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Abstract. Long amino acid repeats are often observed
in eukaryotic proteins. In humans, several neurological
disorders are caused by proteins containing abnormally
long polyglutamines. However, no systematic analysis
has attempted to investigate the relationship between re-
iterations of particular amino acids and protein function,
the possible mechanisms involved in the generation of
these regions, or the contribution of selection in restrict-
ing their genomic distribution, in a large collection of
wild-type proteins. We have used baker’s yeast open
reading frames to study these questions. The most abun-
dant amino acid repeats found in yeast proteins are re-
peats of glutamine, asparagine, aspartic acid, glutamic
acid, and serine. Different amino acid repeats are con-
centrated in different classes of proteins. Acidic and po-
lar amino acid repeats are significantly associated with
transcription factors and protein kinases, while serine
repeats are significantly associated with membrane trans-
porter proteins. In most cases the codon structures en-
coding the repeats at the gene level show a significant
bias toward long tracts of one of the possible codons,
suggesting that trinucleotide slippage has played an im-
portant role in generating these reiterations. However,
many, particularly those encoding serine repeats, do not
show evidence of slippage. The distributions of codon
repeats within proteins and between coding and noncod-
ing regions of the genome, and of amino acids between

proteins with different functions, suggest that repeats of
these kinds are subject to strong selection.
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Introduction

Amino acid repeats are relatively common in eukaryotes
(Green and Wang 1994). The most common are formed
by uncharged polar amino acids (such as Gln, Asn, Ser,
Pro, and Thr), acidic amino acids (Glu and Asp), or small
amino acids (such as Gly and Ala) (Green and Wang
1994; Karlin and Burge 1996). The number of proteins
that contain such regions cannot be explained by the
frequencies of the individual amino acids. Interest in the
functional context of such repeats has been stimulated by
the association of several proteins that contain abnor-
mally expanded glutamine tracts with human neurologi-
cal disorders (reviewed by Reddy and Housman 1997).
Homopolymeric amino acid tracts have often been ob-
served in transcription factors (Wharton et al. 1985; Ger-
ber et al. 1994; Hancock 1993; Karlin and Burge 1996;
Nakachi et al. 1997). There is some evidence that these
homopeptide stretches can mediate or modulate protein–
protein interactions (Mitchell and Tjian 1989; Perutz et
al. 1994; Kazemi-Esfarjani et al. 1995).

To understand the origins of these repeats it is impor-
tant to understand the mutational processes that are most
important in shaping them. The predominant mode of
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mutation of tandemly repeated DNA sequences (micro-
satellites) is thought to be replication slippage (Levinson
and Gutman 1987), a conclusion supported by extensive
molecular genetic studies in yeast (reviewed by Sia et al.
1997). However homopeptide regions could also arise by
the accumulation of point mutations. The relative con-
tributions of these two processes should be distinguish-
able because they should give rise to different patterns of
codon organization. Slippage should give rise to long
runs of single codons, while long runs should not be
present if these regions originally arose by point muta-
tion and positive selection.

Baker’s yeast (Saccharomyces cerevisiae) currently
offers a unique opportunity to study both the mutational
processes underlying the generation of amino acid re-
peats and their occurrence in different protein classes
(Richard and Dujon 1997). This is because both its com-
plete genome sequence (Goffeau et al. 1996, Mewes et
al. 1997) and an extensive functional classification of
open reading frames (ORFs) (Hodges et al. 1999) are
available. Hancock (1995) and Field and Wills (1996)
detected numerous simple sequences in the yeast ge-
nome. More formally, many studies have shown that
long microsatellite repeats are overrepresented in yeast
(Valle 1993; Behe 1995; Richard and Dujon 1996;
Dechering et al. 1998; Field and Wills 1998; Rose and
Falush 1998; Pupko and Graur 1999; J.M.H. and
M.F.S.K., unpublished).

