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Summary. The pattern of point mutations is infemed
from nucleatide substitutions in pseudogenes. The pat-
1erin ohtained suggests that transition mutalions occur
somewhal maore frequently than Lransversion mulations
and that mutations result more often in A or T than in
G or C. Our results are discussed with respect 1o the
predictions from Topal and Fresco's model for the
mobecular basis of point (substitution) mulations (Ma-
fure 263:285-289, 1976). The pattern of nucleotide
substitution at the first and second positions of codons
in functional genes is quite similar to 1hat ,.u._ul_.nn,
genes, but the relative frequency of the transition C-T
in the sense strand is drastically peduced and "ru..___ of
the transversions C~G and G—C are doubled. The differ-
ences berween the two patierns can be explained by the
observation that in the protein evolution amino acid l_v
siitutions occur mainly between amino acids ..!5_
similar biochemical properties (Grantham, Science
JE5:862- K64, 1974), Our results for the patierns of
pucleotide  substitutions in pseudogenes and in func-
tional genes bead to the prediction that both the coding
el moncoding regions of protein coding genes should
have high frequencies of A and T. _.__.__.p:.-z_m. data show
that the non-coding regions are indeed high in A and T
but the coding regions are low in T, though high in A.

Key words: Newtral mutation - Transitions and trans-
versions — Functional comstraints — Base conlent —
Substitulion Mulagenesis

A knowledge of the pattern of substitution mutations
is important for the study of molecular evolution (Fitch
1967; Vogel and Kopun 1977; Kimura 1981) and for
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understanding the molecular basis of substitution mu-
tations {Topal and Fresco 1976). In studying this pat-
tern some authors (Fitch 1967; Vogel and Kopun 1977)

“have used the electrophoretic variants of hemaglobin.

The patiern thus oblained may be hiased hecawse such
varignts are unlikely 1o have the same fitness and be-
cause electrophoresis can detect only mutations __—1.
change the electrophoretic mohbility of the protein.
Ancther approach to this problem is to u..._&..__nﬁn.&u
of mutans with known base pair changes. using physio-
logical and genetic Lests (Fawler et al. 1974, m_...__—.: and
Haimes 1980}, One drawback of this approach is that
mmutations can be studied only 8t particular sites and
often only in certain directions. Here we propose 1o
infer this patiern from DNA sequences fior pseudogenes.
As pseudogenes are apparently subject to no ﬁcun.__..csu_
constraint, all mutations in them would be !—.ﬂ_i___.
pewtral and would become fixed in the population ._..___.___
edqual probability. Thus the pattem of nucleotide substi-
tutions in pseudogenes would reflect the pattern of
spontancoas substitution mulations :
Cur results Tor the pattem of substitution mutalions
are useful for understanding the mechanism of substi-
tution mutagenesis. As part of their formulation of DN A
replication, Watson and Crick {1953) suggested that
transition mutations might be due to the _H.E.ii.m of
a purine-pyrimidine (pu-pyr) palr with a base in one of
its unfavored tautomeric forms. More recently, Topal
and Freseo (1976) have extended the Watson-Lrick con-
cepl of complementary hase pairing 1o @ wider range
and proposed a mose general model Tor the molecular
basis of substitution mutations. This madel has gained
support from experimental studies (Topal and Fresco
1976; Sinha and Haimes 1980; Fersht and Knill-Jones
1981). 1t is therefore interesting (o compare ouf resulls
with prediction from this model.
Ii is akso interesting to know the patiern of nuclen-
tide substitutions in functicnal genes. Some authors have

studied this pattern by using protein sequences {Fitch
1967, Vogel and Kopun 1977). Here we use DNA
sequences. Dur resulls For the patterns of the nucleotide
substitutions in pseudogenes and Tfunctional genes may
be wsed 1o predict the base contents in non-cading and
coling reghons in prodein coding genes.

