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Abstract. The frequencics of synonymous substitu-
tions of mammalian genes cover a much wider range
than previously thought. We rcport here that the different
frequencics found in homologous genes from a given
mammalian pair arc corrclated with those in the samc
homologous genes from a different mammalian pair.
This indicates that the frequencics of synonymous sub-
stitutions arc genc-specific (as arc the frequencics of
nonsynonymous substitutions), or, in othcr words, that
‘“‘fast’’ and *‘slow’’ genes in onc mammal arc fast and
slow, respectively, in any other onc. Morcovecr, the fre-
quencics of synonymous substitutions arc corrclated with
the frequencics of nonsynonymous substitution in the
same gences.

Key words:  DNA repair — DNA replication — DNA
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Introduction

Very recent results (Bernardi ct al. 1993) indicate that the
frequencics of synonymous substitutions of mammaiian
genes are remarkably different for different gences. Al-

though the range of variation (namcly, the ratio of the

highest and lowest values) for K, the substitution rate
per synonymous site, was rcported to be about fivefold
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by Li and Graur (1991), synonymous substitution frc-
quencics cover in fact at lcast an up-to-20-fold range.
The narrowcst ranges (as low as threcfold) were found
(Bernardi ct al. 1993) in comparisons comprising small
data scts (like man/sheep, man/pig), the widest onc in the
mousc/rat comparison, which concerns a very large sam-
ple (in this case, an almost identical 19-fold range was
reported for K, valucs of 363 gencs; Wolfe and Sharp
1993). The intcrmcdiate valucs (around tenfold) concern
cqmparisons of both large (man/rat, man/calf) and small
(man/primates) samples. These results provide a qualita-
tive indication that thc cstimated range of synonymous
substitution frequencics is dependent upon the gene sam-
ple studicd and strongly suggest that the low and inter-
mediate values mentioned above arc underestimatcs, the
actual ranges being probably wider than 20-fold.

The possibility that diffcrent frequencics of synony-
mous substitutions in different genes depend upon the
isochore familics in which the gences are located (Wolfe
ct al. 1989) was rccently ruled out (Bernardi ct al. 1993;
scc also Discussion). The results mentioned above raise,

" therefore, the question of whether the different frequen-

cics are distributed at random over genes or are gene-
specific. Here, we investigated this problem by compar-
ing synonymous substitution frequencics of homologous
genes from a given pair of mammals with thosc of the
samc homologous genes from another pair. We found
that the synonymous substitution frequencies of homo-
logous genes from different mammals arc highly corre-
lated with cach other, indicating that the synonymous
substitution frcquency is a genc-specific property (as is
the casc for the nonsynonymous substitution frequency).
In other words, high or low frequencics of synonymous
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substitutions arc specific for any given gene, independent
of the mammalian specics under consideration. While a
gene specificity of synonymous substitutions was sug-
gested by Bulmer ct al. (1991) on the basis of data that
will be critically discusscd in the following scction, the
present work uncquivocally demonstrates this point.
Morcover, we report that the frequency of synonymous
substitutions is significantly corrclated with the fre-
quency of nonsynonymous substitutions in thc samec
genes.

Matcrials and Mecthods.

Scqucnces from GenBank (relcasc 82) were managed using the HOV-
ERGEN softwarc (Durct ct al. 1994), which is bascd upon the ACNUC
system (Gouy ct al. 1985) and provides a very cfficicnt way to sclect
homologous gencs from vertebratces, to test if they are orthologous, and
to predict the isochore location of genes on the basis of the data of
Mouchiroud ct al. (1991). Only homologous scqucnces having morc
than 150 synonymous codons were taken into account in this work, in
order to avoid a too-large variance duc to sampling. Mncmonics arc
available upon rcquest.