Richard and Dujon (1996, 1997) studied triplet re-
peats in the yeast genome and showed differential rep-
resentation of different classes of triplet repeat and frame
preferences leading to high representations of repeats of
certain amino acids (particularly Gln and Ser). However,
their analysis did not allow detection of amino acid re-
peats that might derive other than by slippage or allow
analysis of the proportion of, say, Glu repeats that have
arisen predominantly by slippage. Nor did they consider
systematically the functions of the proteins containing
these repeats. To do this we have analyzed the set of
ORFs derived from the yeast genome sequence (Goffeau
et al. 1996, Mewes et al. 1997), for which there is cur-
rently functional information for more than half (Hodges
et al. 1999).

We have set out to investigate three main questions.
First, has replication slippage been the predominant
mechanism generating homopeptide regions in wild-type
yeast proteins, based on the codon structure of the re-
gions encoding them, or has point mutation also played
an important role? Second, given the apparent nuclear
localization of many repeat-containing proteins in yeast
(Richard and Dujon 1997), can previous reports of asso-
ciations of particular types of amino acid repeat with
particular functional groups of proteins (e.g., Wharton et
al. 1985; Gerber et al. 1994; Karlin and Burge 1996),
which have necessarily been based on incomplete and
biased data sets, be borne out in an analysis of a complete

genome? If so, which types of proteins from an organism
contain long amino acid repeats? Finally, is there evi-
dence of selective constraints that allow particular amino
acids reiterations but not others?

We show that a small number of amino acids are
highly overrepresented in amino acid repeats in the yeast
genome and that they show associations with particular
protein functional classes. Analysis of the codons encod-
ing these regions indicates that while, on average, many
amino acid repeats show evidence of the action of slip-
page, many do not, especially regions coding for serine
repeats. We also describe strong reading frame prefer-
ences for codon repeats and differences in repeat motif
frequencies between coding and noncoding regions.
These findings indicate the direct influence of selection
in regulating the emergence of amino acid repeats by
slippage.

Methods

Database Searches

BLASTP (Altschul et al. 1990) at the NCBI was used to find all yeast
protein entries with long homopeptides. Polypeptide sequences were
obtained from the GenBank database using theS. cerevisiaesub-
set. The expected number of repeats was estimated by calculating
NS20

i41p
n
i , where N is the total number of codons in yeast coding

sequences (Goffeau et al. 1996),pi the frequency of each amino acid (S.
cerevisiaeCodon Usage Table from the ftp server at Stanford Univer-
sity), andn the size of the repeat. This expectation assumes that adja-
cent codons are independent, which is not necessarily true, but for such
low expectations the error is expected to be very small. Only four or
five repeats of six or more amino acids, mainly of the more abundant
Leu and Val residues, are expected to occur by chance in the entire
yeast genome (see Table 1). We therefore took this length as a general
cutoff for further analyses. Proteins with long homopeptides were clas-
sified according to the Yeast Protein Database functional categories
(Hodges et al. 1999).

Analysis of Codon Composition

As a measure of the contribution of replication slippage to the recent
evolutionary history of amino acid repeat regions, we determined the
length of the longest run of any single codon within the region. This
should be longer than expected by chance if slippage had made a major
contribution to generating the region. To illustrate this concept we can
use the following example.

Consider an amino acid reiteration of length 10 glutamines and with
the following codon composition: (CAG)7(CAA)2(CAG)1. The length
of the longest CAG run is 7 and that of the longest CAA run 2.

Given the length of the amino acid repeat (g) and the codon fre-
quency in the population of repeats (p), and assuming that the codon
coding for a particular residue is independent of the codons encoding
other residues in the array, then the probability of the longest run of a
single codon being of lengthl is

p~l?g,p! = (
i=0

g

(
j=0

g

Ns~i,j,l !SSg − i − 1

j D + 2Sg − i − 1

j − 1 D
+ Sg − i − 1

j − 2 DDpi~1 − p!~g−i!
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where

