous substitution. We find
that the dinucleotides behave according to the rules
established for the mononucleotides. For example,
if we look at flCpA, 2p3), the correlation coefficient
1s positive (0.588). On the other hand, for f{CpA,
3pl), r is negative (—0.376). This is expected be-
Cause the third position was shown to have a greater
influence on the rate of synonymous substitution
than other codon positions. The fact that dinucleo-

tide frequencies do not affect K, independently of

their mononucleotide constituents rules out any ex-
planation (e.g., Nussinov 1981) that attributes im-
portance to' dinucleotide preferences in the deter-
mination of the rate of synonymous substitution.

The absence of G in the third position (Tables 3
and 5) clearly stands out. Furthermore, when A, C,
or T 1s 1n the third position, the r values that were
obtained were statistically significant, regardless of
the nucleotide in the first position of the next codon.
The only exception was f{TpG, 3pl). This means
that the synonymous substitution rate is not affected
by interactions between neighboring codons. This
hnding agrees with Ayer and Yarus (1986). We can-
not, however, rule out more distant effects (Shpaer
1986). By using a multiple regression equation with
the frequencies of six dinucleotides in codon posi-
tions 2 and 3 we can explain up to 69% of the vari-
ation in K, (Appendix 1.

In Table 6 we show the statistically significant
correlation coefficients between the frequencies of
the 64 trinucleotides in the reading frame and the
rate of synonymous substitution. We find that the
trinucleotides also obey the rules established for the
mononucleotides. Interestingly, by using the fre-
quency of only one triplet, TCC (serine), we can
already explain about 38% of the vanation in the
rate of synonymous substitution. Figure 2 shows the



