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Summary. The numbers and local sequence en-
vironments of the two types of substitution muta-
tion plus additions and deletions have been ob-
tained directly in this study from differences between
a large number of extant primate gene and pseu-
dogene sequences. A total of 3786 mutations were
scored in regions where similarities between pseu-
dogene and corresponding gene sequences is =85%,
comprising ~30% of the pseudogene database of
80,584 bp. The pattern of mutations obtained in
this fashion is almost identical to that obtained by
Liet al. (1984) using a slightly different, more direct
approach and with a smaller database. When mu-
tations were scored, the neighbor pairs on the 5" and
3’ sides were also noted, leading to a large 16 x 12
matrix of transitions and transversions. Biases of
varying magnitude are found in the rates of substi-
tution of the same base pair in different local se-
quence environments. The overall order for the ef-
fect of the 5’ neighbor on the rates of substitution
mutation of a pyrimidineis A > C > T > G, and
G > A > T > C for the 3’ neighbor; where these
results represent the average of substitution rates for
the complement purine with complement neighbors
of bases ordered above. The order for the 3’ neigh-
bor is essentially the same for the two transitions
and most of the four transversions as well; however,
the order for the 5' neighbor is more variable. The
overall rate for the C:G — T-A transition is not
unusual, however the presence of a 3’ neighboring
G- C pair boosts the rate substantially, presumably
due to specific cytosine methylation of the CG dou-
blet in primate DNAs. The rate of the T-A - C-G
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transition is also well above average when the 3’
neighbor is an A T, and to a lesser extent a G-C,
pair. The latter bias is typical in that it reflects the
association of alternating pyrimidine—purine se-
quences with increasing mutation rates. The sub-
stitution of the pyrimidine in a 5'purine—pyrimi-
dine-purine3’ sequence generally occurs much faster
than in a pyrimidine tract and points to the local
conformation as a major determining factor of the
substitution rate. An apparent inverse relationship
is found between starting and product doublet fre-
quencies of base pairs undergoing mutations with
specific 3’ neighbors, indicating that differences in
intrinsic substitution rates of base pairs with specific
neighbors are a key factor in producing the familiar
biases of nearest-neighbor frequencies.

Key words: Mutation pattern — Substitution mu-
tations — Nearest-neighbor effects — Transitions
— Transversions — CpG — Pseudogenes

Introduction

Spontaneous mutations in selected regions of the
genome are a primary basis for the evolution of
species. In spacer regions, nontranscribed repetitive
sequences and pseudogenes, mutations have no ap-
parent effect on the phenotype. The highest mea-
sured substitution rates [1.3 (£1.5) x 107° substj-
tutions per site per year in primates] have been found
in pseudogenes (Li 1983; Li et al. 1985; Koop et al.
1986), indicating a relaxation of functional con-
straints in these sequences. These sequences are
therefore uniquely suited to the study of fundamen-
tal differences in rates of the different substitution
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mutations. Gojobori et al. (1982) and Li et al. (1984)
examined differences between extant gene and pseu-
dogene sequences and reconstructed ancestral se-
quences to study the intrinsic rates of point muta-
tions and demonstrated that the pattern of mutation
is nonrandom. Presumably the biases they observed
in the pattern reflect kinetic or thermodynamic dif-
ferences in one or more of the different molecular
events leading to fixation of mutations: formation
of particular mispaired intermediates (Topal and
Fresco 1976; Shibata et al. 1991), error detection,
and mispair correction (Glickman et al. 1986; Jones
et al. 1987; Modrich 1987; Mendelman et al. 1989)
that occur during or shortly after replication. The
question we raise in this study is how these differ-
ences may be influenced by neighboring bases; with
the consequence that an underlying bias exists in
the formation or repair of the same mispaired in-
termediate in different sequence environments.
Neighbor effects may bias the mutation process
at any of the different stages leading to fixation of
mutations in the germ line and have been demon-
strated or implicated in a variety of seemingly rel-
evant studies. Topal et al. (1980) concluded, on the
basis of in vitro competition experiments with DNA
polymerase, that nearest-neighbor interactions be-
tween incoming dNTPs and the terminal base of the
nascent strand influence the frequency of substitu-
tion mutations. Variable frequencies of 2-amino-
purine-induced transitions found by Koch (1971)
suggest a dependence on sequence context. Men-
delman et al. (1989) found that the kinetics of nu-
cleotide misincorporation by DNA polymerase « is
dependent on nearest-neighbor base stacking. The
local sequence environment has also been shown to
differentially influence the efficiency of repair of
transitions and transversions (Jones et al. 1987; Lu
and Chang 1988). The classic studies of Benzer
(1961), showing that sites of the rIla and rIIb genes
of T, mutate with different efficiencies, could be seen
as reflecting different neighbor effects at the several
steps in the fixation of mutations. Benzer designated
sites of high efficiency as hotspots. Hotspots have
been identified and characterized in the system of
genes for the metabolism of lactose in Escherichia
coli (Miller and Low 1984; Cupples et al. 1990). An
influence of the neighbor environment could also
be partially responsible for the biases in neighbor
frequencies in sequences (Josse et al. 1961). Whether
such bias is a cause or an effect of one or more of
these events remains to be demonstrated and is one
of the incentives of this study. Accordingly, we have
extended the investigation of the pattern of point
mutations to include both a larger sampling of pseu-
dogene sequences and a consideration of neighbors
on both the 5’ and 3’ sides of bases that have changed.