Ns~i,j,l ! = (
k=1

j

~−1!kS j

kDSS i − lk − 1

j − 1 D
− S i − ~l − 1!k − 1

j − 1 DD
The deviation of the observed values from this expectation gives an

indication of whether the codon distribution within the repeat encoding
region is consistent with a random organization of the codons, or,
alternatively, is indicative of codon slippage. For the statistical analysis
of this deviation we used the normalized deviations from the expected
values and calculatedZl(l|g,p) 4 (l − Ei(l|g,p))/√Vi(l|g,p), wherel is the
observed length of the longest run,El(l|g,p) 4 Sg

j= 0jp(l|g,p) the ex-
pected length by a random codon distribution (taking the codon fre-
quency in the collection of repeats), andVl(l|g,p) 4 Sg

j= 0 j2p(j|g,p) −
(Ei(l|g,p))2 the variance. For our example array, the expected repeat
lengths are 2.43 for CAG and 3.22 for CAA, forpCAG 4 0.45 andpCAA

4 0.55, giving values ofZ of 3.39 for CAG and 0.69 for CAA. This
indicates a high likelihood that slippage has acted on CAG codons in
this repeat but a low likelihood for CAA.

The averageZ value for all reiterations gives the general trend in
the population of repeats. These values can be calculated for each
codon encoding a particular reiterated amino acid. IfZ is greater than
0, the observed values are higher than expected by chance, and if lower,
they are smaller. If slippage has contributed significantly to the evo-
lution of the region, we would expect the length of the longest run of
a single codon to be higher than expected, i.e.,Zl(l|g,p) > 0. The
significance of any deviation from 0 can be assessed on the basis that
the variance of the average of the normalized values is approximately
1/√n for large sample sizen.

To test whether certain codons might be overrepresented with re-
spect to the general codon frequency in the collection of repeats, we
compared the codon frequencies in the repeats, and those in the re-
mainders of the repeat-containing ORFs, excluding the repeats, with
those in the yeast codon usage table (S. cerevisiaeCodon Usage Table

from the ftp server at Stanford University). Significance was assessed
usingx2 with p < 10−4.

Codon usages for individual genes containing amino acid repeats
were obtained from a table (Saccharomyces_cerevisiae.pln) obtained
from the CUTG WWW server (Nakamura et al. 1997) at http://
www.dna.affrc.go.jp/∼nakamura/CUTG.html.

To test the distributions of different classes of triplet repeat within
protein coding regions and between coding and noncoding regions, all
tandem repeats of length 5 or greater were identified using the program
Arrayfinder (Hancock et al. 1999) and classified using sequence anno-
tations. We chose the lower threshold of 5 for this analysis to provide
a sufficiently large sample of noncoding repeats for subsequent analy-
sis.

Results

Amino Acid Reiterations in Yeast Proteins

We identified all long yeast homopeptides by performing
a search of all repeats of six or more amino acids in the
yeast protein database (GenBank subset). This allowed
us to determine which amino acids have a higher ten-
dency to form long homopeptides in this organism and
the kind of proteins in which they are found.

The total number of yeast proteins with amino acid
repeats of this length or greater was 444, which is about
7.6% of the estimated number of proteins in yeast (Gof-
feau et al. 1996). The chance expectation of repeats of
this size is 4.46 assuming a random distribution of the
amino acids. The observed repeats are limited to a subset
of residues which are mostly polar or charged (Table 1).
We observed a high abundance (n > 50) of Gln (147), Ser
(122), Asn (72), Glu (67), and Asp (60) repeats and a
more moderate abundance (50 >n $10) of Pro (25), Lys
(23), Ala (17), His (15), and Thr (10) repeats. No or few
repeats were observed for Cys, Phe, Trp, Ile, Tyr, Leu,
Val, Gly, and Met.

Gln and Asn tracts tended to be longer than other
types of repeat, with more than one-third (39.5% for Gln
and 37.5% for Asn) containing more than 10 residues,
compared to 26.7% of Asp repeats, 14.9% of Glu re-
peats, and 14.8% of Ser repeats (Table 1).