able 2. The frequencies of the four nucleotides in different codon positions

Gene Position | _________#“Positi?_r_lj_____ Position 3

no.* A C G T A C G T A C G T

1 0.250 0.198 0.348  0.204 0.374 0.231 0.146  0.250 0.242 0.249 0231 0.278
2 0.263 0.292 0.268 0.176 0.353 0.192 0.147 0.308 0.192 0333 0.243 0.232
3 0.258 0.226 0.315  0.201 0.319 0.245 0.198  0.239 0.287 0.229 0.242  0.242
4 0.296 0.171 0.252 0.281 0.285 0.252 0.197 0.266 0.161 0.321 0.183  0.336
5 0.318 0.171 0.294 0.216 0.378 0.208 0.189  0.225 0.228 0.271 0.208  0.293
6 0.287 0.206 0.300  0.207 0.358 0.219  0.158  0.265 0.286 0.249 0.219  0.246
7 0.338 0.202 0.364  0.097 0.355 0.162 0.167 0.316 0.241 0.184 0.276 0.298
8 0.266 0.204 0.365 0.164 0.300 0.232 0.176 0.292 0.225 0.232 0.220 0.323
9 0.311  0.205 0.347 0.136 0.317 0.165 0.186 0.332 0.171 0.249 0.293  0.287
10 0.312 0.177 0.287 0.223 0.351 0.163 0.188 0.298 0.138 0.333 0.273  0.255
1 0.291 0.187 0.243 0.278 0.304 0.274 0.178  0.243 0.183 0.309 0.261 0.248
12 0.270 0.229 0.352 0.149 0.326 0.210 0.187 0.276 0.070 0.459 0.377 0.094
13 0.292 0.240 0.305 0.162 0.409 0240 0.104 0.247 0.143 0.247 0.416 0.195
14 0.266 0.327 0330 0.077 0.447 0.17t 0.121  0.260 0.102 0.344 0.460 0.094
15 0.238 0.299 0.269 0.194 0.315 0.220 0.173  0.292 0.101 0.425 0.322 0.152
16 0.244 0.291 0.359  0.107 0.407 0.178 0.157 0.258 0.103 0.349 0.430 0.118
17 0.119 0.367 0.339 0.174 0.275 0.197 0.229 0.298 0.110 0.381 0.381 0.128
18 0.211  0.292 0.254 0.243 0.353 0.127 0.289  0.231 0.072 0.520 0.306 0.101
19 0.311  0.154 0.334  0.201 0.326 0.181 0.240 0.254 0.234 0.205 0.167 0.395
20 0.295 0.210 0.340 0.154 0.313 0.250 0.160 0.278 0.040 0.505 0.327 0.128
21 0.306 0.215 0.290 0.189 0.384 0.149 0.197 0.270 0.164 0.306 0.288  0.242
22 0.306 0.306 0219  0.169 0.278 0219 0.172  0.331 0.100 0.463 0.294 0.144
23 0.255 0.252 0.362  0.131 0.321 0266 0.174 0.240 0.101 0.369 0.313  0.218
24 0.223 0.202 0.401 0.175 0.264 0.301 0.171  0.264 0.164 0.363 0.229 0.243
25 0.238 0.265 0.336 0.161 0.235 0245 0.255 0.265 0.148 0.383 0299 0.171
26 0.168 0.355 0.393  0.085 0.337 0.200 0.217  0.246 0.101 0.324 0.510 0.065
27 0.267 0.264 0.341 0.128 0.379 0.170 0.172  0.279 0.075 0.443 0359 0.122
28 0.201 0282 0.356 0.16! 0.389 0.188 0.141  0.282 0.080 0.406 0.332 0.181
29 0.301 0.191 0.337 0.171 0.365 0.205 0.194 0.236 0.211 0.295 0.230 0.264
30 0.251 0264 0.325 0.159 0.314 0214 0271  0.201 0.063 0.452 0.415 0.070
31 0.242 0.231 0.367 - 0.161 0.303 0.325 0.147  0.225 0.150 0.300 0.239 0.31!
32 0.171 0.368 0.275 0.186 0.136 0.271 0.282 0.311 0.075 0.475 0.286 0.164
33 0.180 0.325 0.382 0.114 0.259 0.246 0254 0.241 0.123 0.338 0.412 0.127
34 0.310 0.154 0.392  0.145 0.312 0.244 0.157 0.288 0.071 0.456 0.249  0.224
35 0.295 0.229 0.318 0.158 0.301 0.252 0.461  0.287 0.0s2 0.471 0317 0.161
36 0.187 0.291 0.330 0.191 0.296 0.317 0.152  0.235 0.117 0.330 0.387 0.165
37 0.309 0.222 0.296 0.173 0.358 0.198 0.185 0.259 0.130 0377 0.296 0.198
38 0.204 0.293 0.310 0.193 0.215 0.260 0.268 0.257 0.075 0.486 0.299 0.140
39 0.145 0.274 0.351  0.230 0.202 0.258 0.363  0.177 0.044 0.597 0.286 0.073
40 0.214 0.162 0.472 0.152 0.352 0.203 0.197 0.248 0.093 0.317 0.307 0.283
41 0.233 0.058 0.258 0.450 0242 0.283 0.442 0.033 0.108 0.658 0.142 0.092
42 0.258 0.050 0.217 0.475 0.200 0.300 0.467 0.033 0.058 0.725 0.150  0.067
Mean 0.255 0236 0.324 0.186 0.317 0.225 0.205 0.253 0.134 0.375 0297 0.194
SD 0.052 0.071 0.052 0.077 0.063 0.047 0.075 0.059 0.067 0.119 0.083  0.085
Maximum 0.338 0.368 0.472 0.475 0.447 0.325 0.467 0.332 0.287 0.725 0.510 0.395
Minimum 0.119 0.050 0.217 0.077 0.136 0.127 0.104 0.033 0.040 0.184 0.142  0.065
Range 0.219 0318 0.255 0.398 0.311  0.198 0363  0.299 0.247 0.541 0.368 0.330
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» The names of the genes are listed 1n Table 1

cleotide frequencies on K, these are restricted to
the reading frame.

percentage of variation in K| that is explained by
progressively increasing the number of trinucleo-
tides in a stepwise multiple regression analysis. By
using the frequencies of 9 codons, we can explain
in a statistically significant manner up to 88% of the
variation in K, (Appendix 2). Again, we hnd no
evidence for interaction between codons in the de-
termination of synonymous substitution rates. The
data for the two nonreading frames (not shown) in-
dicate that whatever effects there are of the tnnu-

Discrepancy Tests

In order to separate the effects of position and com- f
position, and to ascertain the hierarchy of effects on !
synonymous substitution rates, wc¢ constructed dis-
crepancy tables for the trinucleotides in the different
frames. Following our findings concerning the ?.