The silent, or synonymous, diffcrence frequency (SDF; Mouchi-
roud and Gauticr 1990) was uscd to quantify dissimilarity between
homologous coding scquences. SDF is the percentage of synonymous
codons that arc diffcrent in third positions of aligned scquences. In
contrast to X, the synonymous substitution ratc, SDF, simply provides
a mcasurc of the dissimilarity that cxists between scquences. By defi-
nition, SDF docs not rcly on any hypothesis conceming the nature of
the substitution process, whercas this obviously is not the casc for X,
(which was calculated here according to Li ct al. 1985). However, when
relatively small rangces arc considered (for cxample, for K, valucs cor-
responding to less than 50% substitutions in the raVmousc comparison),
K, and SDF arc corrclated ncarly lincarly (Berardi ct al. 1993). When
the substitution process is stationary, the SDF results may cxplain
process characteristics (for cxample, divergence rate). The relation-
ships between SDFs for homologous genes or SDF and NSDF for the
same gences (scc below), especially the slopes, may, however, depend
upon the statistical propertics (number and/or sizce) of the scquence sct
undcr considcration.

NSDF, thc nonsynonymous diffcrence frequency, is defined, sim-
ilarly to SDF, as thc pereentage diffcrence in amino acids.

Figurc 1 displays a plot of SDF valucs for 162 pairs of homologous
gencs from calf and man against SDF valucs for the same homologous
genes from calf and murids (rat or mousc; SDF valucs for calf/mousc
and call/rat arc practically identical). These data cxpand thosc of
Buliner ct al. (1991), which concerned 58 mammalian genes from the
samc orders, and provide a first indication that frequencics of synon-
ymous subslitutions in mammals arc gene-specific. A problem of Fig.
1, as well as of any three-order comparison, is, however, the existence
of a common branch in the phylogenctic tree Icading from the common
ancestor to the specics under consideration. Indecd, this may artcfac-
tually contributc to the dissimilarity mcasurcments conceming two
pairs of specics. There arc two possible ways to climinzate the influcnce
of this common branch,

The first onc requires a modceling of the substitulion process, which
involves hypothescs on the topology of the tree and on the charactcr-
istics of the substitution proccss, Bulmer ct al, (1991) did a very carcful
and mathcmatically rclevant analysis of these hypotheses. However,
the cxistence of the minor shift, cxhibitcd by the genes of murids,
which were included in their analysis, were the source of a problem
concerning the hypothesis of the homogencity of the process. Indecd,
Mouchiroud and Gauticr (1988) showed that 44% of murid gencs cx-
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.Fig. 1. _SDF valucs, thc synonymous diffcrence frequencics, for 162

pairs of homologous gencs from man/calfl arc ploticd against SDF
valucs for the same genes from rat (or mousc)/calf. The orthogonal
rcgression linc (D'Onofrio ct al. 1991), through the points is shown.
Solid circles corrcspond to human GC, valucs higher than 80%, solid
triangles 1o GC, valucs compriscd between 80% and 50%, squares 1o
GC, valucs lowcer than 50% (GC, is the GC lcvel at thind codon
positions.) The slope (S) and corrclation cocfficicnt (R) arc indicated
here, as in all other figurcs.

hibit a significant codon usagc changc when comparcd with other
mammalian lincages displaying the *‘gencral compositional pattcmn®’
(Bcmardi ct al. 1988; Mouchiroud ct al. 1988; Mouchiroud and Gauticr
1990). This difficulty Icd Bulmer ct al. (1991) to proposc a correction,
which is, howcver, not valid when the cquilibrium of the Markov
process is not rcached in all specics.

An altemative solution of the common branch problem was made
possiblc through the recent incrcasc of available homologous sc-
quences. Indeed, this allowed us lo usc a four-specics stratcgy that
permits a dircct comparison of gene pair dissimilarity (Fig. 2) and that
is independent of the nonhomogencity of the substitution process, cven

if cquilibrium is not rcached in all the specics under consideration.