Methods and Results

The approach taken in this study is different and in
certain respects less sensitive than that taken pre-
viously by Li et al. (1984). Ancestral sequences were
not reconstructed; rather, the pattern was obtained
directly from differences between extant gene and
pseudogene sequences. The apparent error that is
generated by assigning all mutations to the pseu-
dogene can be shown to be <20%. Li (1983) and Li
et al. (1985) have determined the average substi-
tution rates for codons with synonymous degeneracy
and have found that the average rate for fourfold
degenerate codons is roughly twice that for twofold
degenerate sites; whereas twofold sites are, in turn,
roughly twice that for nondegenerate sites. Assum-
ing that the ratio of the substitution rate for a par-
ticular n-fold degenerate codon to that for the same
triplet in the pseudogene, R,, is 1.0 for sixfold sites,
then we obtain R, = 0.16, 0.33, .. .x, 1.0, when n
=1, 2, ...X, 6. These interpolated values for R,
are in surprisingly good agreement with values re-
ported by Li et al. from a limited analysis of twofold
and fourfold sites. The fraction of substitutions oc-
curring in coding regions, f 4., can then be estimated
from the relationship

fus =2 R, L/3

where f, is the fraction of coding regions made up
of n-fold degenerate codons. The latter can be es-
timated with reasonably close accuracy because the
frequencies of amino acids in all globular proteins
are relatively invariant (Blake et al. 1986). From
these frequencies, we obtain a value for {4, of ~20%,
so that the estimated fraction of substitution mu-
tations actually occurring in pseudogenes, 1 — f.4,
is ~80%. With an apparent error of this magnitude,
this approach has the disadvantage that the effects
of mutations occurring in highly biased frequencies
may be slightly modulated; however, it has the far
greater advantage that it readily allows for the ac-
quisition of larger databases, thereby improving the
significance of mutations that are sparsely populated
in certain neighbor environments.

The further assumption of this study is that ad-
dition and insertion mutations can be assigned ex-
clusively to the pseudogene.

The first goal of this study was to establish the
optimum alignments of genes with their correspond-
ing pseudogene sequences. Sixty-five primate se-
quences totaling 80,584 bp and designated in orig-
inal reports as pseudogenes, plus 70 corresponding
primate gene sequences totaling 73,319 bp were ob-
tained from the GENBANK (Release 66) and EMBL
(Release 21) databases. Optimized Needleman—
Wunsch (1970) type alignments of pseudogene with
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Summary: The overall fraction of identical residues in this alignment is 227/300(75.7Z).

Fig.1. Alignment with the algorithm FASTA (Wilbur and Lip-
man 1983; Lipman and Pearson 1985) of a 300-residue section
of the human cytoplasmic 8-actin pseudogene [GENBANK entry
name: HUMACBP(AI)] with a section of the human cytoplasmic
B-actin gene (HUMACCYBA). Residue 2094 of the 8-actin gene

gene sequences were produced with the FASTA al-
gorithm of Wilbur and Lipman (1983) and Lipman
and Pearson (1985). An example of the alignment
of a 300-bp section of the human cytoplasmic 3-ac-
tin pseudogene sequence with the corresponding gene
sequence is shown in Fig. 1. The overall similarity
between gene and pseudogene sequences shown in
Fig. 1 is 76%. Alignments that did not lead to sim-
ilarities greater than 60% were eliminated from fur-
ther consideration. A number of pseudogenes ex-
hibited similarities to their designated gene sequences
in the neighborhood of 50%. This is the level ex-
pected for two unrelated sequences when the inher-
ent nearest-neighbor constraints exhibited by all
natural sequences are taken into account. Random
sequences of 50% (G+C) content are expected to
show a 25% match at individual sites because the
probability of occurrence of any one of the four bases
is 0.25. However, the level of randomness in all
natural sequences is limited by the constraints im-
posed by an underlying, uniform nearest-neighbor
bias. As shown by Fitch (1983), a pair of unrelated
natural sequences with the same neighbor bias is
expected to exhibit a level of similarity of approx-
imately 50%. Indeed, results of pairwise analyses
with the FASTA algorithm on 50 randomly select-
ed, unrelated primate sequences gave an average

begins exon 4. The section delineated by the arrows and bars
indicates the window size used for the identification of regions
of high sequence homology, as well as for the positions of mu-
tations (denoted by asterisks) and for identification of the neigh-
boring bases on either side of the mutation.

level of similarity of precisely 50%, with a standard
deviation of only 3%.

Aligned pseudogene-gene sequences with simi-
larities >60% were analyzed for the identification
and isolation of regions where the level of similarity
=85%. This was achieved by passing the aligned
pair across a 20 residue-wide window and capturing
those regions with three or fewer mismatches. The
example in Fig. 1 shows that similarities between a
B-actin pseudogene and gene are only 50% over the
first two lines of 100 residues, but then jump to 90%
beginning with the third line (position number 784
in the original pseudogene sequence) and continue
thereafter at that high level. Mutations were scored
only in the latter regions. The higher level of sim-
ilarity is almost invariably associated with coding
regions in gene sequences, and the example of Fig.
1 is typical. The region of 90% similarity beginning
at residue 2094 corresponds precisely with the start
of exon 4 of the 8-actin gene sequence. It was found
that an 85% or better level of similarity could be
found in 24,970 bp out of 80,584 bp in the pscu-
dogene database, when aligned with 38,063 bp out
of 73,319 bp of gene sequences.