A C G T
-
0.289 0.226 0.242 0.244
0.269 0.272 0.220 0.239
0.288 0.234 0.252 0.227
0.247 0.248 0.211 0.294
0.308 0.217 0.230 0.245
0.310 0.225 0.225 0.239
0.311 0.183 0.269 0.237
0.264 0.223 0.254 0.260
0.266 0.206 0.275 0.252
0.267 0.225 0.249 0.259
0.259 0.257 0.228 0.257
0.222 0.299 0.306 0.173
0.281 0.242 0.275 0.201
0.272 0.281 0.304 0.144
0.218 0.315 0.255 0.213
0.251 0.273 0.315 0.161
0.168 0.315 0.317 0.200
0.212 0.313 0.283 0.192
0.290 0.180 0.247 0.283
0.216 0.322 0.276 0.187
0.285 0.223 0.258 0.233
0.228 0.329 0.228 0.215
0.225 0.296 0.283 0.196
0.217 0.289 0.267 0.227
0.207 0.298 0.296 0.199
0.202 0.293 0.373 0.132
0.240 0.292 0.291 0.176
0.224 0.292 0.276 0.208
0.292 0.230 0.254 0.224
0.210 0.310 0.337 0.143
0.231 0.285 0.251 0.232
0.127 0.371 0.281 0.220
0.187 0.303 0.349 0.161
0.231 0.285 0.266 0.219
0.216 0.318 0.265 0.201
0.200 0.313 0.290 0.197
0.265 0.265 0.259 0.210
0.165 0.346 0.292 0.197
0.130 0.376 0.333 0.160
0.220 0.228 0.325 0.228
0.194 0.333 0.281 0.192
0.172 0.358 0.278 0.192
0.235 0.278 0.275 0.211
0.046 0.049 0.036 0.037
0.311 0.376 0.373 0.294
0.127 0.180 0.211 0.132
0.184 0.196 0.182 0.162

/Table 2. Extended
e — e

All posttions
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Fig.2. The fraction of variation (r?) in synonymous substitution
rates explained by increasing numbers of trinucleotide frequen-

cites (N)

Table 3. Statistically significant correlation coefficients between
frequencies of nucleotides and the synonymous substitution rate

Position of codon

Nucleo-

tide | 2 3 1+ 2+ 3
T ns* 0.442%* 0.49(Q%** 0.494%++
C ns -0.347* —(0.652%%* —(.622%%*
A 0.355* 0.427%* 0.696%** 0.663%**
G ns —0.490%%* ns —0.503%**

*ns = P > 0.05; * P < 0.05;, ** P < 0.01; ** P < 0.001

Table 4. The vanation in synonymous substitution rates that
can be explained by A) nucleotide composition in each codon
position and B) frequencies of each nucleotide in the three codon

mononucleotides, we assumed that C and G are
negatively correlated with K, whereas A and T are
positively correlated. Discrepancies between the ex-
pected eflect of a nucleotide at a given position were
recorded. Thus, for instance, if we observe that
ICpGpT, 1p2p3) is negatively correlated with K,
we assign a plus (+) sign in the first position, a plus
(+) 1n the second position, and a minus (=) in the
third position, i.e., the sign of the correlation coef-