Results

The plot of synonymous diffcrence frequencics (SDF)
valucs for 85 homologous genes from the man/calf pair
vs thc mousc/rat pair (Fig. 2A) comparcs two specics
with two diffcrent oncs. The corrclation cocfficicnt (R =
0.55) is highly significant (P < 107%). As cxpected, very
similar results were obtaincd when plotting K, valucs
(Fig. 2B).

Scvcral featurcs of Fig. 2A arc of intcrest. First of all,
thc SDF ranges arc about sixfold in thc human/bovinc
comparison and about fourfold in thc mousc/rat compar-
ison. In all likclihood, these SDF ranges arc undcresti-
matcs, duc to the particular, rclatively small, gene sam-
plcs uscd in the comparison under consideration (Sce
Introduction.)

Sccond, as cxpected from previous work (Bernardi ct
al. 1993), there is no corrclation between synonymous
substitution frequencics and GC levels in third coden
positions, likc the compositional diffcrences thai exist
among the isochores and the genes cxhibiting high or
low GC levels, respectively, of man and murids (Salinas
ct al. 1986; Zcrial ct al. 1986; Bcemardi ct al. 1988;
Mouchiroud ct al. 1988; Mouchiroud and Gauticr 1988,
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Fig. 2. SDF (A) and KX, (B) valucs for 85 homologous gencs from
calf/man arc ploticd against SDF or K, valucs, respectively, for the
samc gences from rat/mousc. In the top figure, solid circles corrcspond
to human GC; valucs higher than 80%, solid triangles to valucs be-
twcen 80% and 50%, squares to valucs lower than 50%. The orthog-
onal regression lincs (D'Onofrio ct al. 1991) arc shown in both figurcs.

1990) Sincc a corrclation cxists between GC levels in
third codon positions and GC levcls of the isochores (scc
Bemardi 1989; 1993a,b, for reviews on isochores) con-
taining the corresponding genes (Bernardi ct al. 1985;
Aota and Ikemura 1986; Ikemura and Aota 1988; Aissani
ct al. 1991), there is also no corrclation between synon-
ymous substitution frequencics and the GC levcls of iso-
chores containing the genes under consideration (scc
Bernardi ct al. 1993).

Third, the fact that the orthogonal regression linc has
a slopc higher than unity is duc to the larger divergence
time between calf and man compared to that between rat
and mousc. The higher synonymous substitution ratc of
the latter pair (Wu and Li 1984; Li and Wu 1987) obvi-
ously is not largc cnough to compensate for the larger
divergence time of the former pair (80 Myrs vs 12 Myrs;
scc Bulmer ct al. 1991).

As no cominon branch cxists in thc comparison of the
two pairs of spccics under considcration, the corrclations
obscrved in Fig. 2 dircctly demonstrate the cxistence of
a gence-specific component of SDF variability. The
square of the corrclation cocfficicnt, 0.30, indicatcs that
30% of the variability of SDFF between man and calf can
be predicted when SDF values between mousc and rat
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Fig. 3. SDF valucs for homologous genes from the calf/pig pair are
plotted against SDF values of man/rabbit or man/camivore pairs. The
latter include dog, cat, and mink.

