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The evolutionary expansion of CAG repeats in human triplet expansion disease genes is intriguing because of their
deleterious phenotype. In the past, this expansion has been suggested to reflect a broad genomewide expansion of
repeats, which would imply that mutational and evolutionary processes acting on repeats differ between species.
Here, we tested this hypothesis by analyzing repeat- and flanking-sequence evolution in 28 repeat-containing genes
that had been sequenced in humans and mice and by considering overall lengths and distributions of CAG repeats
in the two species. We found no evidence that these repeats were longer in humans than in mice. We also found
no evidence for preferential accumulation of CAG repeats in the human genome relative to mice from an analysis
of the lengths of repeats identified in sequence databases. We then investigated whether sequence properties, such
as base and amino acid composition and base substitution rates, showed any relationship to repeat evolution. We
found that repeat-containing genes were enriched in certain amino acids, presumably as the result of selection, but
that this did not reflect underlying biases in base composition. We also found that regions near repeats showed
higher nonsynonymous substitution rates than the remainder of the gene and lower nonsynonymous rates in genes
that contained a repeat in both the human and the mouse. Higher rates of nonsynonymous mutation in the neigh-
borhood of repeats presumably reflect weaker purifying selection acting in these regions of the proteins, while the
very low rate of nonsynonymous mutation in proteins containing a CAG repeat in both species presumably reflects
a high level of purifying selection. Based on these observations, we propose that the mutational processes giving
rise to polyglutamine repeats in human and murine proteins do not differ. Instead, we propose that the evolution of
polyglutamine repeats in proteins results from an interplay between mutational processes and selection.

Introduction

Human triplet expansion diseases are predominant-
ly neurological and are caused by instability and expan-
sion of tandem repeats of triplet motifs within or near
genes (reviewed in Rubinsztein 1999). The largest class
of these diseases results from the expansion of CAG
repeats within exons. (Throughout this paper, codon re-
peats that occupy a particular reading frame are desig-
nated by underlining the base in the first codon position,
e.g., CAG. Otherwise, repeats may be considered to be
in any frame.) An intriguing feature of these disease-
causing repeats is that they have apparently undergone
evolutionary expansion. Repeats in these genes are gen-
erally absent in rodent homologs, and comparative stud-
ies indicate an increase in repeat length during primate
evolution, with humans generally having the longest re-
peats (Rubinsztein et al. 1994; 1995b; Djian, Hancock,
and Chana 1996).

Two explanations for these observations have been
proposed. The first suggests that the evolutionary ex-
pansion of these repeats reflects their genomewide ex-
pansion along the primate lineage and especially in hu-
mans (Rubinsztein et al. 1995a). The reality of such lin-
eage-specific, genomewide effects remains uncertain,
despite a number of subsequent analyses (reviewed in
Amos 1999; Rubinsztein, Amos, and Cooper 1999).
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This is primarily because of the confounding effect of
ascertainment bias (Ellegren, Primmer, and Sheldon
1995), that is, the expectation that repeats isolated in
one species will be longer than their homologs in other
species as they have been isolated because of their poly-
morphic nature. Long repeats are more polymorphic
than short repeats. Ascertainment bias confounds even
the relatively well studied comparison between humans
and chimpanzees, while evidence for such differences
between humans and other primates is lacking, and in-
deed there is some evidence to the contrary (e.g., Morin
et al. 1998). There is also evidence for very long CAG
repeats in mice (King et al. 1998). A number of expla-
nations have been suggested for the human-chimpanzee
difference (Amos 1999; Rubinsztein, Amos, and Cooper
1999), but these rely on characteristics of human and
chimpanzee evolutionary history and therefore cannot
provide an explanation for changes in repeat length over
long periods of evolution.

The second possible explanation for the evolution-
ary expansion of CAG repeats in these genes is that
forces or processes that are specific to individual genes
and/or genomic locations act on particular genes in par-
ticular evolutionary lineages to give rise to locus- and
lineage-specific expansions. One prominent candidate
for such an influence is local base (and nucleotide motif)
composition. Different isochores in mammalian ge-
nomes have different GC compositions, and genes with-
in these regions show correlated base compositions, no-
tably at third codon positions (Mouchiroud, Gautier, and
Bernardi 1995). Thus, genes within GC-rich isochores
will tend to accumulate concentrations of codons with
G and C at their third positions, which might act as
seeds for replication slippage and predispose genes to
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accumulating codon repeats. In the extreme, such biases
could even bias amino acid compositions of proteins,
again predisposing genes to seeding of codon repeats
(Nakachi et al. 1997; Nishizawa and Nishizawa 1998;
Brock, Anderson, and Monckton 1999). Brock, Ander-
son, and Monckton (1999) have even suggested that lo-
cal base composition affects the frequency of indel mu-
tations at CAG repeats. Another possibility is that of the
effects of local mutation rate. Kruglyak et al. (1998)
have suggested that the equilibrium length of microsat-
ellites is a consequence of the balance between the rates
of point and slippage mutation. Incorporation of point
mutations into repeats reduces their rate of length
change during evolution (Albà, Santibáñez-Koref, and
Hancock 1999a). If either or both of these parameters
varied across a genome, this could affect the accumu-
lation of tandem repeats. Finally, Djian, Hancock, and
Chana (1996) have suggested that codon repeats in dis-
ease genes are flanked by regions with a relatively high
frequency of acceptance of point mutations. Mutational
instability of regions immediately flanking CA micro-
satellites has also been suggested by Brohede and El-
legren (1999). High rates of sequence change could re-
flect a relatively low level of purifying selection in the
vicinity of repeats. Selective forces could differ between
genes and subregions of genes, depending on the phe-
notypic consequences of mutations in these different lo-
cations. These differences could affect the probability of
tandem repeats arising, and, in particular, expanding,
during evolution (Nishizawa, Nishizawa, and Kim
1999). The recent demonstration for Saccharomyces
cerevisiae that transcription factors and protein kinases
are significantly overrepresented among proteins that
contain polyglutamine repeats (Albà, Santibáñez-Koref,
and Hancock 1999b) also indicates a role for selective
constraints in the evolution of these structures, although
their functional significance remains unclear (Schmid
and Tautz 1999).