The level of gene—-pseudogene similarity that was
chosen for scoring mutations was selected to ensure
that sequence relationships were orthologous and to
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Table 1. Nucleotide substitutions in primate pseudogenes®
Number of residues®
T
° Pseudo-
From A T C G Deletions Insertions Totals® Genes genes
A — 127 142 476 69 60 874 8019 5528
T 127 _ 413 117 74 49 780 8117 5410
C 132 598 - 192 78 61 1061 11,368 7214
G 615 131 173 - 87 65 1071 10,558 6817
Totals 874 856 728 785 308 235 3786 38,062 24,969
Transitions = 2102 (64.8%) Foc = 0.576 0.562

Transversions = 1141 (35.3%)

* Average standard deviations: =28 for transitions; £22 for transversions; =10 for both deletions and insertions
> Total of changes involving the base in each row, including deletions and additions
© Total number of this base in gene and pseudogene sequences over the region providing acceptable homology (see text)

maximize the number of mutations in pseudogenes
with a minimum ambiguity of origin. The large da-
tabase of mutations needed to establish a significant
next-neighbor pattern is more readily obtained in
regions of fewer similarities; however, an increase
in the frequency of multiple and ambiguous muta-
tions, attributable to the time period from the gene
duplication event and the origin of each pseudogene,
can be expected to increase with alignments of lower
similarity. So also will the potential for ambiguity
in the origin of mutations increase due to gene con-
version and recombinational rearrangements. The
rationale for examining regions of higher similarity,
therefore, is 10 minimize contributions from mul-
tiple changes at the same site and mutations occur-
ring in the gene sequence. Single-site multiple mu-
tations are nil when the similarity level is greater
than 85% (Jukes and Cantor 1969; Brown et al.
1982:; Gojobori et al. 1982). It was found that the
pattern obtained from scoring mutations in pseu-
dogenes with an 80% level of similarity is essentially
identical to that obtained with a 90% level; although
the database is much smaller in the latter case. A
difference in the pattern seems to emerge when the
level of similarity falls below about 80%, which is
probably a consequence of some of the factors dis-
cussed -above. The 85% level therefore represents
an attempt to simultaneously maximize the size of
the database and minimize the level of ambiguity
regarding the origin of the pattern.

Table 1 shows the patiern of mutations found in
24,969 bp of pseudogene sequences exhibiting =85%
similarity to 38,062 bp of gene sequences. The total
number of transitions and transversions listed in
columns 2-5 of Table 1 is about 10-fold greater than
examined earlier by Li et al. (1984). Random errors
due to statistical fluctuations in the numbers of each
type of mutation in our finite collection of pseu-
dogenes were determined from the population stan-
dard deviation for changes in the mean relative count
of each type of mutation as the analysis proceeded
with the addition of results from each new align-

ment. Average standard deviations determined this
way were £ 28 for each type of transition, =22 for
transversions, and +11 for both additions and de-
letions. Transitions are along the diagonal from low-
er left to upper right and total 2102. There were only
1141 transversions, or slightly more than half the
number of transitions, even though there were twice
the number of possibilities. The ratio of transitions
to transversions is 1.84, which is similar to that
obtained by Li et al. (1984) [1.45 (59.2%/40.8%)];
indeed, the entire pattern is very similar to that
obtained by Li et al. who assigned mutations to both
gene and pseudogene sequences on the basis of re-
constructed ancestral sequences. The relative frac-
tion of deletions and insertions, given in columns 6
and 7 of Table 1, are also about the same as found
by Li et al. (1984).

The total numbers of all four types of mutation
of each of the four bases are indicated in column 8,
followed by the numbers of each base in gene and
pseudogene regions containing the mutation (col-
umns 9 and 10). It is possible, therefore, to calculate
the difference between observed frequencies of mu-
tations and the frequencies expected if mutations
were to occur randomly with respect to the presence
of each of the four bases. Results are shown in Table
2. Differences in this table indicate that variations
from expected are generally small. Due to random
errors in the numbers of each type of mutation in
Table 1, the probable error (Bevington 1969) in these
values for the percent difference is £10%. The dif-
ference for transitions is calculated from the rela-
tionship: 100[(fx_.s/fx) — 1], where fx_g is the ob-
served fraction of transition X — S, and fx is the
frequency of base X in gene sequences. The differ-
ence for transversions is calculated from: 100[(2fx _v/
fyx) — 1], where fx_ is the observed fraction of
transversion X — V.