Pattern of Nucleotide Substitution
Frudogenes

A peeudogene is 3 DNA segment that shows high ho-
madogy 1o & funcinal gene bul contains nucleotide
changes such as frameshifis and nonsense mutalions that
prevent its expression. Although some authors have
argued possible Tunctions of pscudogenes, their argu-
ments were not substantiated (Proudfool 1980), The
pattern of nucleotide substilutions in pseudogenss can
be studeed as follows. Let ws uwse the human globin
peeudogene wol (Hel) as an example, This pseudogene
wai apparently derived from a duplication of its func-
tional counterpart, human ol {Hel), sometime after the
disergence among man, mouse, and rabbit (Prowsfoot
and Maniatis 1980; Li et al. 1981), Figure 1 shows a
probable evolutionary scheme for Hibal, Ho, mouse ol
(Mal) and rabbil o (Ra); (for sequences, see Prowdfos
aml Maniats 1980; Michelson and Orkin 1980 Nishioka
and Leder 1979, Heindell et al, 1978). Aligning Hyadl
with Hod, we can see the nuclestide differcnces between
the iwo sequences. We assume that each of these differ-
ences arose from a single substitution, neglecting the
possihility of multiple substitutions, To decide the
direction of substitutions we infer the ancestral sequence
of Hal, Mal, and Ko by sssuming that the ancestral
nucleotide at a site is the one that requires the minimum
numher of substitutions to sccount for the nuclentide
differences at that site among the thiee sequences,
(There are some sites al which the ancesiral nucleotides
cannot be determined undquely). We then attribute a
nucleotide  difference between Hyal and Hol o a

n_..\\.n_u
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Fig. 1. Mausble phylogenciic tree for buman fal, buman al,
miisie al, s rabbil @
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substitution in Hyal if the ancestral nuclestide ai that
sile can be determined uniquely and is the same as the
nucleotide in Hol, but exclude it from comparison if
otherwise. (We abio exclude deletions, insertiona, and
nencoding regions). In this manner we can infer the
nuclentide substitutions in Hyal and the proportion of
nucleodide changes from one type of nucleotide to
ancther {see Table 1). Using the same ancestral sequence
andl the alignment between mouse pseudogene (Mbad)
and Mel Nishioka et al. 1980), we can infer the nucleo-
tide substitutions in Mo ; we have exchoded the 30 nu-
cheotides that have been aligned with the nucleotides star-
ting from position 91 to 120 of Mol because the mis-
matches i this region probably occumed due to inser-
thon rather than nuclectide substitution (Li et al. 1981},
The [ globin pseudogenes in rabbit (Ryg2), goat
(G#A"), and mouse (MyFh3) can be studied by using
the alignments given in the original publications {Lacy
and Maniatis 1980; Cheary et al. 1980; Jshn et al 1980)
and the ancestral sequence of human @ (HE), human
b (H&), mouse § major and § minor (Mgma) pggming
rabbit A1 alleles 1 and 2 (RAI(1), REI(2)), and the
partial sequence of goat @A (GAA) that has been pub-
lished; for sequences see Lacy and Maniatis (1980),
Cleary et al. (1980), Jahn et al. (1980), Lawn et al.
(1980}, Spritz et al. {1980), Konkel et al. {1979) and
Hardison el al. (1979), Similarly, the human ._.__.- im-
munoglobulin psevdogene (HeV ) can be studied by
using the alignment between Hy'V, and its functional
counterpart (HV K1D1) and the ancestral sequence of
HV, and MV KD (mouse V. immunogiobulin K2);
the ancesiral nucleotide cannot be determined at a site
at which HV K101 and MY K2 differ (for sequences
and alignments, see Bentley and Rabbits (1980} and
Mighioka and Leder (19800). In the case of Xemopus
55 rRNA pseudogene (X455) we can attribute all of the
nucleotide differences between X535 (Jacq et al. 1977)
and its functional counterpart in Xemopus, X558, to
X35, The justification for this & that the degree of
divergence between the two sequences is quite small
(Table 1} and that the rate of nucleotide substitution
is extremely slow in 55 rRMA genes (Horl 1975) bui
very fast in psewdogenes (Kimura 1980; Miyata and
Yasmunaga [981; Li et al. 1981), The same justification
can also be made for attributing all of the nuclectide
differences  between human Ul RNA  pseudogene
(HeUL) and fis functional counterpart, HUD (Denison
el al. 1981), to HeUl, because the rate of nuclectide
substitution in Ul RNA is exiremely slow (T, Gojobo-
i, unpublished).