Here, we addressed the question of the forces giv-
ing rise to the evolutionary expansion of CAG repeats
in triplet expansion disease and other genes by compar-
ing the lengths of CAG repeats in humans and mice and
by considering the base and codon compositions and
rates of synonymous and nonsynonymous substitution
in CAG repeat-containing genes. We found no evidence
of a preferential accumulation of CAG repeats in the
human genome relative to the mouse genome or of dif-
ferences in the nature of the selection acting on genic
positioning of CAG repeats in the two species. When
we considered pairs of proteins that contained a CAG
repeat in one species but not the other, we found no
differences in the properties of surrounding sequences.
However, we did find an overrepresentation, relative to
the average amino acid usage in humans and mice, of
the amino acids proline, glutamine, histidine, and serine,
which may have given rise to biases in the gene se-
quences and predisposed them to accumulating repeats.
We also observed locally high levels of nonsynonymous
base substitution in the neighborhood of repeats in genes
containing a repeat in only one species, but low levels
in genes in which repeats were conserved between hu-

mans and mice. We combine these observations to pro-
pose a hypothesis to explain the evolution of these
repeats.

Materials and Methods
Database Screening and Analysis

Genes containing repeats of five or more CAG co-
dons in humans (Homo sapiens), mice (Mus musculus),
or both were identified from a data set described pre-
viously (Albà, Santibáñez-Koref, and Hancock 1999a).
This data set was compiled by screening the human and
mouse subsets of GenBank for proteins with tracts of
six or more glutamines using BLASTP (Altschul et al.
1990) and eliminating redundancy in the data by running
FASTA (Pearson and Lipman 1988). Database entries
were obtained using ENTREZ at the National Center for
Biotechnology Information, Bethesda, Md. (http://
www.ncbi.nlm.nih.gov/entrez/). Sequences with 95%
identity were considered redundant, and only one rep-
resentative was used in subsequent analysis. Discrep-
ancies in the lengths of polyglutamine tracts in nearly
identical sequences were resolved by taking the se-
quence with the longest tract. BLASTP was then used
to identify homologous sequences from the other spe-
cies, and sequence similarity was confirmed using the
GCG program PILEUP (Genetics Computer Group
1997). Members of this data set that contained CAG
repeats of length 5 or greater in at least one species were
then identified and classified into three groups: genes
containing a CAG repeat in both humans and mice
(group B); genes containing repeats in humans but not
in mice (group H); and genes containing a CAG repeat
in mice but not in humans (group M).

For comparative analysis of database sequences
containing CAG repeats of length 7 or more, the
GenBank and EMBL DNA databases, including EST
and STS subgroups, were analyzed using routines from
the GCG package, version 9.1 (Genetics Computer
Group 1997), unless otherwise noted. The databases
were searched using the pattern recognition routine
FINDPATTERNS. Entries showing .95% identity to
one another upon multiple sequence alignments using
PILEUP (Genetics Computer Group 1997), CLUSTAL
W (Thompson, Higgins, and Gibson 1994), version 1.7,
and FASTA (Pearson and Lipman 1988) were consid-
ered to represent the same sequence and grouped to-
gether. This allowed for sequencing errors without
grouping members of gene families together as single
loci. The sequence with the longest array was again tak-
en as the representative from each of these groups. Da-
tabase entries were again obtained using ENTREZ. The
genic locations of repeats were identified using sequence
annotations where these were available.