Li et al. (1984) made the observation that C -
T and G — A transitions exceed the numbers of A
- G and T - C and therefore are primarily re-
sponsible for a decrease in the fraction (G+C) com-
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Table 2. Variations (percent) in the numbers of observed frequencies of mutations from expected

To
From A T C G Deletions Insertions Totals
A — +5.7 +18.1 +7.5 +6.3 +21.2 +9.6
T +4.4 —_ -7.9 —3.8 +12.7 -2.2 ~3.4
C —-22.5 —4.7 — +12.7 -15.2 -13.1 -6.2
G +5.5 —17.2 +9.3 — +1.8 -2.9 +2.0
Overall +7.8 +35.6 —-10.2 -3.2

position, Fgc, of pseudogenes. Differences from the
random probability that changes will involve a par-
ticular base indicate that the net effect of these tran-
sitions on base composition is probably real, but
small. The F- in scored regions of pseudogenes
does indeed decrease slightly, from 0.576 to 0.562
(Table 1). It is probably more accurate to ascribe
this decrease to an overall positive bias (+13.4%)
in the frequency of both transitions and transver-
sions leading to small net increases in As and Ts,
and a corresponding negative bias leading to net
decreases in Gs and Cs in pseudogenes. Other small
biases may be found in these data, e.g., mutations
involving changes to the base adenine appear to
occur more frequently than expected.

When mutations were scored, the bases on either
side were also noted, leading to a large 16 x 12
matrix for the numbers of transitions and transver-
sions in specific triplet environments (Table 3). The
total number of different transitions and transver-
sions in a triplet environment is therefore 192, or
16 times the number considered when only the af-
fected base is taken into account. Therefore, the
statistical significance of differences is substantially
lower than it is for the isolated pair (Table 1). From
trends in the relative count of each of the 192 neigh-
bor-dependent substitution mutations that were
scored during the analysis, we estimate the average
random error to be +10 for transitions and +7 for
transversions. Despite such large statistical fluctu-
ations, some biases in Table 3 stand out. For in-
stance, it is found that 34.4% of all transitions and
transversions involving all four bases occur when
the 3’ neighboring base is a G (cf. underlined column
totals at the bottom of Table 3); whereas the next
highest frequency, 23.2%, occurs when the 3’ base
is a C. On the 5’ side, most mutations (33.6%) occur
when the neighbor is a C; whereas the smallest num-
bers (19.4%) occur when the neighboring base at
both the 3’ and 5’ positions is a T. When the frac-
tional presence of each base in gene sequences is
taken into account (cf. Table 1), the overall order
for the effect of the 5’ neighbor on the rates of sub-
stitution mutations is seentobe A > C > T > G,
and G > A > T > C for the 3’ neighbor.

Similarly, the percent difference between ob-
served frequencies of mutations and those expected

were calculated for each triplet environment of the
mutations tabulated in Table 3. The difference was
calculated from the frequency of occurrence of those
triplets in gene sequences containing the base un-
dergoing mutation. The fractions of all 64 triplets
in regions of gene sequences in which mutations
were scored were determined and are given in Table
4. There are substantial deviations in the observed
numbers of many triplets from the numbers that
would be expected from the frequencies of the four
bases. For example, the triplet 5'-ACG-3’ and its
complement CGT occur with less than half the fre-
quency of the average triplet, and CTG and CAG
more than twice the average. These variations are
unusual even when corrected for the percent that
each base occurs in gene sequences, which in this
case are —60% and +54%, respectively. The low
frequencies of ACG and CGT are mainly due to the
ubiquitous underrepresentation of CG doublets in
all metazoan organisms (Josse et al. 1961; Russell
et al. 1973; Setlow 1976; Razin and Riggs 1980;
Hinds and Blake 1984; Bird 1986; Ehrlich et al.
1990). Collectively, all eight CG-containing triplets
differ by —51% in gene sequences (and in pseudo-
gene sequences of recent origin as well). Although
the low frequency of CG-containing triplets is un-
usual, other equally widespread triplet biases exist
and, taken together, seem to point to a dependence
of point mutations on the triplet environment as a
possible contributing factor to the occurrence of
doublet and triplet biases (Josse et al. 1961). Inter-
estingly, the variances from expected of all 64 triplet
frequencies show a high correlation between gene
and pseudogene sequences over all regions, which
is probably due to the relatively short period (~5
million years) of constraintless existence of many
identifiable pseudogene sequences (Li et al. 1985)
and to the high level of stringency (=90%) in aligned
regions used for scoring mutations.

Differences were calculated between the observed
frequencies of mutations and frequencies expected
if mutations were to occur randomly with respect
to the triplet environment, and denoted in Tables
5 and 6 as the corrected Af (in percent). The numbers
of neighbor-dependent mutations scored are small
so that the random error is high; therefore the as-
signed mutation and its complement were com-
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Table 3. Nearest neighbors of bases undergoing mutation

Mutation

of base Neighbors, 5'X—*_Y3'

denoted e1ghbors, > A

by * A*A A*T A*C A*G T*A T*T T*C T™*G C*A
A-G 41 29 12 46 14 16 18 27 26
A-C 11 2 10 10 3 12 1 5 9
A-T 7 5 16 8 0 6 4 6 11
T-C 14 21 21 39 18 11 14 26 34
T-A 5 5 6 10 2 9 4 4 5
T-G 4 3 3 11 6 7 3 12 4
C-T 44 43 19 40 37 19 18 42 43
C-A 10 0 11 3 9 4 11 4 10
C-G 12 9 24 13 23 8 15 7 18
G- A 18 23 28 58 29 23 24 26 61
G-C 7 12 10 9 18 23 10 6 7
G-T 2 9 9 24 5 6 6 8 6
Totals 175 161 169 zZl 164 144 128 173 234