The results of our analysis will be shown in terms
of the sense strand of the gene, ie., the untranscribed
strand. Thus, an A—=G substitution means that an A
base in the sense strand is replaced by G. Because A
is complementary to T and G to C, A~G actually means
that an A:T pair is replaced by a G:C pair. Similarly,
A=T means A:T = T:A, C=A means C:G = A:T, and s0
on
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results in the row below the matrix. These sums re-
present the mumbers of substitutions that result in A,
T, C, and G, respectively, among every |00 substitutions
in & random sequence. We note that the sums under A
and T are larger than those under G and C. We have also
computed the relative frequency that one type of hase
I8 replaced by any of the others. This quantity is given
by the sum of the fj; values in each row and is presenied
in the column under the brackets. The sums are larger
for € and G than for A and T so that C and G are more
likely to be replaced than A and T. From these two ob-
servations, we may conclude that pseudogenes will tend
io be rich in A and T bases. (This conclusion applies to
both strands because A and T are complementary.)
The equilibrium frequencies of &, T, T, and G can be
obtained by using the formula given by Wright {1969)
and Tajima and Mei (1982) and are 0.28, 0.38, 0,14,
and 0,20, respectively.

It is pow known that in addition to base mispainng
the transition C—+T can abo arise from conversion
of methylated C residues to T residues upon deami-
nation {Coulondre et al. 1978; Razin and Riggs 1930).
This effect will elevate the frequencies of C:G = T:A
and G:C = AT, ik, fop and Mg, As abour 90%
of methylated C residues m eukaryotic DNA ocour at
the 5'CG-3" dinucleotides (Razin and Riggs 1980),
thiz effect should be expressed mainly as changes of the
UG dinucleotides 10 TG or CA. When a gene becomes
a peeudogene such changes would no longer be subject
1o any functional constraint and can therefore con-
tribwte significantly 1o C—+T and G—~+A transitions if the
frequency of CG s relatively high before silencing of
the gene occurs. Upon examination of the eight pseudo-
gene sequences and their ancestral sequences we find (i)
the majority of the OG dinucleotides, 34 out of 36,
have changed 1o TG or CA, (il) among the 77 C=T
transitions X4 were due to CG-+TG, and (iii} among the
58 G=A transitions 12 were due to OG-~ CA, {Note
the asymeiry that (G = TG has occumred twice as often
a5 00 = CA). Thus, methylation of C residues appears
to have contribused significantly to the frequencies of
C=+T and G-=A and can explain partly the higher values
of fpyp and fg, over [ and - and also parthy the
higher value of -y over £, . The substitution pattern
obtamed by excluding all nucleotide sites where the OG
dinucleotide appear 1o have occurred in the ancesiral
sequences of these pseudogenes is given in the paren-
theses in the “average matrix™ in Table 2. This pattern is
somewhat different from that obtained without ex-
cluding the G dinucleotides. In particular, the differ-
ences among the relative lrequencies of the Tour transi-
tions become somewhat less conspicuous and the relative
frequencies for the transversions become slightly higher
except for G—+C. The sum of the relative frequencies of
transitions is pow reduced 1o 5% The equilibrivm
frequencies of A, T, C, and G compouted Trom this
matrix are 0.27, 0.36, 0.16, and .21, respectively.

The pattern of substitution mutations inferred from
the electrophoretic variants of hemoglobin | Fitch
1967; Vogel and Kopun 1977} is diflferent from that
inferred from pseudogenes. In particular, the tramsition
C=+T is mre in the former bul very Trequent in the latter
The rarity of this transition in electrophoretic variants
is probably due to natural selection (see helow).

Functional Genes

The pattern of nucleotide substiwtion in functional
genes can be studied in the same manner &8 above. For
example, using the ancestral sequence of Mal, Mal,
and Ra, we can inler the nucleotide substitutions in
these three sequences. It is of course difficult 1o decide
the direction of substitution at a nucleotide site at
which the ancesiral nucleotide cannot be determined
uniguely and we have therefore not included such sites
in our analysis, We have also not included the third
position of codons because the functional constraing at
this position appears to be weak in the majority of
cases and we are interested in knowing the effect of
functional constraint on the pattern of nucleotide
substitution. In the same manner, we have inferred the
nucleotide substitutions ar the lirst and second positions
of codons in the human, bovine, and ral adrenocortico-
tropic hormone (ACTH) genes (Chang et al_ 1980; Ma-
kanishi et al. 1979; Dvouin and Goodman 1980). In
inferring the nucleotide substitutions in H@, Magmal
and R 1) we used the same ancestral sequence as used
in the case of § globin pseudogenes. The results of our
analysis are given in Tables | and 2.