Sequence Analysis Methods

Tandem codon arrays of length $5 were identified
using ARRAYFINDER (Hancock et al. 1999). A mod-
ified version of ARRAYFINDER (PROTARRAY) al-
lowed identification of all amino acid tandem repeats of
this length. cDNA codon frequencies were calculated
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using the GCG program CODONFREQUENCY (Ge-
netics Computer Group 1997). These frequencies were
used to calculate overall and third-codon-position base
compositions using a commercially available spread-
sheet, which was also used to carry out most statistical
tests. Other statistical tests were carried out using the
SPSS package and the VassarStats web server (http://
faculty.vassar.edu/;lowry/VassarStats.html). Signifi-
cance thresholds were subjected to Bonferroni adjust-
ment to take into account multiple testing. Significance
values quoted in the text are also Bonferroni-adjusted.
Expected amino acid frequencies in cDNAs were cal-
culated on the basis of overall codon frequency tables
for mice and humans obtained from the CUTG database
server (Nakamura, Gojobori, and Ikemura 2000) at http:
//www.kazusa.or.jp/codon/. To calculate synonymous
and nonsynonymous DNA sequence divergences (Ks

and Ka), sequence pairs were aligned using the
LaserGene program MEGALIGN (DNASTAR, Madi-
son, Wis.). Alignments were calculated by translating
cDNAs into protein sequences and using the method of
Hein (1990), which coped better with sequences of un-
equal length than the Clustal algorithm (Higgins and
Sharp 1989) as implemented in MEGALIGN. Ks and Ka

for sequence pairs were calculated using MEGA, ver-
sion 1.01 (Kumar, Tamura, and Nei 1993) using the
Jukes-Cantor correction for saturation (Jukes and Cantor
1969). We excluded all repetitive regions from the anal-
ysis. Regions to be excluded were initially identified by
length difference between species (i.e., presence of an
indel in the alignment). The limits of the repeat region
were then defined by extending the repeat as far as the
last codon adjacent to the repeat that was identical in
two out of three positions to the tandemly repeated co-
don in either species. This excluded not only CAG re-
peats, but also all other length-varying codon repeats.

Results
Repeat Evolution

We identified 28 genes for which complete cDNA
sequences were available for both mice and humans and
which contained a (CAG)$5 array in at least one species
(table 1). Of these genes, 10 contained a CAG array in
both species (B genes), 10 (of which 5 were human
triplet expansion disease genes) contained a CAG array
in the human sequence only (H genes), and 8 contained
a CAG array in the mouse sequence only (M genes)
(table 1). Thirty-one CAG arrays were identified in 20
human cDNAs, and 31 were identified in 18 mouse
cDNAs. Mean CAG repeat lengths were 8.4 for humans
and 8.0 for mice. The length distributions were not sig-
nificantly different (P 5 0.73, two-tailed Mann-Whitney
U test). Group M genes might be expected to reveal any
bias in CAG repeat length between humans and mice,
as they contain repeats in both species, but no significant
difference was detected in these genes (Wilcoxon
signed-ranks test, P . 0.05, N 5 14, two-tailed test).
Thus, we found no evidence of a difference in CAG
repeat length between humans and mice in this data set.

We also screened these sequences for amino acid
repeats in the conceptual translation, as amino acid re-
peats are frequently encoded by mixtures of synony-
mous codons (Albà, Santibáñez-Koref, and Hancock
1999a, 1999b) (table 1). Thirty-seven of 81 amino acid
repeats of length $5 in human proteins were of gluta-
mine, compared with 47 of 82 repeats in mouse proteins.
Mean lengths for these repeats were 12.7 for humans
and 10.6 for mice (difference not significant, P 5 0.50,
two-tailed Mann-Whitney U test). Within group B, glu-
tamine repeats were significantly longer in humans than
in mice (Wilcoxon signed-ranks test, P , 0.05, N 5 17,
two-tailed test). The most common other classes of re-
peats were those of proline (12 in humans, 10 in mice),
glycine (9 in humans, 7 in mice), and glutamic acid (7
in humans, 5 in mice). The higher proportion of gluta-
mine repeats with respect to others in the mouse proteins
was not significant (P . 0.05, chi-square, df 5 1). We
therefore found the relative tendencies for proteins to
accumulate Gln versus other amino acid repeats to be
similar in mice and humans. We also found that Gln
repeats accumulating in human proteins tended to be
longer than those in mouse proteins in group B. This
tendency was not observed for the other gene groups.

To further investigate whether the lengths of human
and mouse CAG repeats differed, we screened databases
for tandem CAG repeats of length .7 in the two spe-
cies. We identified all repeats, irrespective of their lo-
cations within genes, and did not restrict our search to
pairs of homologous sequences. Mean lengths (in base
pairs) for these repeats were 29.06 (median 27, N 5
205) for humans and 36.05 (median 33, N 5 63) for
mice. The length distributions were significantly differ-
ent (P , 0.001, Mann-Whitney U test), with mice tend-
ing to have longer CAG repeats than humans. We there-
fore found no bias toward longer CAG repeats in hu-
mans versus mice at the whole-genome level and, in-
deed, found evidence of the opposite bias.