Functional Protein Classes that Contain Amino
Acid Reiterations

For subsequent analyses we concentrated on the five
most frequently occurring types of amino acid repeat,
Asn, Asp, Gln, Glu, and Ser, which made up more than
75% of all repeats six or more amino acids long between
them. All of these occurred more than 50 times. We then
used the Yeast Protein Database to classify the proteins
into functional categories (Hodges et al. 1999) and tested
the occurrence of the different functional categories in
the groups containing the different kinds of amino acid
repeat for statistically significant overrepresentation of

Table 1. Amino acid reiterants in yeast ORFs

Amino acid

Observed
Expected
($6)$10 $8 $6

Leu 2 3 6 1.78
Val 0 1 3 0.86
Lys 2 7 23 0.44
Glu 10 30 67 0.27
Ala 0 11 17 0.23
Ser 18 44 122 0.17
Ile 0 0 0 0.16
Asp 16 33 60 0.14
Thr 0 1 10 0.13
Gly 0 0 4 0.11
Asn 27 38 72 0.10
Pro 3 11 25 0.02
Arg 2 2 5 0.02
Phe 1 2 4 0.02
Gln 58 92 147 0.01
Tyr 1 1 1 0
Met 0 0 0 0
His 1 5 15 0
Trp 0 0 0 0
Cys 0 1 2 0

Total 141 282 583 4.46
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functional categories. We identified six such overre-
presentations at thep < 0.05 level after correction for
multiple tests (Table 2). Transcription factors were sig-
nificantly overrepresented in Gln, Asn, and Asp repeat-
containing proteins, while protein kinases were also
overrepresented among Gln repeat-containing proteins
and inhibitors among Asn repeat-containing proteins.
Although transcription factors and protein kinases were
very common among Glu repeat-containing proteins (as
were protein kinases in Asn repeat-containing proteins),
they did not achieve statistical significance. Transporter
proteins were overrepresented among Ser repeat-
containing proteins but did not reach statistical signifi-
cance. A complete listing of yeast proteins containing
long amino acid repeats is available over the WWW at
http://www.med.ic.ac.uk/dc/GGE/publicdata/ystprots.
html. The functional categories of the proteins that con-
tain the five most common repeats are also included in
this list.

Fifty yeast proteins that contain long amino acid re-
iterations (11% of the total) contain more than one, either
of the same residue or of a different one (Table 3). The
frequency of occurrence of reiterations of at least one
other type of amino acid was more than double the ex-
pectation for proteins containing repeats of Gln, Asn, or
Asp (16–27%). For Glu repeats this frequency was lower
(12%) and for Ser repeats it was very close to the ex-
pected value (9%). Chi-square analysis of the frequen-
cies of occurrence of second amino acid repeats for the
five most common classes of repeat showed a strong
tendency for a second repeat of the same amino acid to

occur (p < 0.007) in all cases. In Ser repeat-containing
proteins both second Ser repeats (p 4 0.007) and Thr
repeats (p 4 4.0 × 10−7; second Ser repeats excluded)
were overrepresented.

Evidence for Slippage in the Generation of
Yeast Homopeptides

The sequences encoding the repeats of the five most
reiterated amino acids were analyzed to determine the
extent to which slippage had contributed to their genera-
tion. We predicted that slippage would generate long
runs of single codons. A simple way to assess this was to
compare the length of the longest pure codon run for
each amino acid repeat with the one expected in a ho-
mopeptide of the same length (see Methods). The calcu-
lation of expected lengths depends on the frequency of
the different codons. We assessed three types of frequen-
cies for use in this calculation: the frequencies in the
yeast genome as a whole, the frequencies in proteins
containing the amino acid repeat concerned, and the fre-
quencies within the repeats themselves. Table 4 shows
the codon frequencies in these different classes of se-
quence. For three amino acids, Asp, Asn, and Glu, we
found no significant differences in the codon usages of
repeat-coding proteins with respect to genomewide
codon usage, either within or outside their repeats (after
correction for multiple testing). However, Ser repeats
showed a highly significant deviation from the codon
usage both in Ser repeat-containing proteins and in the
genome as a whole. In regions coding for Ser repeats,
TCN codons were overrepresented and AGC/AGT
codons underrepresented. Further, Gln repeat-containing
proteins showed a highly significant increased usage of
CAG codons, which was further accentuated in the Gln
repeats themselves. Because of these differences, we
used the codon frequencies in the repeats to predict the