The pattern of neclectide substitution in functional
penes is quite similiar to that in pseudogenes, except that
the relative frequency of C-=T has been drastically
reduced whereas those of C—=G and GO have been
doubled (Table 2). As mentioned above, the transithon
C+T is also rare in the electrophoretic variants of
hemoglobin (Fitch 1967; Yogel and Kopun 1977} In
this respect, the pattern of base replacements inferred
from the electrophoretic variants of hemoglobin is mone
similar 1o the pattern of nucleotide substitution in
functional genes than that in pseudogenes, Because of
the relatively low frequency of C =T, transition sub-
slilutions in funclional genes ocour somewhat r_.n
frequently than transversion substitutions. The equi-
librium frequencies of A, T, C and G compuied from the
average mairix For the three functional genes are .30,
0.36, 0,07, and 0.17, respectively

[Hstwssion
Reliahility of the Resulis

There are # least theee factors which can aflect the
reliahality of the resulis obtained above. They are the

assumption of no mulliple substiiutions ai esch site,
the reliability of alignment, and the sampling ellect
I the case of the substitution patiern for funcisoal
penes, the fist two factors should cause no SErMHLES
emior hecause in all cases the degree of sequence diver-
geive is onby 5% (Table 1) and the algnment can easily
be made. The sampling effect, however, can be @ serbous
problem for iwe reasons. First, the total number of
substitutions observed s rather small, only 132 (Table
Ik, 50 that the pattern obtained is expected to be subject
to random errors, Second, as only three different kinds
of sequences are used, the pattern obtaimed can be very
bissed. Thesefore, the present result should be Laken
a5 very lentative,

In the case of the subsiiiution pattern for pseado-
genes the asumption of no multiple substitations s
likely 10 be violated st a number of sites but should
introduce no serious error because the degree of se-
quence divergence is still not high (Table 1), The secomd
factor is also unlikely 1o cause any serious emror hecause
all the pseudogenes we used can still be casily aligned
with their respective Tunctional counterpart, {MNote
that in those structural pseudogenes we have used only
the “exons™ so that alignment was facilitated by using
the reading frame in the functional genes a5 a refer
ence.). The only exception is the mouse gad. In this
case, however, we have excluded the 30 nucleotides
where the alignment does not appear 1o be reliable (zee
Li et al. 1981). The 1otal number of substilutions used
to infer the substitution pattern for pseudogenss i 314
(Tuble 1). Alihough this is nod a small number the sam-
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pling effect i probably ot negligible. This is because
the emor rate of DMA replication al a site can be dras-
tically affected by is neighboring DN A sequence | Topal
and Fresco 1976; Sinha and Hasmes 1980; Topal et al,
1980; Fresco et al 1980}, To get & reliable peneral
pattern we need not only a large number of substity.
tions  but abso many different kinds of pseudogenes,

Base Conrents in Coding amd Non-Coding Regions

As mentioned in the Introduction the main sim of
Hudying the pattern of nucleotide substitutions in
pseudogenes is o know ihe pattern of spontaneous
point mutations. I the pattern abtained from pseudo-
Remed is peliable, we can predict the equilibrium fre-
quencies of A, T, C and G in DNA sequences that are
subject 1o no stringent functional constraint. To see how
well our prediction sgrees with actual data, we have
compared the equilibrium hase frequencies predicied
by the pattem in pseudogenes with the base cantents in
the non-cading regions of some profein coding genes.
The reason for choosing these regions is because they
do not appear fo require any sequence specificities
other than those signals for transcriptional control,
RNA processing, and translational contrad, Simdlarly,
ta test the prediction by the substitution pattern for
functional genes, we have abo studied the base con-
fents at the first and second positions of codons in
profein coding genes. The results are given in Table 3.