There is no a priori reason to expect tandem repeats
of CAG to lie in any particular reading frame of an exon
unless selection has constrained the reading frames in
which these repeats have been able to expand. Frame
specificity of this kind has been reported previously
(Stallings 1994). To test for any global difference in this
pattern (and therefore in the selection causing it) be-
tween humans and mice, we investigated the locations
of the identified repeats that lay within adequately an-
notated database sequences (table 2). CAG repeats were
preferentially found in the reading frame encoding glu-
tamine (reading frame 1 in table 2) in both humans and
mice (P , 0.0001 for mice, humans, and overall; chi-
square against an even distribution in all six reading
frames, df 5 5). There was no significant difference in
repeat distribution between species (chi-square test for
inhomogeneity in the 2 3 9 contingency table; P .
0.05; df 5 8). Thus, there appear to be no strong dif-
ferences in the selective forces acting on the locations
of CAG repeats in the human and mouse genomes.

The results described in this section indicate no sig-
nificantly greater length of CAG repeats in the human
genome with respect to that of the mouse or in human
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Table 2
Frequencies of CAG Repeats (n $ 7) in Different
Reading Frames and Genic Locations in Annotated
Human and Mouse Sequences

Locationa Humanb Mouseb Totalb

1 (CAG 5 Gln) . . . . . . .
2 (AGC 5 Ser) . . . . . . . .
3 (GCA 5 Ala). . . . . . . .
21 (CTG 5 Leu) . . . . . .
22 (GCT 5 Ala) . . . . . .

36
11

1
14

1

13
1
0
1
0

49
12

1
15

1
23 (TGC 5 Cys) . . . . . . 4 0 4
Intron . . . . . . . . . . . . . . . .
59 UTR . . . . . . . . . . . . . .
39 UTR . . . . . . . . . . . . . .
Total . . . . . . . . . . . . . . . . .

3
9
6

85

0
0
0

15

3
9
6

100

a Numbers 1 through 3 and 21 through 23 represent the reading frame in
which the repeat was found. The corresponding repeated codon and amino acid
are given in parentheses. Other noncoding locations are as given.

b Numbers of repeats found.

Table 3
Overall and Third-Codon-Position Base Compositions for
Gene Pairs

GENE GROUP

HUMAN

GC GC3

MOUSE

GC GC3

B . . . . . . . . . .
H . . . . . . . . . .
M . . . . . . . . . .
All . . . . . . . . .
Expected . . . .

0.559
0.597
0.563
0.574
0.529

0.625
0.675
0.662
0.653
0.601

0.551
0.594
0.565
0.570
0.528

0.625
0.650
0.665
0.645
0.597

NOTE.—Gene groups are as in table 1. GC 5 overall proportion of G 1 C.
GC3 5 proportion of G 1 C at third codon positions. Values significantly higher
than the expected value after correction for multiple testing are in bold.

proteins, and, indeed, the opposite appears to be the
case. We did, however, observe a significant tendency
for glutamine repeats to be longer in human group B
proteins than in the homologous mouse proteins.

Base, Codon, and Amino Acid Composition

As base composition has been proposed to be an
important factor in driving CAG repeat evolution
(Brock, Anderson, and Monckton 1999), we attempted
to identify common sequence properties of genes con-
taining disease-causing CAG repeats and consistent
changes in homologs containing repeats relative to ho-
mologs not containing repeats by analyzing the base
compositions of the cDNA sequences for the 28 gene
pairs. For both mouse and human homologs and for all
gene groups, G1C compositions were on average higher
than expected compositions calculated from the CUTG
table of codon frequencies (table 3). The overall mean
G1C composition (i.e., for groups B, M, and H pooled)
deviated significantly from expectation in mice and hu-
mans (P , 0.05; two-tailed t-test). Third-codon-position
base compositions were also higher than expected for
all groups, but the pooled difference did not approach
significance. Interspecies differences in base composi-
tion were not statistically significant. Thus, we found a
generally high G1C content in the set of genes in both
species, even when the gene did not contain a repeat.

High GC compositions could result from mutation-
al bias at third codon positions, for example, due to the
isochore location of the gene in question, or they could
reflect the amino acid composition of the encoded pro-
teins (Nakachi et al. 1997; Nishizawa and Nishizawa
1998). To test for a relationship between base compo-
sition and amino acid composition, we first tested for
significant differences in amino acid composition from
expected compositions (based on overall species codon
frequencies) in our set of proteins. We did this by cal-
culating chi-square values for the pooled amino acid
compositions of groups H, M, and B. As we could not
expect these goodness-of-fit values to follow the chi-
square distribution a priori because of possible inho-

mogeneity in the set of all proteins, significance (i.e.,
the probability of randomly drawing a group of 8 or 10
proteins with the calculated goodness-of-fit value or
lower from the set of proteins encoded by the human or
mouse genome) was estimated by extracting a set of
18,554 proteins from the CUTG codon usage database
with sizes of between 205 and 3,727 amino acids (the
size range of our sample of repeat-containing proteins).
These proteins were then grouped randomly into groups
of 8 or 10, and goodness-of-fit values for amino acid
composition were calculated for each group. A total of
185,470 groups of size 8 and 185,450 groups of size 10
were analyzed. Values corresponding to appropriate
Bonferroni-adjusted (n 5 3) significance levels were es-
timated. Groups B and H showed significant deviation
from average amino acid composition (P , 0.01),
whereas group M did not (P . 0.05). The scores
achieved by the group M proteins in the two species
would only have achieved significance for a group of
size 30 or larger.