Results in the first row of each of the four groups (boldface) denote transitions; underlined totals indicate the largest number of

mutations within a triplet with the same 3' neighbor

Table 4. Frequency (x 10-?) of occurrence of triplets in gene sequences

Base Nei ~ % vl

denoted eighbors, 5'X-*-Y3

by * A*A AT A*C A*G T*A T*T T™*C T*G C*A

A 1.42 0.97 1.07 1.74 0.78 0.60 0.63 0.64 1.56
T 0.55 0.86 1.08 1.21 0.67 1.43 1.55 1.15 0.84
C 1.34 1.33 1.89 0.72 1.60 1.60 2.50 0.71 2.55
G 1.69 1.12 1.74 2.34 1.54 1.46 1.90 2.58 0.73
Sum 5.00 4.28 5.77 6.02 4.59 5.09 6.57 5.08 5.68
Af, % -5 -19 —-10 -1 ~13 -5 +3 -17 -11

bined. In any case, assignment of the strand re-
sponsible for initiating the mutation is not ordinarily
possible (Wu and Maeda 1987). From the average
random error in mutation counts, we estimate that
deviations in the percent difference values in Tables
5 and 6 to be £20% and +£25%, respectively. The
corrected Af)’s for transitions are summarized in
Table 3, listed in rank order by the magnitude of
the difference. The significance of differences within
several positions of the rank order are meaningless
due to statistical fluctuations in the count. Beyond
this uncertainty, however, several strong biases are
evident, e.g., the top four transitions, represented
as 5'XCG3'(5'CGX3") - XTG(CAX), occur as a
group 184% more rapidly than expected (where X
is any base, and where the bias for complement
transitions in this triplet environment, C - T and
G - A, have been averaged). This is an extraordi-
narily high rate of mutation and also reflects a re-
laxation of substantial constraints seen in the oc-
currence of the CG doublet in gene sequences (e.g.,
Razin and Riggs 1980; Bird 1986; Ehrlich et al.
1990).

There are other biases not involving CG. The
transition XTA(TAX) - XCA(TGX) occurs as a
group 47% more rapidly than expected, wheras the
four XCC(GGX) —» XTC(GAX) transitions occur
64% slower than expected. In summary (Table 7),
the dependence of the rate of mutation on the 5’
neighboring base to the pyrimidine of the transition
pair occurs in the following order: A > G > C >
T; whereas the order for the 3’ neighboring base to
the pyrimidine is G > A > T > C. This same
approximate order of neighboring base also applies
to subgroups where one of the neighbors, either 3’
or 5', is held constant. These relationships are also
similar to those found above for substitution mu-
tations overall, i.e., for both transitions and trans-
versions. They indicate that the fastest rate for a
transition is most likely to be found in the sequence
context AYG, where Y is the pyrimidine, and the
slowest rate is expected for TYC (Table 7). These
results also indicate that the fastest transition rates
are expected in an alternating purine-pyrimidine
sequence, whereas the slowest are expected in po-
lypurine-polypyrimidine stretches. The frequencies
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Table 3. Extended
Neighbors, 5'X-*-Y3'

C*T C*C C*G G*A G*T G*C G*G Totals Average
30 73 60 26 15 17 26 476 30
10 8 13 7 7 7 27 142 9

3 7 25 3 4 6 16 127 8
37 21 44 22 14 27 50 413 26
9 13 20 2 13 2 18 127 8
10 12 19 7 4 3 9 117 7
30 29 73 36 20 43 62 598 37
10 12 16 1 11 9 11 132 8
0 12 13 4 11 18 5 192 12
47 58 102 21 26 46 25 615 38
4 7 8 18 18 10 6 173 11
0 3 19 10 6 12 6 131 8
190 255 412 157 149 200 261 3243 203
Table 4. Extended
Neighbors, 5'X~*-Y3’

C*T C*C C*G G*A G*T G*C G*G Totals Average

1.29 2.09 2.36 1.45 0.82 1.49 2.15 0.2107 1.316

0.56 2.43 3.03 0.60 0.95 1.35 2.09 0.2133 1.332

2.87 3.54 1.55 1.82 2.06 2.54 1.23 0.2987 1.868

0.70 1.47 1.30 1.94 1.71 2.58 2.94 0.2774 1.734

6.42 9.52 8.25 5.80 5.54 8.01 8.40 (38,063) 6.250

0 +27 +14 -5 —-10 +11 +21

of mutations occurring in the middle of a run of
three pyrimidines (or purines), denoted by asterisks
in Table 5, are substantially below expectation
(—29% as a group); the lowest of any grouped set.
The results of neighbor effects on transversions
are summarized in abbreviated form in Table 6.
They are more tentative because of the low numbers
that were scored. We note that transversions in-
volving C with a neighboring 3'G generally occur
with unusually high frequencies; +44% as a group.
This bias again reflects the extraordinarily high rate
of mutation of Cs that have a 5'G neighbor; and the
associated relaxation of cellular constraints on the
CG doublet. The next highest frequency of trans-
versions involving C in a grouped set is only + 10%,
and that is when the 3’ neighbor is an A. A very
strong positive biasis also found for the transversion
XTA(TAX) - XGA(TCX), which occurs 36% more
often than expected, whereas XTC(GAX) -
XAC(GTX) occurs 24% less often. As seen above,
the T-A bp in the context XTA(TAX) also exhibits
an unusually high rate of transition, suggesting that,
like C followed by G, a T with 5' neighboring A

undergoes more rapid substitution and represents a
mutational hotspot.