Tabde 3. Buse contents and AT mchness in the coding and nom-coding regians of protein coding genes

Coding regloss®’

T [
i — B e @ mm
Mouse o glokin __:_.._._ ELE 3% M2 17.7
Human & globla (7) be ) W.4 1.6 7B.4
Husss ¢ glokin (1,4} FiF] M1 A9 N
Human 4CTH %) LTT] 8.3 w0 1.3
Chickén cvalbomin L] L] .8 .l 4.7
Rat pregroinsmlin 10 (5§ A 9.3 253 1.0
Fouse 7,  imssnoglobul e ¥ LTES M.4 2.0 229
Houme .__. Immiineglobulin 10y 210 4.8 {9 Tk, 1
Mouse J  reglon (11) JEC M8 22,1 8.8

Tatal 12 FLES I T T T

a Im the conding regions anly 1 first and soond PostEons of codans are inchaded

C AT

Bon-cading regions

Na, af L] T o C AT
bases (X} (4] i (L] ()

(4] LE1]

tL &b 1 M 23.% M. M v CLI
u..-.- 8.0 Leos  I7.7 W9 IT.7 8P Bi.&
2.3 55.0 M .6 150 334 18.9 57,7
5,4 42,3 MRy IS w3 L=H)
19.% 33.9 1883 3.1 M. 184 181 82.¥
.5 L1 LLR 1% - 9 SR 1 O T &8.8

.7 5.4 BE? 6.8 1.9 1.3 g 0.7

2.n B0 7 M) N.E a2 &, 7
1B} 1.9 1541 8.4 W& 4.1 .9 a0
115 .8 10759 ge.r 2P e 20.9 .5

b Dt sources: {10 Mishaoka and | eder (1979, (20 Lawn et al. {1980); § W Baralle, Showklers, Proudfost {1980} (4) Haralle 4 al.

L L TR hang e sl 19%0)- B0 Mo oymalhl

s el al. (1978), 471 Ruberisan et al, {19795 (8) Lomedion et al. (1979);

1% Tucker et o (1979); {10y Barnard et al (1978 (11} Sakano et al (197%)
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cies of A, T, C, and G in the non-

o H”Hﬂ -“,_“_“n_“”.w_._. 028, 0.21, and 0.23 (Table
%.:ﬂ ihe equilibrium frequencies predicied from the
substitution pattern in pseudogenes  are __-.m_‘._. .38,
.14, and 0.20 when the TG dinucleotides are incladed
in the analysis and 0.27, 0.36, 0.16, and 0.21 when
the G dinucleotides are excluded (see above). Thus
ihe observed and predicted frequencies of A ..E.:. agree
well with each other but the observed frequencies of T
and € are wvery dilferent from their predicied walues,
These two discrepancies are apparently too large 1o be
due to chance effecis alone. One possible explanation
for the large n___..-.ﬂ?u_.___.._nu it that the substitution
pattern obizined from the cight pseudogenes does nol
represent accurately the pattern of spontaneous point
mutations. On theoretical grounds (see below), the
frequencies of the four transitions are expected 10 be
roughly equal 1o one another. In the pseudogenes, how-
ever, the frequency of T-=0 is considerably lower than
thiose of the other transitions whereas that of C=T is
very high. This is the main reason why the predicied
frequency of T is wery high and that of C is very low.
Had the predicted lrequencies of T and C been claser 1o
each other, the abowe two discrepancies would have
been smaller. Another possible explanation is that the
ohierved hase n._,nn_:n.._n.n-_ in the .._n:._..ﬂn_n.._.._ ..nh.—n_.i....ru
not represent  accurately the equilibrium frequencies
expected from the pattern of spontanecus point muls-
tions. This can arise if some parts of the non-coding
regions are actually subject to significant functbonal
comstraints. Mote abio that nucletide changes in mon-
coding regions may often arise from insertion or deletion
rather than from point mutation and this can cause
hiases in base contents.