As these analyses indicated significantly biased
amino acid compositions, at least for groups B and H,
we then calculated the relative representations of amino
acids within the 28 proteins, again calculating expecta-
tions based on species codon frequencies (table 4). Sig-
nificances of the observed/expected (O/E) values so cal-
culated were estimated using the same set of sequences
as above, calculating O/E values for the same numbers
of random groups of 8 or 10 proteins. Confidence levels
were estimated for each amino acid separately after ad-
justing for multiple tests. In both human and mouse data
sets, four amino acids (Gln, Pro, His, and Ser) showed
a significant overall excess (P , 0.05) and showed an
excess in all three groups.

Finally, we investigated whether the observed base
compositions of these genes could be explained solely
on the basis of their amino acid compositions and av-
erage genomic codon usage or whether there was an
excess of GC-richness that might be due to codon usage
bias. This was done by calculating expected base com-
positions for proteins given their amino acid composi-
tions and the CUTG synonymous codon usages (table
5). Amino acid composition and global genomic codon
usage alone could account for the base compositions of
these genes. We conclude that the biased base compo-
sitions of these genes are due to their unusual amino
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Table 4
Over- and Underrepresentation of Amino Acids in the Different Protein Classes

AMINO

ACID

B

Human Mouse

H

Human Mouse

M

Human Mouse

ALL

Human Mouse

Ala . . . . . . .
Arg. . . . . . .
Asn . . . . . .
Asp . . . . . .
Cys. . . . . . .

0.96
0.91
0.87
0.68
0.67

0.97
0.80
0.98
0.76
0.59

1.29
0.93
0.89
0.74
0.70

1.31
0.98
0.82
0.71
0.68

0.86
0.81
1.14
0.77
0.73

0.82
0.71
0.88
0.89
0.59

1.05
0.89
0.96
0.73
0.70

1.03
0.84
0.89
0.79
0.65

Gln. . . . . . .
Glu. . . . . . .
Gly. . . . . . .
His . . . . . . .
lle. . . . . . . .

2.49
0.70
0.94
1.41
0.70

2.39
0.79
0.89
1.48
0.74

1.53
0.76
1.13
1.24
0.58

1.30
0.76
1.17
1.34
0.54

1.88
1.26
1.09
1.11
0.59

2.95
1.05
0.99
1.83
0.57

1.97
0.88
1.05
1.26
0.63

2.17
0.83
1.02
1.55
0.60

Leu. . . . . . .
Lys. . . . . . .
Met . . . . . .
Phe. . . . . . .
Pro . . . . . . .

0.86
0.81
1.06
0.73
1.53

0.91
0.86
1.06
0.77
1.47

0.87
0.70
0.96
0.79
1.66

0.88
0.67
0.96
0.78
1.70

0.94
1.06
1.16
0.69
1.42

0.82
1.00
0.99
0.85
1.37

0.89
0.84
1.05
0.74
1.54

0.87
0.83
1.00
0.80
1.54

Ser . . . . . . .
Thr . . . . . . .
Trp . . . . . . .
Tyr . . . . . . .
Val . . . . . . .
Stop . . . . . .

1.18
1.13
0.67
0.76
0.80
0.77

1.11
0.98
0.61
0.83
0.84
0.80

1.48
0.86
0.41
0.85
0.76
0.57

1.48
0.86
0.47
0.86
0.79
0.64

1.15
0.72
0.64
0.91
0.64
1.06

1.06
0.77
0.56
0.82
0.55
0.97

1.28
0.92
0.57
0.84
0.74
0.78

1.27
0.88
0.53
0.84
0.74
0.76

NOTE.—Amino acids are represented by their three-letter codons. Values presented are observed/expected ratios for each amino acid (including stop codons)
based on the mean amino acid composition averaged over all members of the group. Expected values are calculated from the overall codon usage for a given
species. Values shown in bold are greater than 1.000. Underlined values are significantly greater than 1 (P , 0.05 after correction for multiple tests) based on the
simulations described in Materials and Methods.

Table 6
Mean Ka and Ks Values (6 SD) for Gene Groups

Group Ks Ka

B. . . . . . . .
H. . . . . . . .
M . . . . . . .
All . . . . . .

0.423 6 0.148
0.586 6 0.293
0.564 6 0.318
0.521 6 0.260

0.016 6 0.012
0.084 6 0.098
0.148 6 0.196
0.078 6 0.126

Table 5
Relationship Between Amino Acid and Base
Compositional Bias

GROUP

GC

Expected Observed

GC3

Expected Observed

Human
B . . . . .
H . . . . .
M . . . . .
All . . . .

0.558
0.596
0.562
0.573

0.559
0.597
0.563
0.574

0.617
0.670
0.659
0.648

0.625
0.675
0.662
0.653

Mouse
B . . . . .
H . . . . .
M . . . . .
All . . . .