Table 2. Functional protein classes overrepresented among proteins
containing long amino acid tandem repeats

Functiona N(%)b

Repeat typec

Gln Asn Glu Asp Ser

ATP-binding 30 0 0 0 0 2
cassette (0.9) (0.0) (0.0) (0.0) (0.0) (4.8)

Inhibitor 12 0 3 0 0 0
(0.4) (0.0) (7.3) (0.0) (0.0) (0.0)

Protein kinase 123 13 4 2 0 4
(3.9) (19.1) (9.8) (7.1) (0.0) (9.3)

Transcription 262 26 11 4 10 5
factor (8.2) (38.2) (26.8) (14.3) (37.0) (11.9)

Transporter 97 0 1 0 1 5
(3.0) (0.0) (2.4) (0.0) (3.7) (11.9)

Total 3174 68 41 28 27 42

a Functions are classified according to YPD (Hodges et al. 1999).
b Numbers and percentages (in parentheses) of the total classified yeast
ORFs made up by the functional class.
c Numbers and percentages (in parentheses) of proteins with the speci-
fied class of amino acid repeat in the identified functional classes.
Numbers in boldface indicate frequencies expected to occur with a
binomial probability of less than 0.05 (observed frequency or greater)
given the relative frequency of the functional class in the set of clas-
sified yeast ORFs and the number of classified proteins containing that
class of repeat, correcting for multiple tests.

Table 3. Frequencies of association of tandem amino acid repeats
within yeast proteins

Alaa Arg Asn Asp Gln Glu His Lys Pro Ser Thr

Ala 1 3 4 1
Arg 1
Asn 10 4 10 1 1 1 2
Asp 8 4 4 2 1 1
Gln 26 1 1 2 1 2
Glu 8 3
His 0 1 1
Lys 1
Pro 4 1
Ser 9 3
Thr 0

a Frequencies are frequencies of occurrence of the two types of amino
acid repeat (length,$6 residues) in the same protein. Thus for a protein
containing Gln, Asp, and Asn repeats, all three pairs would be counted.
Figures in boldface represent frequencies significantly overrepresented
at at least thep 4 0.007 level.
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expected length distribution of codon repeats. The aver-
age values ofZ calculated in this way for each class of
amino acid repeat are shown in Table 5.

We observed longer than expected expansions of
single codons for Gln, Asn, Glu, and Asp repeats but not
for Ser. While for Asn and Asp theZ score was signifi-
cantly high for both codons, for Gln and Glu repeats this
was the case for only one of the two codons for each
amino acid (CAG for Gln and GAA for Glu). Therefore
we found evidence of slippage for six different codons,
encoding four different amino acids. This was confirmed
by the observation that for the same set of codons there
was an excess (significantly more than 5% byx2 p <
10−4) of repeats for whichZ exceeded 1.96 (Table 5).

A possible artifact resulting from using repeat codon
usage values would occur if the codon compositions of
individual repeats were correlated with those in the rest
of the protein. This would result in different expected
probabilities of codon arrays of a given length in differ-
ent proteins and could lead to over- or underestimation of
the contribution of slippage to repeat evolution. To test

for this we carried out correlation analysis of codon fre-
quencies inside and outside repeats. A significant rela-
tionship (p 4 0.001) was found only for Asn among the
amino acids for which codons showed meanZ values
greater than 0. Similar results (not shown) were obtained
for the relationship between theZ value for each array
and the codon usage outside it.