The average frequencies of A, T, C, and G in the
coding regions are 0.28, 0.22, 0,24, and 0.27 (Table 3}
while the equilibrium frequencies predicted from the
panern given in Table 2 are 030, 00,36, 0,17, and 0.17.
Thus, the observed frequencies of T, C, and G are very
different from their predicted values. As mentioned
above, the substitution pavtern for functionsl genes
is based on very limited data and is probably mot re-
liahle

It is interesting 1o note that the noncoding regions
tend 1o be rich in A and T and the average proportion of
A+ T is about 57%. This is consistent with earlier obser-
vatioms (we. eg, van den Berg 1978), On the other
haru, the coding regions tend 10 be high in A bit low in
T and the average proportion of A + T is shout SO,

Molecular Basis of Substintion Mutations

Sa far the most plausible model for the molecular basis
of substitution mutations is the one by Topal and Fresco
11976). In this model the authors make two principal

ssumptions. First, there is a wider set of complemen-

tary hase pairs than A:T and GO that are compatible
with the steric constraints of & regular DNA helix (see
their Fig. 1). The non-Watson-Crick complementary
pairs constitute mispairs of two Lypes, pu-pyr and pa-pu;
Pye-pyr mispairs cannot occur. The pu-pyr mispairs are
A%C A, G*:T and GeT* while the pu-pu mispairs
are A®A . _p._”cf.;_. ﬁ.,.._.};:. and ﬂ.._.n....u.... in
which * denotes o minor tauwtomeric form and syn de.
netes the syn form. The frequency with which such mis-
pairs ocour is due mainly 1o the manifestation of the e-
quilibrium constants for the isomerization processes re-
quired for their formation. The pathways for substinu-
tion mutations are & follows (see their Table 1k (1)
Transitions arise from pu-pyr mispairing and can occur
with each strand of a base pair. For example, the transi-
tion A:T —+ G:C can arise from A*:C, A:C*, G:T*, or
G*:T. (11} Transversions arise from pu-pu mispairing hui
can occur only on the strand with the purine template
residue. For instance, the transversion A:T = T:A can
arise only from A®:A, .. where A* must be on the
template strand. Second, there are two opportunities 1o
express the relevant isomeric equilibria mvolved in
particular mispairing events during the process of adding
8 base, fimst during catalytic incorporation of the new
base on the growing strand, and again during a checking
step. The essential concepts and the pathways proposed
have gained support from experimental studies { Topal
and Fresco 1976, Sinha and Haimes 1980; Fersht and
Knill-Jones 1981). The quantitative aspects of the model
have, however, not been well examined. Chr resulis for
the pattern of substitution mutations allow us to look
into some of these aspects.

Under the pathways proposed the following proper-
ties should hold. First, fy ¢ should on the average be
equal to fy,, for the two transversions A~T and T-=A
are complementary and arise from the same pathway,
ie. from A*:A,,  mispairing. Similarly, we should have
Tac=Trg. fea=f;y, and frg=fge. These equalities
are seen 1o hold Taiely well in the pooled data, though
none of them holds for all pseudogenes. Second, all
transitions should be equally frquent, ie., Fye=Tye=
fep=fi;a. Tor they all arise from the same kinds of
mispadring. Chur results show that none of these equali-
ties holds (Table ). Although the two transitions A~G
and T are complementary, [, i two times higher
than fyp. The two transitions C—+T and G—+A are also
complementary, but f-p i considerably higher than
fpa. Moreover, -y and [, are considerably higher
than fre amd ;. There are two possible explanations
for the violation of these equalities. First, in addition 1o
base mispairing there may be some other factors that can
contribute significantly to base changes. Methylation of
cylosine is such a factor. As mentioned sbove, this
factor can partly sccount for the elevated frequencies of
C—+T and G-+A. Second, the substitution patiern ob-
tained does not represent accurately the patiern of
spontaneous point mutations (see the discussion above).