0.550
0.594
0.559
0.568

0.551
0.594
0.565
0.570

0.621
0.649
0.652
0.640

0.625
0.650
0.665
0.645

NOTE.—Overall G 1 C composition of gene; GC3 5 G 1 C composition
of third codon positions. Expected values are predicted based on protein amino
acid content and genomic codon usage. Observed values are measured from the
data set.

acid contents rather than any bias in base composition
at synonymous codon sites.

Substitution Rate

The accumulation of CAG repeats in genes might
be related to the accumulation of base substitutions in
the gene for two reasons. First, purifying selection could
constrain the accumulation of repeats such that proteins
or protein regions under higher levels of purifying se-
lection would accumulate repeats more slowly than re-
gions under weaker purifying selection, if at all. Second,
Kruglyak et al. (1998) have suggested that regions un-
dergoing a relatively higher rate of mutation should ac-

cumulate repeats more slowly because repeats in such
regions are more likely to incorporate interrupting bases.
To a first approximation, Ks for a pair of sequences can
be taken as an estimator of the mutation rate, while Ka
can act as an estimator of the strength of selection acting
on individual genes, although the two values tend to be
correlated (Graur 1985; Ticher and Graur 1989). Mean
whole-gene (excluding repeat) Ks and Ka values for each
group are presented in table 6. Mean values of both were
lower for genes of group B than for those of groups H
and M. The differences between group B and the pooled
groups H and M were significant for Ka (P , 0.001;
Mann-Whitney U test) but not for Ks (P . 0.05).

To investigate whether repeats appear in regions of
high mutation rate or low selection relative to the re-
mainder of the protein in which they are located (Djian,
Hancock, and Chana 1996), Ks and Ka values were also
calculated for regions of arbitrary length 33 codons up-
stream and downstream of the repeat (table 7). The po-
sitions of exon/intron boundaries were not taken into
account in this analysis, as they are not known for many
of the cDNAs analyzed. However, regions analyzed
were truncated at the N- or the C-terminal end of the
encoded protein where applicable, or if they overlapped
with another tandem repeat (defined as in Materials and
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Table 7
Synonymous and Nonsynonymous Divergences for
Regions Flanking CAG Repeats

Gene Ks (Near)a Ks (Dist)b Ka (Near)c Ka (Dist)d

ATBF-1. . . . . . .
CAGH45. . . . . .
CBFA1 . . . . . . .
DB1. . . . . . . . . .
KIAA0334 . . . .

0.783
0.162
0.172
0.525
0.803

0.423
0.411
0.225
0.215
0.438

0.007
0.027
0.000
0.000
0.034

0.024
0.022
0.005
0.007
0.016

N-OCT-3. . . . . .
PQPROT. . . . . .
SATB1 . . . . . . .
TBP. . . . . . . . . .
TGFb . . . . . . . .

0.403
0.613
0.868
0.949
0.442

0.245
0.698
0.428
0.510
0.522

0.010
0.013
0.007
0.043
0.059

0.000
0.045
0.008
0.000
0.031

N . . . . . . . . . . . . 6 4 5 5

AR. . . . . . . . . . .
DRPLA . . . . . . .
HD. . . . . . . . . . .
SCA1 . . . . . . . .

0.244
0.479
0.421
0.366

0.548
0.452
0.621
0.578

0.107
0.106
0.000
0.073

0.080
0.030
0.046
0.056

SCA2 . . . . . . . .
ASH1 . . . . . . . .
IRE1 . . . . . . . . .

0.268
0.286
1.690

0.394
0.359
1.345

0.145
0.054
1.162

0.049
0.006
0.354

IRS-1. . . . . . . . .
TIS11d . . . . . . .
TRAM-1 . . . . . .
CHGA. . . . . . . .
GCRAR . . . . . .

0.640
0.437
0.645
1.396
0.410

0.578
0.408
0.723
0.707
0.372

0.069
0.061
0.150
0.164
0.071

0.045
0.038
0.087
0.201
0.046

HBF-1 . . . . . . . .
HOXA10. . . . . .
IVL . . . . . . . . . .
SRY. . . . . . . . . .
TAp63b. . . . . . .
TOB . . . . . . . . .
N . . . . . . . . . . . .

0.679
0.468
0.777
0.792
0.552
0.289

10

0.160
0.409
1.267
0.678
0.473
0.361

8

0.160
0.050
0.682
0.478
0.013
0.071

15

0.030
0.119
0.591
0.218
0.007
0.013

3

NOTE.—Gene names are as in table 1. N 5 Number of occasions on which
the value in the Near column is greater than that in the Dist column, or vice
versa, for either Ks or Ka. Counts are shown for Group B and for Group H 1
M separately. Ratios that deviate significantly from 1:1 (P , 0.05) by the sign
test are shown in bold.

a Ks for a region 33 amino acids either side of the longest CAG repeat.
b Ks for the entire sequence excluding the repeat and flanking region. The

larger of Ks (All) and Ks (Near) is given in bold.
c Ka for a region 33 amino acids either side of the longest CAG repeat.
d Ka for the entire sequence excluding the repeat and flanking region.