Man / other mammals

arc known. This gene-specific component is, howevcr,
underestimated, probably becausc the substitution pro-
cess in the murid lincage is peculiar in showing both
accclcration and nonhomogencity. Indecd, if only the 63
largest homologous genes, with more than 300 silent
sitcs, arc considered, the percentage of predicted vari-
ancc increascs to 37% (not shown), an incrcasc which is
difficult to cxplain by sampling variability only. Morc-
ovcr, if SDF valucs between calf and pig arc comparcd
with SDF valucs between man/rabbit and carnivorcs
(dog, cat, or mink), thc correlation cocfficicnt is cven
higher (R = 0.64; R* = 0.41), in spitc of the small sample
sizc (Fig." 3). This rcsult should, howcever, be confirmed
using a larger gene sample.
Figurc 4 displays diagrams in which nonsynonymous
diffcrence frequencics (NSDF) for homologous genc
“pairs from man/calf arc plottcd against NSDF valucs of
ravcalf (Fig. 4A) or raVmousc (Fig. 4B). The corrclation
.cocfficicnts were very high (0.95 and 0.89, respectively)
and the slopcs were cqual to 0.77 and 1.81, respectively,
in thc two cascs. Interestingly, the slopes arc closc to
thosc cxhibited by SDF plots (Figs. 1 and 2A), indicating
a parallclism between the synonymous and nonsynony-
mous substitution proccsscs. :
Figure 5 shows that significant (P = 107%) corrclation
cocfficicnts (0.57 and 0.46) arc found when plotting SDF
valucs for homologous genes from man/calf (Fig. SA)
and ratmousc (Fig. 5B), respectively, against log NSDF
values for the same gences of Fig. 3. The lower slope of
the latter plot (3.15 vs 4.82) is duc to the lower variability
of both SDF and NSDF valucs in the rat/mousc casc. Log
NSDF was uscd instcad of NSDF because the relation-
ship between synonymous and nonsynonymeus substitu-
_ tions is not lincar. If NSDF valucs arc uscd instcad of log
NSDF, the corrclation cocfficicnts slightly dccrcasc (to
0.46 and 0.36, rcspectively), but remain significant (P =
107 and P = 7.1073, respectively). The plots of Fig. SA
and 5B conccern the same 85 homologous genes and arc,
therefore, strictly comparable. Incidentally, a plot of K|
vs log K, for the same gencs of Fig. 2 displaycd corrc-
lation cocfficicnts of 0,61 and 0.51, respectively (not
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Fig.4. NSDF valucs, the nonsynonymous difference frequencics, for
homologous genes from man/calf arc plotted against NSDF values for
the same genes from the rat/calf (A) and rat/mouse (B) comparisons of
Fig. 2.

shown). If differcnt, larger scts of genes arc used, cor-
rclation cocfficicnts of 0.55 and 0.44 arc found for 159

genes from man/calf and for 303 genes from rat/mouse, *

respectively.

Figurc 6 is similar to Fig. 5, but SDF and NSDF data
from different pairs (rat/mousc and calf/fman) were uscd
in the comparisons. The significant (P < 107*) corrclation
found (R = 0.58) is idcntical to that of Fig. 5A, thus
demonstrating that it is the gene-specific component of
SDF that corrclates with NSDF and not a property asso-
ciated with the lincages undcer consideration.

Discussion

Synonymous Substitution Frequencies of Homologous
Mammalian Genes are Gene-specific

The main point made in the present work is the uncquiv-
ocal demonstration that the frequencics of synonymous
substitution arc very strikingly corrclated for homolo-
gous genes from all mammals that could be tested. In
other words, the frequencics of synonymous substitu-
tions found when comparing homologous mammalian
coding scquences are gene-specific. Indeed, genes show-
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Fig. 5. SDF valucs for homologous genes from calffman (A) and
raUmousc (B) arc plottcd against log NSDF valucs for the same gencs.
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Fig. 6. SDF valucs for homologous genes from the ra/mousc pair arc
ploticd against log NSDF valucs for the same genes from the calf/man

pair.

ing high or low frequencics of synonymous substitutions
arc ‘‘fast’’ or *‘slow,”” respectively, in all mammalian
specics tested. The corrclations beiween synonymous
substitution frcquencics and the characteristics of the
gene products or the X/autosomal localization of genes
will be discusscd clsewhere (paper in preparation).

The variation in synonymous ratc may be duc, as in
the casc of nonsynonymous substitutions (scc following
scction), to differences in mutation ratc and/or to ncga-
tive sclection. This point will be further discussed after
taking into considcration two othcr results reported here,
namcly (1) the gene-specificity of the frequencics of
nonsynonymous substitutions in homologous mamma-
lian genes and (2) the high corrclation of the frequencics
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~ of synonymous and nonsynonymous substitutions in the

samc homologous genes.