Using estimaled frequencies of unfavored tautomers
and syn somers, Topal and Fresco | 1976} have attempt-
e rales of substitulion mutations (see
According to their predictions, we should
wing: (1) The transversions A-=(, T—(,
U=, and G-+ should on the average be twice as fre-
quent a5 the transversions A—T, T-+A, C—A, and G~T.
Dur results show, instead, that all the transversions are
just as frequent except C—+A and G—T, which are twice
a5 frequent 2 all the athers, This suggest that Ay and
Gopn Moy occur with 8 more similar frequency than
Topal and Fresco (1976) assumed and that the base pair
mediating C+A and G-T transversions may be more
stable than the other transversion mediating base pairs,
Indeed. it is interesting 1o note that G* Ay, mediates
these two but no other transversions and that this is the
only Topal-Fresco base pair proposed that requires a
tautomeric shifl in G because of a bad van der Waals in-
teraction with A rather than for H-bonding reasons
(M.I), Topal, personal communication). (11} The sum of
the frequencies of all transitions should be one order
higher than the sum of all iransversions. (Compare the
sum of such frequencies in Table 2 of Topal and Fresco
(19761 In their in vitro Study of the revertant frequen-
cies at four amber sites in $X174 DNA, Sinha and
Haimes {1980) found that transitions al any site were
much more frequent tham iransversions. Dur resulls,
however, show that the frequency of transitions is only
ahwsut 1078 higher than that of transversions { Tahle 2).
The data of Fowler et al, { 1974) on the revertant frequen-
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cles in the tryptophan synthetase A gene of Escherichia
colf also suggests that the frequency of transversions is
of the same order of magnitude a5 that of lransitions.
Moreover, the in vitro study of hase mispairing by Fershi
and Knill-Jones (1981) also does not support Topal and
Fresco's prediction. Thus, the difference in frequency
between transitions and transversions may nol be so
large @ predicted by Topal and Fresco {1976), These au-
thors have noted from Fowler et ai.'s (1974) data that
the overall fidelity observed for transversions is soame-
what less than they expected and suggested that this
could be due to a low efficiency in remaoval of syn than
anti residues by the exonuclease. The accuracy of their
predictions, of course, depends abo on the reliability
of their assumptions on the frequencies of minor tau.
lomers and syn isomers,

Recently, in a comparison of mitochondrial DNA se.
quences from man and apes Brown et al. (1982) have
found that the relative frequency of transition is ten
times higher than that of transversion. This fits Topal
and Fresco's (1976) prediction. It will be interesting
to see whether the relative frequencies of transition and
Iransversion in nuclear DNA are really different from
those in mitochondrial DMA.

Effect of Functional Constrains
We noted earlier that, although the pattern of nucleotide

substitutions at the Mirst and second positions of codons
in functional genes i quite similar to that in pieudo.

Tabide 4. Coarelation between the relative relative Frequency af base substilution and the chemical distance helween bases

Seqesncan 5 . BElative substirue lon frequenciss i Correlation Rank
4 .n = T [ .... A CH+s G Coas & T = g T e A coelf ic lent corralation
Foeudogenus . i
Heman yal 48 1.6 1.5 10.1 17.2 4.8 1.0 0,60 g. 77"
[T HY 1.8 .1 4.1 1.4 13.0 12.7 -0.22 -0.03
Habbit $ii2 8l 1.8 0.5 0.0 9.7 12.4 a6 -0.51 -0.49
Goar A" 22 .1 32,3 19.5 9.9 1.3 3.7 0.6l -0.83%!
Mouse $ER) 13 0.1 2.0 0.0 16.0 .1 17.8 .47 0,97
Human ¥ T 1.4 .4 0.5 1.8 5.8 b9 40,15 .09
Ueighted average 178 .7 9.2 4.7 15.4 12.2 8.8 0,43 -0.49
T— 10 .2 7.3 5.7 10.8 T 6.5 -0.13 +0.03
Frag ¥is 1% 9.0 17.4 5.0 1.5 18.0 1.4 40,57 .80
Functional genes ; . 3
0 globin penes 1% 1T TR | F SR 11 9.6 1.4 8.3 0. -0.0a™
B wiobin gewes o 16,4 2.6 19.4 .| 11.3 16.2 -0.02%
ACTH genes I 16.8 4l 0.4 13.0 5.4 1.8 -o.u0™
Meighted average 132 11.1 2.4 4.3 144 6.3 ¥.2 -0.0a™
Chemics]l distance L2n.% 76,5 [ ] 9.0 153.0 142.5

N denotes the

of substitstions; a 5% significant kevel; b on the barder line of §7% significant level; ¢ 1% significant level



genes, some conspicuows differences do occur between
them. These differences must be caused by the function-
al consiraints in the functional genes. To understand
what kinds of functional constraints were responsible
for the differences we shall study the relationship be-
pween base exchangeability and amino acid exchange-
ability because the majority of base changes at the :..a
and second positions of codons cause changes in amino
acids. Vogel and Kopun (1977) found that a postive
comelation exists between base exchangeability and
amino acid exchangeahility. Our approach to this pro-
blem is somewhal different from theirs.