Discussion

The nonrandom pattern of 3786 substitution mu-
tations scored in 65 primate pseudogenes is essen-
tially the same as that found by Li et al. (1984)
working with a 10-fold smaller database. The prin-
cipal conclusions regarding the pattern of point sub-
stitutions established in the earlier work should
therefore be consulted. Explanations for many of
the key features of this pattern remain speculative,
e.g., for the observations that 1) the numbers of
transitions are approximately twice the numbers of
transversions, that is, the average rate of a transition
is four times greater than the average rate of a trans-
version, and 2) the rates of both transitions and
transversions collectively lead to a gradual increase
in the numbers of As and Ts or decrease in the
(G+C) content of pseudogenes over time. The net
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Table 5. Effect of nearest neighbors on C-G —» T-A and T-A ~ C-G transitions

Rank
order® Transition® Number scored Afe, % Correctede Af, %
1 TCG(CGA) - TTG(CAA) 103 +57 +236 (+95)
2 CCG(CGG) -~ CTG(CAG) 175 +166 +194 (+74)
3 ACG(CGT) - ATG(CAT) 87 +32 +190 (+69)
4 GCG(CGC) - GTG(CAQC) 120 +83 +115(+73)
5 CTA(TAG) - CCA(TGG) 61 ~7 +99 (=7)
6 GTA(TAC) - GCA(TGC) 40 -39 +58 (—8)
7 GTG(CAC) - GCG(CGC) 123 +87 +40 (+73)
8 ATG(CAT) - ACG(CGT) 69 +5 +35 (+69)
9 ATT(AAT) - ACT(AGT) 50 —24 +29 (+30)
10 ACT(AGT) - ATT(AAT) 66 0 +28 (+30)
11 ATA(TAT) - ACA(TGT) 30 —54 +25 (+14)
12 *CTT(AAG) - CCT(AGG) 83 +26 +20 (-5)
13 *CCT(AGG) - CTT(AAG) 88 +34 +18 (—5)
14 ACA(TGT) - ATA(TAT) 67 +2 +18 (+14)
15 GTT(AAC) - GCTAGC) 26 -60 +13(—-39)
16 TTA(TAA) - TCA(TGA) 32 —51 +7(0)
17 TCA(TGA) - TTA(TAA) 66 0 +1 (0)
18 TTG(CAA) - TCG(CGA) 52 -21 —5 (+95)
19 CTG(CAG) - CCG(CGG) 104 +58 -7 (+74)
20 ATC(GAT) - ACC(GGT) 36 —45 ~10 (—34)
21 *TTT(AAA) - TCT(AGA) 52 ~21 —17 (—29)
22 GCC(GGO) - GTC(GAC) 89 +36 ~19 (—20)
23 GCA(TGC) - GTA(TAQ) 60 -9 ~22(—8)
24 GTC(GAC) - GCC(GGC) 44 ~33 -23 (—20)
25 CCA(TGG) - CTA(TAG) 69 +5 -36 (=7
26 *TTC(GAA) - TCC(GGA) 40 -39 —37 (—50)
27 GCTAGC) - GTT(AAC) 48 ~27 —40 (—39)
28 ACC(GGT) - ATC(GAT) 45 -32 —41(—34)
29 *TCT(AGA) - TTT(AAA) 37 —44 —47 (—29)
30 *CTC(GAG) - CCC(GGQG) 47 -28 =51 (—53)
31 *TCC(GGA) - TTC(GAA) 39 —41 —58 (—50)
32 *CCC(GGG) - CTC(GAG) 54 -18 —61(—53)
Average 66

2 Transitions are arranged in rank order according to the magnitude of corrected Af, in column 5. The significance of the order is only

good to +20% in the corrected Af; of column 5
® An asterisk denotes a tripyrimidine tripurine sequence

° Af, denotes the difference (percent) between observed and expected frequencies of transitions: 100[(number scored/66) —1]

¢ Corrected Af; denotes the difference between the observed frequencies of transitions and those expected were transitions to occur
randomly with respect to the observed frequencies of the affected triplets in gene sequences

¢ The numbers in parentheses represent average values (percent) for corrected Af; for the forward plus reverse transition

effect of all differences in substitution rates in pseu-
dogene sequences in primates is to increase the frac-
tion of each base according to the order A > T >
G > C and thereby to decrease the (G+C) com-
position in these regions. There is nothing substan-
tive in the experimental literature that would pro-
vide a molecular explanation for these differences.
The bias in transition and transversion rates ap-
parently reflects the requirement of spontaneous
transversional mutations for the occurrence of two
rare tautomeric and rotameric states of the bases to
form a purine—purine mispair that manages to avoid
detection by repair systems, whereas transitions re-
quire only one (Topal and Fresco 1976; Kennard
1985; Carbonnaux et al. 1990).