Selective Constraints

In the absence of any selection at the protein level, tri-
nucleotide slippage should occur equally on the two
strands and in the three possible reading frames of a
gene. However, the fact that only a subset of amino acids
is reiterated suggests a bias in both the frame and the
orientation in which triplet runs are found (see Richard
and Dujon 1996). In order to investigate this aspect for-
mally for the entire yeast genome we identified all per-
fect tandem repeats of six or more triplets (excluding
AAA/TTT and CCC/GGG, which are considered to be

Table 4. Analysis of codon frequencies in amino acid repeat proteins

Amino acida Overrepresentationb Codonsc

Codon compositiond

Codon usage
correlationhAll e Outsidef Insideg

Aspartic acid 1.28 GAT > GAC 0.65 0.66 0.63 0.243
(p 4 0.064) (pg 4 0.302) (p 4 0.066)

(pr 4 0.062)
Asparagine 1.74 AAT > AAC 0.59 0.60 0.63 0.402 (p 4 0.001)

(Gln 1.21) (p 4 0.126) (pg 4 0.023)
(pr 4 0.090)

Glutamic acid 1.43 GAA > GAG 0.71 0.72 0.74 0.232 (p 4 0.101)
(Asp 1.24) (p 4 0.282) (pg 4 0.086)

(pr 4 0.194)
Glutamine 1.68 CAA > CAG 0.69 0.66 0.55 0.053 (p 4 0.569)

(Asn 1.36) (p 4 1.9 × 10−8) (pg 4 1.4 × 10−34)
(Pro 1.31) (pr 4 3.5 × 10−19)

Serine 1.53 TCA 0.210 0.215 0.249 0.037 (p 4 0.72)
(Thr 1.30) TCC 0.160 0.162 0.179 −0.060 (p 4 0.56)

TCG 0.097 0.089 0.114 0.313 (p 4 0.002)
TCT 0.265 0.268 0.347 0.147 (p 4 0.153)
AGC 0.109 0.105 0.061 0.098 (p 4 0.342)
AGT 0.160 0.153 0.049 0.134 (p 4 0.193)

(p 4 0.332) (pg 4 1.6 × 10−26)
(pr 4 2.3 × 10−24)

a Amino acid repeated. Amino acids listed in parentheses are also over-
represented by 20% or more in this set of proteins. Overrepresentations
are calculated for the set of proteins containing the specified repeat by
comparison with the general yeast codon usage values.
b Degree to which the repeated amino acid is overrepresented in the set
of proteins containing repeats of length$6. The total frequency of the
amino acid outside the repeat in the total set of proteins was compared
to the predicted frequency for the same total number of amino acids
using the YPD codon usage table as a basis.
c Codons encoding the specified amoni acid. For Asp through Glu, the
more common of the two codons is given on the left-hand side. For Ser
all six codons are listed.
d For Asp through Glu, the proportion of all codons for the specified
amino acid contributed by the more common codon. For Ser the pro-
portions of all six codons are given.

e Codon proportions in the yeast genome as a whole, derived from the
YPD codon usage table.
f Codon proportions in the set of proteins containing repeats but cal-
culated excluding the repeats.p is the probability of obtaining this
value by chance (chi-square) assuming the overall genomic ratio.
g Codon proportions within the repeats.pg is the probability of obtain-
ing this value by chance (chi-square) assuming the overall genomic
ratio; pr is the corresponding probability assuming the codon frequen-
cies found outside the repeats in these proteins.
h Correlation coefficients of the codon proportion within and outside
the repeats for the individual genes in the set.p is the probability of
obtaining this value by chance (t test).
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mononucleotide repeats) using the program Arrayfinder
(Hancock et al, 1999). We compared the frequency of the
circular permutations (i.e., all three frames in both ori-
entations) of all coding repeats (Table 6). As expected,
the most commonly repeated triplets are generally also
the most slippage-prone as indicated by theZ scores
(Tables 5 and 6). Two exceptions were tandem CAA
repeats, which were more abundant than tandem CAG
repeats, and tandem GAT repeats, which outnumbered
GAC repeats.

Certain frames were strongly favored. For example, of
48 CAG/GCT repeats, 34 corresponded to CAG (Gln), 3
to AGC (Ser), 2 to GCA (Ala), 8 to GCT (Ala), 1 to CTG
(Leu), and none to TGC (Cys). We have observed a
similar frame bias for this codon in mammalian exons
(E.A. Worthey, M.F.S.K., and J.M.H., unpublished data).
Similarly, of 74 tracts involving AAC/GGT, 51 consisted
of CAA (Gln) and 23 of AAC (Asn). In the opposite
orientation there were none corresponding to Val, Cys,
or Leu, in spite of the fact that Leu and Val are the most
abundant amino acids in yeast.