~ficient is as expected given the nucleotides occu-

pOSItiONns

Van- Simple  Mul-
A) Position able , tipler P P
i = 1 flA, 1) 0.355 0.355 0.126 0.021
fC, 1) 0.025 0.443 0.196 0.014
| = 2 G,2) -0.490 0.489 0.239 0.001
f{C, 2) -0.346 0.544 0.296 0.001
1= 3 flA, 3) 0.696 0.696 0.484 0.000
G, 3) -0.128 0.724 0.524 0.000
i=1+2+3 flA, all) 0.663 0.663 0.440 0.000
f(T, all) 0.494 0.688 0.474 0.000
Yan- Simple  Mul-
B) Nucleotide  able r tipler r P
m=A flA, 3) 0.696 0.696 0.484 0.000
flA, 2) 0.427 0.735 0.540 0.000
m=C_C flC,3) -0.652 0.652 0.425 0.000
flC, 2) ~-0.347 0.673 0.452 0.000
m=Q f1G,2) -0.490 0.489 0.239 0.001
G, 3) -0.128 0.575 0.330 0.000
G, 1) -0.131 0.618 0.382 0.000
ma=T flT, 3) 0.490 0.490 0.24! 0.001
(T, 2) 0.442 0.571 0.326 0.000
r,1) =0.174 0.589 0.346 0.001
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TableS. Statistically significant correlation coefficients between
frequencies of dinucleotides and the synonymous substitution
rate

3;2_'_‘1' Position relative to codon

ude 12 - *23 a7 Ry
TT 0.456** 0.58 1%+ 0.570***
TC ns ns 0.549%**
TA ns 0.663%** 0.587%%>
TG -0.314* ns ns

CT ns ns —(0.449**
CC ns —(0.688%** ~0.362*
CA 0.378* 0.588%+* -0.376"*
CG -0.357* ns —(0.393¢*
AT ns 0.5§3%%s 0.419%*
AC ns ns 0.582%**
AA ns 0.575%¢* 0.707%%*
AG ns ns 0.490%*>
GT ns ns ns

GC ns —{(.547%*¢ ns

GA ns 0.428°* ns

GG —-0.420** ns | ns

-
-

*ns =P > 005 *P <005 ** P <0.0]: *s*p< OOGT

pying the first and second positions, but opposite to

what is expected from the nucleotide in position 3.

A 0% value would mean no discrepancy between
the observations and expectations, S0% would mean
a random pattern, i.e., no compositional effect at
this position, and 100% would mean that the rules
governing mononucleotide effects on the rate of syn-
onymous substitution are exactly the opposite to
what had been assumed in the premises of the anal-
ysis. The percentages of discrepancy for each of the
positions, according to the reading frame, are shown
in Table 7. The results are essentially the same re-
gardless of the frame used, 1.¢., the eflects on K, are
determined by the reading frame. Thus, we may
conclude that whatever constraints there are that

-'-_-'-.

Table 7. Percent discrepancy for position effects on rates of
synonymous substitution in three frames

Codon position

Frame | 2 3

tp2p3 (27 0.488 0.161 0.025
2p3pl (34) 0.475 0.306 0.000
3plp2 (28) 0.415 0.246 0.000
Mean (89) 0.460 0.243 0.008

* The number of codons significantly correlated with K, (maxi-
mum possible number = 6!)

affect the rate of synonymous substitution, they are
mostly exercised at the level of genetic information
transfer at which the reading frame is taken into
account, 1.e., translation. The third position of the
reading frame had the lowest discrepancy value
(0.008). The first position has no effect on K,.

Strength of the Codon-Anticodon Bond

Grosjean et al. (1978) and Grosjean and Fiers (1982)
suggested that codons with an intermediate GC con-
tent, and hence with an intermediate codon-anti-
codon binding energy, are optimal for translation.
They proposed two rules. The first was that codons
in which the first two nucleotides are T and/or A
(each forming two hydrogen bonds with either DNA
or RNA) should stabilize their interaction with the
anticodon by using a C (with three hydrogen bonds)
in the wobble position. They noted, for instance,
that in bacteriophage MS2 there was a systematic
preference for TTC and AAC codons over TTT and
AAT. For example, the ratio TTT/TTC (both cod-
ing for phenylalanine) was 21/32. In contrast, we
find that in some genes, like serum albumin, the
opposite situation prevails. In this gene the ratio

Table 6. Statistically significant correlation coefficients between frequencies of trinucleotides in the reading frame and the synonymous

substitution rate

TTT 0.594%%% TCT ns

TTC ns TCC -{(.408**
TTA 0.57 %> TCA 0.618%**
TTG ns TCG ~(.360*
CTT 0.600*** CCT ns

CTC ns CCC —-(0.444**
CTA 0.403** CCA ns

CTG ns CCG ns

ATT 0.318" ACT 0.339*
ATC ns " ACC ~0.382*
ATA 0.493%¢** ACA 0.455**
ATG ns ACG ns

GTT 0.419%* GCT ns

GTC ns GCC —~(.577%**
GTA ns GCA 0.391%*
GCTG ns GCG ns

sns =P > 005 * P <0.05 ** P <00]; *** P < 0.00!