Nonsynonymous Substitution Frequencies of
Homologous Mammalian Genes Are Gene-Specific

It is well known (Dickerson 1971; Dayhoff 1972; Nei
1987) that the ratc of nonsynonymous substitutions is
extremely variable among gencs, since it ranges, in a
human/murid comparison, from zcro (in the genes for
histones 3 and 4) to 279 - 10~ substitutions per sitc per
year (in the gene for interferon 9, Li and Graur 1991).
The average for the small sct of genes taken into con-
sideration by Li and Graur (1991) is 0.85 £ 0.73 . 107°
substitutions per sitc per year. The closc-to-1,000-fold
range in nonsynonymous substitution rates found in dif-
ferent genes (neglecting those showing no substitution)
may be ascribed to differences in the rate of mutation
and/or to the intensity of sclection.

As far as the first possibility is concerned, the differ-
cnce in mutation ratc is simply not large cnough, by far,
to account by itsclf for the phenomenon under consider-
ation. This can be judged from the fact that synonymous
mutation ratcs for mammalian genes vary by a value
which is very far from the 1000-fold range of nonsyn-
onymous substitutions. The most important factor in de-
termining the ratc of nonsynonymous substitution ap-
pears, therefore, to .be the sclection intensity, which is
dctermined, in turn, by sclective constraints on amino
acids (Li and Graur 1991). The higher the sclcctive con-
straints, the higher the chances of amino acid substitu-
tions causing dcleterious cffccts on protein function(s)
and being climinatcd by ncgative sclection (advanta-
geous mutations being very rarc compared to delcterious
mutations, thcy can be ncglected for the sake of the
present discussion). It should be noted that negative se-
lection is also indicated by the actual amino acid changces
obscrved, functionally crucial amino acids never being
replaced and conscrvative substitutions being predomi-
nant over nonconscrvative oncs. These conclusions are
rcinforced by the obscrvation, reported in the present
work, that thc nonsynonymous substitution frcqucncics
of all homologous gences available are comparable in all
the mammalian spccics which could be tested (Fig. 4).

“Synonymous and Nonsynonymous Substitution

Frequencies of Homologous Genes Are Correlated

" A corrclation between synonymous and nonsynonymous

subslitution frequencics was first rcported for small
mammalian genc scts by scveral authors (Fitch 1980;
Lipman and Wilbur 1985; Graur 1985; Li ct al, 1985;

Miyata ct al. 1987; Ticher and Graur 1989) and, morc -

rccently, for a large sct of genes from the mousc/rat pair
(Wolfc and Sharp 1993). In the present work, this cor-

relation was found in all pairs of homologous mamma-
lian genes that could be tested.,

It has been argued that the corrclation between syn-
onymous and nonsynonymous substitution frequencics
can cxist cither (1) because the two rates arc similar over
the whole gene, such that conserved proteins have low
divergence at silent sites, for some rcason (Li and Graur
1991; Wolfe and Sharp 1993), or (2) because substitu-
tions at adjacent nuclcotide positions have occurred at a
frequency greater than would be predicted from cither
substitution rate alone (Wolfc and Sharp 1993).

Wolfc and Sharp (1993) suggested that doublet sub-
stitutions arc rcsponsible, because, if the synonymous
substitution ratc is rccalculated, ignoring thosc codons
where the specics differ by more than a single nucleotide

" substitution, the corrclation cocfficicnt between X, and

K, for thc mousc/rat pair drops from a significant valuc,
0.45, to a nonsignificant one, 0.10. Their approach did
not distinguish, howcver, between adjacent (1-2, 2-3)
and nonadjacent (1-3) changes, provided that the
changces were located on the samce codon. It is difficult to
scc how this approach can disprovc the cxistence of a
corrclation between K, and K, because the loss of a
significant corrclation was also causcd by the climination
of the relatively frequent codons carrying 1-3 changcs,
which arc irrclevant as far as doublet substitutions arc
concerned. Morcover, codons carrying doublct substitu-
tions in positions 2-3 rcpresent only 2% of all fourfold
degencrate codons (which, in turn, represent only about
half of thc codons) carrying a third position change (sce
Table 2 of Wolfc and Sharp 1993).