As a second indicator of whether selection has acted
on triplet repeats in coding regions, we investigated the
frequencies of tandem triplet repeats in coding and non-
coding regions (Table 6). There was no significant cor-
relation between frequencies of triplet repeats in the two
types of regions (r 4 0.320, p 4 0.367). Hancock
(1995) showed a significant positive correlation between
the AT content and the frequency of simple sequence
motifs in noncoding, but not coding, regions sampled

from a number of genomes, including yeast. A similar
correlation could be seen here for noncoding regions (r
4 0.768,p 4 0.009) but not for coding regions. Table
6 also shows markedly more repeats in the sense strand
that are purine-rich (predominance of A/G over C/T;N
4 263) than pyrimidine-rich (C/T > A/G;N 4 60).

Discussion

Despite the compact nature of the yeast genome and its
low overall level of sequence repetition (Hancock 1995),
these analyses show that amino acid repeats are common
in yeast proteins, as suggested by earlier studies of triplet
repeats in the yeast genome (Richard and Dujon 1996,
1997). These authors analyzed eight yeast chromosomes
for coding tandem repeats and identified 12 Gln, 12 Ser,
9 Asp, 8 Glu, 6 Asn, and 6 Ala encoding arrays. Our
more extensive survey identified the same set of highly
represented amino acids (Table 1) except that we found
a lower representation of Ala repeats. Green and Wang
(1994) carried out a broader survey of amino acid repeats
in the databases which was biased primarily toward
mammalian proteins. They also found Gln repeats to be
most common among long repeats. However, we find an
underrepresentation of certain amino acids, such as gly-
cine and alanine, and an overrepresentation of others,
particularly aspartic acid and asparagine, in yeast com-
pared to Green and Wang’s (1994) survey.

We initially asked three questions about the yeast re-
peats: Are they generated predominantly by slippage?
Do they occur in particular types of proteins? and Is there
evidence that selection acts upon them?

Role of Slippage

We investigated the role of slippage in generating tan-
dem amino acid repeats by analyzing the codon compo-
sition of regions encoding the repeats. On average, six of
the eight codons coding for the highly overrepresented
polar or acidic amino acids (Asn, Gln, Asp, and Glu) had
meanZ values significantly greater than zero, consistent
with a significant role for replication slippage in the evo-
lution of these regions. Significantly more than the ex-
pected 5% ofZ scores greater than 1.96 were also seen
for these amino acids. Experimental analysis indicates
that replication slippage is the predominant mechanism
involved in microsatellite instability in yeast (Henderson
and Petes 1992; Petes et al. 1997). These patterns are
therefore consistent with slippage playing an important
role in generating these amino acid repeats.

Despite the significantly high meanZ scores found for
many codons in this analysis, regions encoding Ser re-
peats, and many regions encoding the other classes of
repeat (havingZ # 1.96; Table 5), did not deviate
strongly from random expectation in this analysis. Our