Biases of varying magnitude are found in the rates

of substitution of the same base pair in different
local sequence environments. The wide range of dif-
ferences between observed and expected rates of
mutation in triplet environments is capable of ac-
counting for hotspots (e.g., Benzer 1961; Miller and
Low 1984; Cuppies et al. 1990) and seems also to
account for some of the familiar differences in near-
est-neighbor frequencies (Josse et al. 1961; Russell
et al. 1973; Setlow 1976; Hinds and Blake 1984).
The largest bias is seen in the substitution of the
C-G bp. As can be seen from Table 1, the overall
rate of mutation of the C-G pair is average, i.c.,
almost precisely what is expected from random oc-
currence. However, a C-G pair with a 3'G-C neigh-
bor, 5CG3'(5'CG3’), undergoes transitions, and to
a lesser extent transversions, far more rapidly than
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Rank
order? Transversion Number scored  Af.>, % Corrected=? Af,, %
1 CCG(CGG) - CAG(CTG) 21 +18 +172(+129)
2 AAC(GTT) - ATC(GAT) 29 +63 +140 (+87)
3 ATA(GTT) ~ AGA(TCT) 16 -10 +114 (+63)
4 ACA(TGT) - AGA(TCT) 35 +96 +96 (+26)
5 ACG(CGT) - AGG(CCT) 17 -5 +86 (—21)
6 ACC(GGT) - AGC(GCT) 42 +136 +84 (+69)
7 ATA(TAT) - AAA(TTT) 11 —38 +60 (+44)
8 TCG(CGA) - TGG(CCA) 14 —-21 +54 (+12)
9 TCG(CGA) + TAG(CTA) 10 —44 +51 (+30)
10 AGG(CCT) - ATG(CAT) 34 +91 +48 (+39)
11 CGC(GCG) —» CTC(GAG) 14 -21 +46 (+61)
12 ATG(CAT) - AGG(CCT) 21 +18 +41 (+39)
13 CTC(GAG) - CGC(GCQ) 39 +119 +39 (+61)
14 TTG(CAA) — TGG(CCA) 21 +18 +38(—3)
15 TAG(CTA) ~ TTG(CAA) 11 -38 +28 (+24)
16 ACA(TGT) - AAA(TTT) 16 -10 +28 (+24)
49 AGA(TCT) - ACA(TGT) 15 —-16 —28 (+26)
50 CGC(GCG) » CCC(GGG) 12 -33 —30(~28)
51 CAC(GTG) - CCC(GGG) 17 -5 -32(—-31)
52 CCC(GGG) - CAC(GTG) 18 0 —40 (—31)
53 TGC(GCA) - TCC(GGA) 14 -21 ~41(+14)
54 GAC(GTC) -~ GCC(GGC) 10 —44 —45(—22)
55 TTC(GAA) ~ TGC(GCA) 10 —44 —47 (—=51)
56 ACG(CGT) -~ AAG(CTT) 3 —83 —53(-9)
57 AAT(ATT) - ACT(AGT) 5 -72 ~53(-34)
58 GAC(GTC) ~ GTC(GAC) 8 -55 —54(-73)
39 CCC(GGG) - CGC(GCG) 18 0 —-57(—28)
60 AGA(TCT) - ATA(TAT) 6 —66 —59 (+65)
61 TGC(GCA) -~ TTC(GAA) 7 —61 —61 (—51)
62 TTC(GAA) - TAC(GTA) 7 -61 —62 (-42)
63 AGG(CCT) - ACG(CGT) 9 -50 —69 (—21)
64 TAA(TTA) — TTA(TAA) 2 ~89 —75(—85)
Average 18

= Transversions are arranged in rank order according to the magnitude of corrected Af, in column 5. The significance of the order is

only good to +25% in the corrected Af, of column 5

b Af, denotes the difference (percent) between expected and observed frequencies of each transversion

¢ Corrected Af, denotes the difference between observed frequencies of transversions and those expected were transversions to occur
randomly with respect to the observed frequencies of the affected triplets in gene sequences

4 The numbers in parentheses represent average values (percent) for corrected Af, for the forward plus reverse transversion

it does when next to any of the other three neighbor
pairs. The reason for this high rate of change does
not result from any intrinsic lability of the C- G pair.
The rate constant for spontaneous hydrolytic de-
amination of cytosine residues in double-stranded
DNA is very low (7 x 10713 s7! at 37°C) with a half-
life of ~ 30,000 years (Frederico et al. 1990). More-
over, deamination yields uracil, which is recognized
as a lesion by the postreplication repair enzyme ura-
cil-DNA glycosylase (Lindahl 1982). The large rate
difference arises when cytosine residues 5’ to neigh-
boring guanines are singled out for methylation,
which happens mainly, but not exclusively, in regions
of the genome that are inactive in expression (Ehr-
lich et al. 1990). 5-Methyl-cytosine is significantly

more susceptible to spontaneous deamination, and,
moreover, the reaction leads to the formation of
thymine, a normal residue in DNA that confounds
the repair process. It is undoubtedly for this reason
that the CG doublet generally occurs in low fre-
quencies in metazoan DNAs (Josse etal. 1961; Rus-
sell et al. 1973; Setlow 1976; Razin and Riggs 1980;
Hinds and Blake 1984; Bird 1986; Ehrlich et al.
1990). Its global occurrence in primate DNAs is
approximately 70% below that expected from the
frequencies of C and G in DNA, whereas in E. coli
DNA, which is not subject to the same pattern of
methylation, the doublet GC is present in frequen-
cies well above that expected (Hinds and Blake 1984).
Given the high rate of C-G — T-A transitions in
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Table 7. Summary of nearest-neighbor effects on the rates of
substitution mutations®