TAT 0.463** TGT ns
TAC ns TGC -0.378*
TGG ns
CAT 0.330* CGT -0.377%
CAC ns CGC -0.369*
CAA 0.608%** CGA ns
CAG ns CGG ns
AAT 0.411%° AGT ns
AAC ns AGC ns
AAA ns AGA 0.453*°
AAG ns AGG ns
GAT 0.354* GGT ns
GAC ns GGC ~0.602°%**
GAA (0.5720ss GGA ns
GAG ns GGG ns




T/TTC 1s 55/42. In fact, a significant positive
correlation exists between the ratio of TTT/TTC
and K, (r = 0.413). The same is true for the other
WWT/WWC ratios, where W stands for A or T.
The second rule is the complementary one, i.e., that
in cases where the first two nucleotides of the codon
are C and/or G, a preference would exist for T in
the third position to avoid too strong a codon-an-
ticodon interaction. In MS2, CCT and GGT are
systematically preferred over synonymous codons
ending in C. In contrast, we find that in some genes
a preference exists for SSC codons over SST ones,
where S stands for C or G. Again, a significant pos-
itive correlation exists between the ratio CCT/CCC
and K, (r = 0.410). Similar results were obtained
for the other SST/SSC ratios. |

The hypothesis of Grosjean and colleagues can
also be tested by asking whether or not a correlation
exists between the rate of synonymous substitution
and the frequency of certain types of codons. Ac-
cording to their theory, codons with seven or eight
hydrogen bonds are expected to have an optimal
codon-anticodon binding energy, and should there-
fore be more conservative. The opposite is expected
1n regard to codons with either six or nine hydrogen
bonds. We found no significant correlation between
the frequency of medium-strength codons and K, (r
= (0.149). Similarly, no correlation exists between
the frequencies of suboptimal codons (six and nine
hydrogen bonds) that are expected to be unstable,
and K.. In contrast, codons that contain only C or
G (nine or eight hydrogen bonds, r = —0.611 and
r = —0.591, respectively) are conserved more than
codons containing A or T (six or seven hydrogen
bonds, r = 0.589 and r = 0.654, respectively). Thus,
we find no evidence for selection operating against
extreme codon-anticodon interaction strengths. The
choice at the third position is independent of the
combined strength of the hydrogen bonds between
the nucleotides at the first and second positions and
the anticodon.

Discussion

Because pseudogenes are presumably subject to no
selective constraint, it is possible to infer the pattern
of spontaneous mutation from the pattern of sub-
stitution in pseudogenes. The mutation pattern was
found to be nonrandom (Gojobori et al. 1982: Li et
al. 1984). This nonrandomness in the mutation pat-
tern 1s expected to result in an AT-rich composition
(Liet al. 1985a). Indeed, pseudogenes are known 1o
accumulate A and T. Thus, the accumulation of C
and G 1n the third position of codons in protein-
coding genes cannot be explained by a bias in the
~direction of mutation (e.g., Sueoka 1988), unless the
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pattern of mutation is different in genes than in
pseudogenes, a somewhat teleological assumption.
Mutational biases can be ruled out for two addi-
tional reasons: (1) Among mutations, there is a pre-
ponderance of transitions that affect the GC content
over transversions that do not. Thus, at equilibrium,
GC-rich and AT-rich genes should exhibit higher
substitution rates than genes with intermediate GC
compositions. This is not the case. (2) A mutational
bias, because it affects both strands of DNA, cannot
explain the consistent asymmetry we find in this
study between f{C, 3) that affects K,, and f{G, 3)
that does not. We propose that in protein-coding
genes, synonymous mutations giving rise to A and
T are selected against, resulting in diminished rates
of synonymous substitution in comparison to the
rate of substitution in pseudogenes. Selection against
A and T operates on all positions, but, in the absence

of superimposed functional constraints (coding for
amino acids), it is especially pronounced in syn-
onymous positions. This pattern of selection on syn-
onymous mutations brings about an accumulation
of C in the third position. The more stringent the
selection, the higher levels of C in the third position.
Consequently, the bias in codon usage reflects the
magnitude of selection against A and T. Therefore,
genes tn which the rate of synonymous substitutions
1s low are more biased in their codon usage.