Methods). The pooled group H and M genes had a sig-
nificant tendency to show lower Ka values near the re-
peat. This was not so for group B genes or for Ks in
any of the gene groups or overall. This indicates that
selection is weaker in the vicinity of repeats in group H
and M genes, while this is not the case in group B genes.
It also indicates that mutation rates do not differ between
the vicinity of repeats and more distant parts of genes.

Substitution rates could be affected by the GC-rich-
ness of the sequences, as sequences under pressure to
adopt an extreme base composition are unable to accept
many substitutions. However, we observed no signifi-
cant correlations between Ka or Ks and overall or third-
codon-position base composition (see also Matassi,
Sharp, and Gautier 1999).

If a low Ka value is indicative of relatively strong
selection acting on a protein, this might also influence
the rate of change of the lengths of repeat regions. We
therefore investigated the relationship between Ka and
the difference in the length of the longest CAG repeat
present in each gene, irrespective of the species in which

it was found. Ka correlated positively and significantly
with this difference (r 5 0.420, P , 0.05).

In summary, these results indicate an association of
new repeats with regions of high Ka (corresponding to
regions of low purifying selection) and no association
with regions of high Ks (corresponding to a high local
mutation rate).

Discussion

We looked for evidence that would support the in-
volvement of various forces in the evolutionary expan-
sion of CAG repeats in human (and murine) genes. We
first investigated the possibility of a general accumula-
tion of CAG repeats in the human genome but not in
other lineages. We found no evidence for preferential
accumulation or expansion of CAG repeats in the human
genome relative to that of the mouse by comparing ei-
ther the numbers of genes in the public databases con-
taining CAG repeats in either species, the lengths of the
CAG repeats they contain, or the overall length distri-
butions of anonymous CAG repeats in the databases.
The latter analysis indicated longer CAG repeats in the
mouse than in the human genome. We found no evi-
dence of any difference in the distribution of CAG re-
peats within coding regions between the species. While
these analyses were subject to biases because of nu-
merous screens for long CAG repeats associated with
disease (Riggins et al. 1992; Li et al. 1993; Abbott and
Chambers 1994; Jiang et al. 1995; Aoki et al. 1996;
Chambers and Abbott 1996; Neri et al. 1996; Bulle et
al. 1997; Kim et al. 1997; Margolis et al. 1997; Reddy
et al. 1997; Albanese et al. 1998; Pawlak et al. 1998;
Zuhlke et al. 1999), given the emphasis that has been
placed on searches for human sequences of this type, it
is unlikely that the databases are more biased toward
long repeats in mice.

Our data also do not support the suggestion that
local base composition has driven the accumulation of
repeats within the 28 pairs of homologous repeat-con-
taining genes we considered (Jurka and Pethiyagoda
1995; Nakachi et al. 1997; Nishizawa and Nishizawa
1998; Brock, Anderson, and Monckton 1999). Although
we found higher GC and GC3 contents than expected
for all of the gene groups studied here, this reflected
solely the biased amino acid compositions of the gene
products and was not the result of any preferential use
of synonymous codons with GC-rich third positions, as
would be expected if mutation toward a biased base
composition were the force driving the observed biases.
We also did not find any difference in base composition
between genes containing repeats and genes not con-
taining repeats, which would be expected if changes in
base composition drove repeat evolution.

Finally, we found no relationship between mutation
rate, as indicated by the synonymous substitution rate,
and the emergence of repeats during evolution. This is
not consistent with a model whereby repeat evolution in
a genomic locality reflects the balance between point
and slippage mutation rates there (Kruglak et al. 1998).
However, there is evidence that substitution rates in re-
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gions flanking CA microsatellites correlate inversely
with repeat length in a larger data set (unpublished data).
It is therefore possible that effects of this kind also con-
tribute to the evolution of CAG repeats in genes but that
these effects are relatively weak in this data set and/or
could not be detected here because of the data set’s rel-
atively small size and the correlation between Ka and
Ks.

We found three strong patterns in our data set:
overrepresentations of certain amino acids, differences
in the nonsynonymous substitution rates observed in
group B genes compared with group H and M genes,
and elevated nonsynonymous substitution rates in the
vicinity of repeats in group H and M genes. At the level
of amino acid composition, we observed significant
overrepresentation of four amino acids, Gln, Pro, Ser,
and His, in all genes studied. Along with Gln repeats,
we also observed numerous Pro repeats in these pro-
teins. It is likely that the biased amino acid compositions
of these genes reflect in some way functional selection
on these genes. As these amino acid composition biases
are similar in human and mouse proteins, this selection
must have taken place before the divergence of the two
lineages, one of the most ancient eutherian divergences.
The shared overrepresentation of these amino acids be-
tween species also indicates that changes in amino acid
bias have not driven repeat accumulation. However, the
biased amino acid compositions of repeat-containing
proteins indicate that such bias might provide a breeding
ground for new repeats because new repeats contain an
unusual concentration of Gln codons and related codons
such as CCG (Pro). The preference for polyglutamine
repeats to occur in proteins with these amino acid com-
position biases could therefore reflect either selection
favoring polyglutamine repeats in these proteins as part
of a selection for a high Gln content, preferential seed-
ing of CAG repeats in genes with high concentrations
of Gln and high GC-content, or both.