Grantham {1974) has found that the exchangeability
between amino acids in evolution (s largely determined
by thelr similarity in physicochemical properties. He
defined the chemical distance between two amino acids
a5 a function of their differences in composition (the
atomic weight ratio of noncarbon elements in end
groups of rngs to carbons in the side chain), polarity
and molecular volume. He found that the relative sub-
stitution frequency of amino acids is negatively correlat-
ed with this distance. Using Grantham's distance, we
may difine the chemical distance between iwo nucleo-
tide basex, say A and G, at the firt position of codons
23 the average distance over the 16 codon pairs in each
of which the two codons differ only at the first posi-
tion — one has A and the other has G. (For example,
ACC and GOC, ACA and GCA, and ACG and GCG are
{hree such codon pairs). When a codon pair involves
3 termination codon, the chemical distance between the
two codons I3 assumed to be two times the maximum
distance (215 between tryptophan and cysteine) of all
possible amino acid pairs. I the two codons are both ter-
mination codons, the codon pair is excluded from com-
parison because such a situstion cannod arise in nature.
The chemical distance between (wo bases at the second
pasition of codons ks defined in the same way. The aver-
age distance between bases at the first and second posi-
tiong of codons i given al the battom row in Table 4.
Above the average chemical distances we have shown the
relative substitution frequencies ai the first and second
positions of codons in functional genes and in the sin
structural pseudogenes. {In the cases of human ¥U1 and
frog 55, all substitations were included).

We note from Table 4 that if the average chemical
distance between two bases is large the relative substitu-
tion frequency in the functional genes is bower than that
in the pseudogenes but the situation is reversed I the
average chemical distance is small. For example, the
average chemical distance between C and T is large
{120.5) and the relative substitution frequency between
€ and T in the functional geres is only half of that in the
pseudogenes. On the other hand, the average naz:._..u_

distance between C and G is small (84.5) and the relative
substitution frequency between C and G in the func-
tional genes is two times higher than that in the pseudo-
fgenes. Thus, the chemical distance between bases defin-

ed above appears to he a good indicator of the stringen-
cy of functional constraints.

We have abso computed the moment-product corre
lation coefficient and the rank correlation coefficient be-
tween the average chemical distance and the relative sub-
stitatlon frequency (see the last two columins of Table
4}, We note that a significant negative correlation exisis
between the two quantities in the functional genes but
not in the pseudoge nes.

We mentioped in the Introduction that the patiern
of substitution mutations inferred from the eleciro-
pharetic variants of hemoglobin may be biased. Indeed,
the frequency of C-+T found was considerably lower
than that in pseudogenes. This bias is apparently caused
by matural selection because the average chemical dis-
tance between C and T is large (Table 4)

In & recent study of the patterns of codon usage and
of nucleotide substitutions in human e and Eglobin
genes, Modiano et al. {1961) observed that the relative
frequency of T = non-T substitutions are much lower
than those of other substitutions. They concluded that
organisms have adopied a device 1o reduce the rates of
T # non-T mutations, becsuse such mutations often
cause drastic phenotypic effects. Our results do not sup-
port their conclusion. [n the pattern of substitution -
tations inferred from pseudogenes the relative frequency
of T = non-T mutations is 4.5% ¢ 6,2% + .65 + 4.7% +
7 0% + 70F% = 4% (see Table 2}, which is by no means
less frequent than other types of mutations. On the
otler hand, in the pattern of nucleotide substitutions in
functional genes the relative (requency of T = non-T
substitutons is only 28 8%, which is indeed less fresquent
than other types of substitutions. We may therefore con-
chude that the low relative frequency of T = non-T sub-
stitutions observed by Modiano et al. (1981 is due 1o
natural selection and not due to any intrinsic mechanism
of substitution mutagenesis. Actually such a mechanism
is difficult 1o evolve because it should also reduce the
frequency of A = non-A mutations, for these mutations
will lead to T + non-T mutations in the complementary
strand.
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