Our main finding is that the rate of synonymous
substitutions can be predicted from considering the
nucleic acid composition of the genes. In particular,
the nucleic acid composition in the third position
seems to determine the rate of synonymous substi-
tutions. Codons ending in A and T seem to have a
distinct disadvantage, and are selected against. We
can thus see that selection and mutation work in
opposite directions, with mutation producing A and
T codon termini, and selection removing them.
Consequently, every gene is at any given time at a
distance from the optimal situation, i.e., containing
a preponderance of C in the third position. The
larger the distance from this optimum, the higher
the proportion of neutral or advantageous muta-
tions, and consequently the faster the substitution
rate. Much of the vanation in rates of synonymous
substitution can be explained by compositional fac-
tors, without recourse to external factors, such as
degree of expressivity and adaptation to tRNA fre-
quencies.

Interestingly, the strength of selection against cer-
tain synonymous changes seems to be influenced by
the nucleic acid composition in the second, non-
synonymous site, 1n particular by the frequencies of
C and G in this position. Thus, the composition in
the third position will depend on the nucleotide in
the second position. We find, for instance, that the
frequency of G in the second position is strongly




Jcorrelated with the frequency of C in the third (r =
0.695). Indeed, in all six amino acids with: fourfold
codon degeneracy that contain either C and G in
the second position (serine™N, proline, threonine,
alanine, arginine®SN, and glycine) the most common
codon is the one ending with C. In comparison, the
two amino acids with fourfold codon degeneracy
that contain T in the second position (leucine¢™
and valine) use mostly codons ending in G (data
from Aota et al. 1988). Moreover, because C and G
in the second position encode for some of the most
conservative amino acids (e.g., glycine, proline, cys-
teine, and tryptophan, for a discussion see: Graur
1985), and are thus highly immutable, the effect of
the second position on the synonymous substitution
rate is such that conserved proteins are expected to
also exhibit lower rates of synonymous substitution
and consequently high biases toward codons ending
in C. This dependency can explain several findings
that were previously considered as disparate phe-
nomena: (1) the positive correlation between syn-
onymous and nonsynonymous rates (Graur 198)5),
(2) the fact that highly expressed genes that are prob-
ably subject to stringent selection at the amino acid
level are highly biased in codon usage (Bennetzen
and Hall 1982; Gouy Gautier 1982), and (3)
that poorly conserved regions at the protein level
have less biased codon usages than the conserved
regions (Lipman and Wilbur 1983).

Let us now discuss the level at which selection
might operate against Synonymous mutations. In
principle, selection against certain codons can be
exerted at one or more of the three levels of infor-
mation transfer, i.e., DNA replication, DNA to RNA
transcription, and translation. There are indications
that codon usage may be influenced by factors that
are independent of translation. For instance, the nu-
cleotide composition in the third position of codons
is linearly dependent on the nucleic acid composi-
tion of flanking regions and introns (Aota and lke-
mura 1986: Mouchiroud 1986; Bulmer 1987a). At
the level of DNA-DNA replication there are some
clues indicating that GC-rich segments of DNA are
subject to more errors in rephication than AT-nch
regions (Chang 1973; Loeb and Kunkel 1982; Mod-
rich 1987). Similarly, there are fewer errors in the
transcription of A and T than of G and C. However,
if reducing the number of errors in replication and
transcription would have been important in the evo-
lution of genes, selection should have favored A and
T in synonymous positions. In reahty the opposite
occurs. This leaves us with translation as the level
at which most purifying selection against synony-
mous changes is exerted. Indeed, most of the selec-
tion against A and T is restricted to the reading
frame and influenced by compositional factors that
are frame-dependent.