Likewisc, the argument that third. position changes
concern 25% of fourfold degencrate codons carrying a
2-3 change, but only 15% of codons where position 2 is
unchanged, should bc weighed against the fact that the
first case concerns 2% of all such codons carrying a third
codon position change and the sccond 98%. Morcover,
whether this minutc amount of doublet changes ariscs
from mutational cvents involving simultancous substitu-
tions at two adjacent nucleotides (Wolfe and Sharp 1993)
or from two scparatc cvents (Lipman and Wilbur 1985)
is not clcar.

In any casc, the possibility that doublet substitutions
arc responsible for the correlation between synonymous
and nonsynonymous substitutions appcars to bc cssen-
tially ruled out by the fact that if all codons comprising
consccutive substitutions (in positions 1-2, 2-3, and
3-1) arc ignored, the corrclation cocfficients of the hu-
man/bovine plot (Fig. 5) and of the fat/mousc plot only
decrease from 0.57 to 0.30 and from 0.46 to 0.32, rc-
spectively, both valucs still remaining highly significant
(P = 107). As in Fig. 5, these corrclations were calcu-
lated between SDF and log NSDF, because the relation
between the two substitution rates is not lincar, Using the
samc data, the corrclation cocfficicnt of a plot of K, vs
log K, remains significant (R = 0.31 in the human/bovine
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and R = 0.38'in the rat/mousc casc). Therefore, cven ifa

modcst contribution to the correlation by doublet substi-
tutions still remains a real possibility, there is no doubt
about the cxistence of a significant corrclation between
synonymous and nonsynonymous substitutions, indcpen-
dently of doublct substitutions.

7 Synonymous Substitution Frequencies of Homologous
Mammalian Genes Are not Mainly due to Differences
in Mutation Rates

~ Differences in Mutation Rates Associated with
Compositional Diffcrences

Diffcrences in average mutation rates (and in muta-
tional biascs) in third codon positions of coding sc-
quences located in different isochores of mammalian ge-
nomes were claimed by scveral authors (Filipski 1988;
Ticher and Graur 1989; Wolfc ct al. 1989), but they
could not be confirmed (Bernardi ct al, 1993). The dif-
ferences under considcration appear to be mainly duc to
using small gene samples when individual fluctuations in
silent substitution frequency from genc to gene arc rel-
ativcly large (Bernardi ct al. 1993). A lack of corrclation
between synonymous site divergence and GC levels in
thc mousc/rat comparison (as well as between K, and
GC,) was also indcpendently reported by Wolfe and
Sharp (1993). These authors found, however, a variation
in K, (morc spccifically, a pcak of K, valucs at 60% GC),
but only when Ky (the mutation rate at fourfold degen-
crate sites) was avcraged over genes comprised within
cach 1% intcrval' of GC, (the GC levels at fourfold dc-
generate sites). In any casc, this cffect is admittedly
small—in fact, small cnough to no longer support the
claim ‘‘that the substitution ratc and thc basc composi-
tion of silent sites vary togcether in a systematic way'* and
the cnsuing spcculations on the maintenance and origin
of isochores (Wolfe ct al. 1989).

We would like to suggest here that the small effect
undcr discussion is, howevcr, not simply duc to sampling
rcasons, but to an underestimate of rates at the two ends
of the compositional spectrum, In thosc regions, changes
mainly being A 5 T and G &5 C, respectively, chances
of back mutations arc high, lcading to an undcrestimatc
of rates. Indeced, in the human/bovinc comparison, A =
T and G = C changes largely increase, as cxpected, at
cither end of the compositional distribution, unlike other
changes (paper in preparation).