We also found a significant difference in overall Ka

(but not Ks) between group B proteins and other proteins
and a significant bias toward higher Ka (but not Ks) near
the Gln repeat in group H1M but not group B proteins.
The Ka values for regions flanking repeats in group
H1M genes were twice the average for human-mouse
sequence pairs calculated by Makalowski and Boguski
(1998), 0.201 compared with 0.090, consistent with our
suggestion of high rates of sequence change near dis-
ease-causing repeats (Djian, Hancock, and Chana 1996),
although this difference was not significant (Mann-
Whitney U test). These observations indicate that there
have been considerably larger differences in strength of
selection than in mutation rate in these proteins. If a high
Ka value indicates a low level of purifying selection,
polyglutamine repeats in proteins in groups H and M
could have evolved as effectively neutral structures in a
low-purifying-selection environment. Repeats in the
group B genes, on the other hand, may have been con-
served in a high-purifying-selection environment. The
significant correlation between Ka and CAG length dif-
ference between species is consistent with this.

The stronger purifying selection acting on the poly-
glutamine repeats in group B proteins is also consistent
with the observation of a significant difference in the
lengths of polyglutamine repeats of humans and mice in
these genes: there may be differences in the strength or
type of selection acting on these repeats between the two
species. This, in turn, may reflect in some way the func-
tions of these structures in the two species. However,
this difference in repeat length appears to be a special
property of genes that have a repeat in both species, as
lengths of CAG repeats did not show any evidence of
significant difference between species overall. This dif-
ference would therefore not appear to be relevant to neu-
trally evolving repeats, such as those found in the human
disease genes.

Whether or not polyglutamine repeats in proteins
affect function remains unclear. Sequence analysis has
not provided clear evidence for their functional impor-
tance (Treier, Pfeifle, and Tautz 1989; Green and Wang
1994; Karlin and Burge 1996; Michalakis and Veuille
1996; Tautz and Nigro 1998; Schmid and Tautz 1999),
but biochemical studies have indicated effects on pro-
tein-protein interactions (Kazemi-Esfarjani, Trifiro, and
Pinsky 1995; Lanz et al. 1995; Pinto and Lobe 1996;
Schwechheimer, Smith, and Bevan 1998). Our data may
explain this apparent discrepancy, as they suggest that
polyglutamine repeats may be neutral in some proteins
and not in others and that rapidly evolving repeats are
more nearly neutral than conserved repeats. Searches for
a functional role for polyglutamine repeats in proteins
should therefore focus on proteins, such as those in our
group B, that show conservation of Gln repeats over
long periods of evolutionary time.

In conclusion, we suggest that the following inter-
play of forces influences the emergence of polygluta-
mine repeats. Glutamine repeats emerge preferentially
in a sequence environment biased toward an overrep-
resentation of Gln codons (and possibly also related co-
dons such as CCG). These concentrations occur in a
class of proteins enriched in these codons by selection
for a high content of Gln (as well as Pro, His, and Ser).
Repeats emerge in regions of proteins that are subject
to lower-than-average levels of purifying selection
(Nishizawa, Nishizawa, and Kim 1999), as indicated by
their nonsynonymous divergence rate, although the
whole proteins are not subject to atypically low levels
of purifying selection. We therefore propose that emerg-
ing repeats evolve as essentially neutral structures. As
such, we would expect them to be gained or lost in a
manner that reflects the underlying dynamics of the mu-
tational process, thought to be predominantly replication
slippage. Recent evidence suggests that slippage shows
a bias toward expansion for short repeats coupled with
shortening of longer repeats (Ellegren 2000; Xu et al.
2000), which would give rise to net expansion of new
repeats. However, changes in the strength of purifying
selection acting on the region of the protein containing
the repeat may result in the repeat ceasing to be a neutral
structure and becoming fixed in length, as appears to
have happened in the proteins in our group B, which
contain a repeat in both species. Fixation of repeats, or
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the susceptibility of proteins to incorporation of them,
may reflect the general functional class of the protein
concerned, as certain classes of proteins in Saccharo-
myces cerevisiae, notably transcription factors and pro-
tein kinases, are significantly enriched in Gln repeats
(Albà, Santibáñez-Koref, and Hancock 1999b). If puri-
fying selection plays an important role in regulating the
emergence of CAG repeats in proteins, the recent sug-
gestion that nonsynonymous substitution rates may vary
systematically around mammalian genomes (Williams
and Hurst 2000), perhaps reflecting variation in recom-
bination frequency along chromosomes, may have im-
plications for the chromosomal distribution of repeat-
containing proteins.
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