One of the major factors implicated in codon
usage bias is tRNA abundance. Various authors have
recognized the mechanistical disadvantages of using
a codon that is recognized only by a rare tRNA
cognate (Zuckerkandl 1965; Zuckerkand! and Paul-
ing 1965; Varenne et al. 1984). However, Bulmer
(1987b, 1988) suggested that the selection pressure
is of the same order of magnitude as mutation, and
thus would affect codon usage only in organisms
with extremely large effective population sizes.
Moreover, adaptation of the codon usage to tRNA
availability is expected to be species-specific, i.e., in
each organism a different bias will exist. Such a state
of affairs seems to prevail in unicellular organisms
(Chen et al. 1986). In higher eukaryotes, on the other
hand, there are indications that the codon usage does
not reflect phylogenetic affinities (Hatfield and Rice
1986: Wells et al. 1986). Moreover, 1n tetrapods
there seems to be no tissue-specific coadaptation of

codon usage patterns and tRNA abundance (Has-

tings and Emerson 1983; Ouenzar et al. 1988). Thus,
tRNA availability may not be an important factor
in determining the pattern of codon usage in mul-
ticellular organisms (Wain-Hobson et al. 1981).

To date, the only indications we have on the
nature of selection at the translation level involve
fidelity in translation. It is known, for instance, that
the frequency of errors varies for different codons
in the same position and for the same codon 1n
different positions (Rosenberger and Hilton 1983).
In prokaryotes, for instance, codons ending in T are
misread four to nine times more frequently than
those ending in C (Precup and Parker 1987). Thus,
reducing errors in translation may be a selective
force affecting the rate of synonymous substitution
and the pattern of codon usage.
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Appendix 1

The equations for predicting the rate of synonymous substitution
in a gene from 1its dinucleotide composition in positions 2 and
3 were calculated by a forward (stepwise) inclusion approach.
The independent variables (the frequencies of the dinucleotides
in posttions 2 and 3) were entered one by one into the multiple
regression function, the order of inclusion being determined by
thetr respective added contribution to the explained vanance in
rates of synonymous substitution (Nie et al. 1975, pp. 321-367).

The formulae for the first six predictors, denoted as Y, where
stands for number of independent variables, are as follows:

Y, =0.923 - 3.0511.

Y, = 0.781 = 2.410f-c + 2.1631, .

Y; = 0.674 — 1.946f,c + 1.905(, . + 1.902f.,

Ye=0.515 — L7440 c + 2.459f, 0 + 2.185{c.4 + 1.200f;

Y, =0.621 = 2.067{c + 2.2741,,, + 1.920f,0 + 1.143f; ¢
— 1.692f, .

Yo = 0.682 — 2,193 + 2.214f, 0 + 2.6641- . + 1.543f; ¢
— 197156 + 1.229€4,¢

Appendix 2

The equations for predicting the rate of synonymous substitution
in a gene from its trinucleotide composition in the reading frame
were calculated as in Appendix 1. The formulae for the first 9
predictors, denoted as Z,, where n stands for the number of
independent vanables (frequencies of codons), are as follows:

Z, =0.498 + 12.025f{
Z, =0.440 + 9.374f v + 9.513fcan
Z, =0.517 + 9171 {5 + 8.953(,\ — 8.7491 1
L, = 0.597 + 7.3860+1 + 8.254{ . — 11.323{ o7
- .96 515
Z, =0.584 + 5.448f 1 + B.351f 0 — 10.644f 1
- 1.54M e + 3.751 {56
Z, = 0.455 + 7.430{+ + 8.784f..4 — 11.6331 1
— 1.280f56c + 4.477f,5r + 2.015€..5
Z, =0.508 + 6.680f 1 + 9.610fa — 11.313f ¢
— 1.462f;6c + 4.273f;61 + 1.834f;.c — 3.080f;6q
Z, =0.468 + 6.989{ - + 10.345f .. — 12.521f 5
~ 1443 5 + 4.212f567 + 2.1190,.6 — 4.447f oo
+ 4.2000.5+
Z, = —0.429 + 7.665{y + 10.897fcan — 13.01 7y
— 1.406f;6c + 4.44715651 +2.174(500 — 5.910fs66
+ 5.684f,67 + 3.418f
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