An altcrnative cxplanation has been suggested by Gu
and Li (1994), who decveloped a modcl bascd on the
variation of nucleotide peols during the cell cycle
(Mathews and Ji 1992). Somc scrious problems caist,
howecver, with the idca that this variation is responsible
for the formation of GC-rich isochores, like the late rep-
lication of both GC-poor and GC-rich satcllitc DNAs as
well as of the inactive X chromosome and the lack of

formation of GC-rich isochores in cold-blooded verte-
bratcs, which share carly and latc replication with warm-
blooded vertcbrates (Bernardi ct al. 1988; Bernardi
1993a).

While the results of Bernardi et al. (1993) and Wolfe
and Sharp (1993) rule out differcnces in mutation rates
that arc associated with basc composition of synonymous
sites, they do not say anything about differences that arc
not associated with base composition. These diffcrences
should, however, be genc-specific in order to account for
the findings reported in this paper.

An alternative view about such diffcrences might be
that they arc not ‘‘genc-specific,”” but *‘rcgion-
specific,” a view apparently receiving some support by
the finding (Wolfc ct al. 1989) that six pairs of gences
which are physically linked in mouse and rat show closc
K4 valucs. The pairs of gencs under consideration (met-
allothioncin I and II, albumin and a-fctoprotcin, cy-
tochromes P; 450 and P, 450, 4 and 7, crystallin, Ly-2
and Ly-3 antigens, immunoglobulin hcavy chains C§,
Cys, and Ce) arc, however, functionally very close. The
closcness of K, values may, thercfore, be duc to their
common function rather than to their physical linkage.
For this rcason, the data of Wolfc ct al. (1989) do not
contradict our conclusion about the *‘genc specificity’’
of synonymous mutation ratcs.

Diffcrences in Mutation Rates Not Associated with

‘Compositional Diffcrences

The mechanisms behind nucleotide substitutions arc
repair and replication crrors. The most widespread and
general repair mechanism, the nucleotide excision repair,
is known to be much more cfficicnt for certain expresscd
genes than for noncxpressed genes and other silent DNA
scquences (Bohr ct al. 1985; Mellon ct al. 1986). More-
over, the preferential repair of an active genc concerns

" the transcribcd DNA strand (Mcllon ct al. 1987), sug-

gesting a mechanism that directly couples nuclcotide cx-
cision rcpair to transcription.

Although there is no indication that repair is different
for genes characterized by different transcription levcls,
onc may wondcr whether or not diffcrential repair is the
cxplanation for the gene specificity of synonymous and
nonsynonymous substitution frequencics and for the cor-
rclation between the former and the latter. As far as
nonsynonymous substitutions arc concerned, it is clear.
that their frequencics are not simply determined by
highcr or lower repair efficicncics (nor by different rates
of rcplication crrors), but by ncgative sclection (as gen-
crally admitted), because the changes in amino acids in
any given protein arc not random changcs, but specific
oncs. As alrcady mentioncd, this is demonstrated by the
fact that functionally crucial amino acids cannot be rc-
placed and conscrvative amino acid replacemcents pre-
dominatc over nonconservative changes. Thesc obscrva-
tions indicate beyond any doubt that nonsynonymous



 substitution frequency is not simply determined by the

mutation process itself, and that negative sclection plays
a role.

In contrast, onc might spcculate that synonymous sub-
stitution frcquencics arc the result of diffcrent repair cf-
ficicncics and/or of gene-specific replication crrors.
Thesc cxplanations should be judged, however, taking
into account thc obscrvation that synonymous substitu-
tions in fourfold degenerate positions exhibit specific
patterns (paper in preparation), a finding paralicling the
specific pattern of nonsynonymous substitutions (scc
abovce), and the demonstration (Eyre-Walker 1994) that
diffcrences in synonymous codon usagc between mam-
malian gencs arc not duc to differences in the efficiencics
of DNA mismatch repair.
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