5’ neighbor 3’ neighbor

Transitions

CG-TA A>T>C>G
TA-CG G>A>C>T
A>G>C>T

Sequence context for the fastest rate:® 5’AYG3~
Sequence context for the slowest rate: TYC

G>A>T>C
A>G>T>C

Overall G>A>T>»C

Transversions

CG-GC A>T>G>C A>G>C>T
CG AT C>T>G>A G>T>C=>A
TA-AT G>C>A>T T>G>A>»C
TA-GC A>C>T>G A>G>T>C
Overall C>T>A>G G>A>T>C

Sequence context for the fastest rate:® 5’CYG3’

Sequence context for the slowest rate: GYC
Transitions plus transversions
A>C>T>G G>A>T>C

Sequence context for the fastest rate:® S’AYG3'
Sequence context for the slowest rate: GYC

a Neighbors are in reference to the pyrimidine undergoing sub-
stitution
vY denotes the pyrimidine of the pair undergoing mutation

the CG(CG) doublet sequence of metazoan DNAs,
the expectation is that the products of the transition
will be present in higher frequencies than expected,
and, indeed, they are. The frequencies of the doublet
TG and its complement CA in primate DNAs are
the highest among all doublets (+24% greater than
expected).

Transversions of the C-G pair adjacent to a
3'G-C pair also occur at high rates. However, the
explanation above for transitions is less appropriate
for transversions of the C-G pair. Rather, enhanced
transversion may be the consequence of spontane-
ous alkylation of guanine at the 0-6 position, which
leads, in turn, to enhancement of the rate of de-
amination of 5-methyl-cytosine (Fix et al. 1990). A
DNA glycosylase activity appears to exist in primate
cells with specificity for removing mispaired thy-
mine residues (Wiebauer and Jiricny 1990); how-
ever, concomitant removal of the altered G may
lead to error-prone repair, resulting in a high fre-
quency of transversions.

A similar, but somewhat more subdued hotspot
was found for the transition T-A - C-G and to a
lesser extent for transversions of the T-A bp in the
context XTA(TAX). The molecular basis for this
bias is distinct from that discussed above in con-
nection with the high rate of C-G transition, in that
this transition seems to reflect a genuine lability of
the T-A pair. The transition of T-A is enhanced

significantly when the 3’ neighbor is an A-T, with
the consequence that the presence of the TA doublet
in human sequences is 30% below that expected. It
is 25% below the expected in E. coli DNA as well,
although the doublet products of the transition,
CA(TG), and the same doublet products of the tran-
sition of C-G in CG(CG) discussed above are pres-
ent in well above the expected frequency in both
human and E. coli DNAs. A number of plausible
explanations can be invoked in which either thy-
mine and/or adenine instigates the change. T...' G,
T G wobble, and C, ;. - A pairs have been proposed
(Topal and Fresco 1976; Hunter et al. 1986), and
there are indications that such pairs may be influ-
enced by the local sequence context (Topal et al.
1980; Fersht et al. 1982). Also, spontaneous de-
amination of the adenine residue may be a factor,
as the hydrogen donor and acceptor groups of ad-
enine are switched in hypoxanthine to those of gua-
nine.

The rate of transition of T- A is also enhanced by
the presence of a 3'G-C pair, whereas neighboring
3'T-A and particularly C-G pairs retard the rate.
The association of alternating pyrimidine—purine
runs or tracts with enhanced mutation rates seems
to be a general relationship (cf. Table 7). The effect
of the 5’ neighbor is ambiguous in the two cases
discussed above; however, from the overall effects
of 3’ and 5’ neighbors on all substitution mutations,
it would appear that the presence of a purine, A or
G, as both 5" and 3’ neighbor to the central pyrim-
idine undergoing the mutation is associated with an
enhanced rate of mutation (Table 7). Neighboring
pyrimidine residues generally have the opposite ef-
fect. This seems to point to the local conformation
as the primary basis for variations in mutation fre-
quencies. Structural studies of selected pyrimidine~
purine tracts indicate that they may assume slight
variants of the canonical B-structure that describes
DNA with quasi-random sequences of the bases.
Tracts of dA-dT have an unusually high propeller
twist (25°) that makes possible a system of bifurcated
hydrogen bonds, and additional water bridges (Coll
et al. 1987; Nelson et al. 1987). Tracts are more apt
to adopt altered global conformations because the
steric conflicts between neighbors are uniform (Cal-
ladine and Drew 1986; Shakked and Rabinovich
1986; Tung and Harvey 1986). Thus, it is possible
to imagine these structural features as reducing the
accessibility and reactivity of the base pairs from
interactions that initiate mutations and in such fash-
ion as might extend to next neighbors and even
beyond.
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