Table 5. Analysis of the length of pure codon runs

Amino
acid Codon

Mean
Za

Significance
of meanZ

Z >
1.96b

Z #

1.96c

Gln CAG 0.37 ∗∗∗d 26d 121
CAA 0.18 NSe 16e 131

Asn AAC 0.57 ∗∗∗ 16 56
AAT 0.51 ∗∗∗ 16 56

Glu GAA 0.62 ∗∗∗ 21 46
GAG −0.01 NS 6 61

Asp GAC 0.42 ∗∗∗ 10 50
GAT 0.53 ∗∗∗ 11 49

Ser TCA 0.05 NS 13 109
TCT 0.04 NS 13 109
TCG −0.19 NS 8 114
TCC −0.01 NS 8 114
AGC −0.07 NS 6 116
AGT −0.08 NS 3 119

a Average of the standardized values for the length of the longest pure
codon repeat in the amino acid reiterants (negative values are obser-
vations lower than expected by chance, and positive values higher than
expected by chance).
b Number of individual arrays reaching aZ score of 1.96 or greater
(expected proportion: 0.05).
c Number of individual arrays reaching aZ score of#1.96 (expected
proportion: 0.95).
d Significant (p < 10−4).
e Not significant (p > 10−4).
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calculations depend on the codon frequencies encoding
the repeats. If codon frequencies within the repeats were
biased by slippage (i.e., some codons underwent slippage
more readily than others), we might underestimateZ for
the most slippage-prone codons. Codon usage within the
repeat region deviated significantly from the genomic
codon usage only for Gln and Ser repeats. However,
recalculatingZ for Gln and Ser codons using genome-
wide codon usage values did not result in different con-
clusions (data not shown). Similarly, the correlation be-
tween codon usage outside and inside Asn repeats had no
significant effect on our conclusions. We therefore con-
clude that Ser repeats, and indeed many other low-Z
repeats found for the other amino acids, have not under-
gone a significant amount of slippage during their recent
evolutionary history. Point mutation and subsequent se-
lection may therefore have been an important driving
force in the generation of these repeats in yeast proteins.

Proteins containing amino acid repeats were enriched
in that same amino acid outside the repeat (Table 4) and
tended, weakly, to have a different codon usage from the
general codon usage in the yeast genome. We also ob-
served a general overrepresentation of proteins contain-
ing two or more amino acid repeats and, among these,
proteins containing more than one repeat of the same
amino acid. Two models can explain this (see Hancock
1993; Karlin and Burge 1996; Richard and Dujon 1997).
The first is that repeat-containing proteins have been

enriched in these amino acids during their previous evo-
lutionary history by slippage followed by point mutation,
which has obscured the original patterns generated by
slippage. This is a similar argument to one used to ex-
plain the presence of cryptically simple sequence regions
in many genomes (Tautz et al. 1986; Ohno and Epplen
1983). The alternative is that amino acid repeats arise by
slippage in proteins already enriched in the amino acid
that becomes tandemly repeated, and which have a some-
what biased codon usage. Such an overrepresentation
would increase the probability that codons for that amino
acid would become tandemly reiterated by chance and
act as seeds for subsequent slippage.

Role of Selection and Functional Associations

The action of selection on tandem triplet repeats is best
seen by considering their distribution between the differ-
ent strands and reading frames within ORFs, and be-
tween coding and noncoding regions of the genome.
Purely neutral structures would be expected to be ran-
domly distributed in both senses within ORFs. Richard
and Dujon (1996), in an analysis of eight yeast chromo-
somes, showed that tandem triplet repeats showed strong
reading frame and strand preferences and our whole-
genome analysis confirms this (Table 6).

We carried out correlation analysis to determine

Table 6. Frequencies and locations of triplet repeats of length$5 in the yeast genome

Motif a NCb

Reading framec

1 2 3 4 5 6

AAC/ACA/CAA/TTG/TGT/GTT 12 23 0 51 0 0 0
(N) (T) (Q) (L) (C) (V)

AAG/AGA/GAA/TTC/TCT/CTT 5 9 3 54 1 11 2
(K) (R) (E) (F) (S) (L)

AAT/ATA/TAA/TTA/TAT/ATT 36 38 0 0 1 1 0
(N) (I) (∗) (L) (Y) (I)

ACC/CCA/CAC/GTG/TGG/GGT 0 0 4 1 0 0 0
(T) (P) (H) (V) (W) (G)

ACG/CGA/GAC/GTC/TCG/CGT 1 0 0 8 0 2 2
(T) (R) (D) (V) (S) (R)

ACT/CTA/TAC/GTA/TAG/AGT 5 4 2 0 0 0 0
(T) (L) (Y) (V) ( ∗) (S)

AGC/GCA/CAG/CTG/TGC/GCT 2 3 2 34 1 0 8
(S) (A) (Q) (L) (C) (A)

AGG/GGA/GAG/CTC/TCC/CCT 0 0 0 3 0 5 4
(R) (G) (E) (L) (S) (P)

ATC/TCA/CAT/ATG/TGA/GAT 3 0 9 2 0 0 35
(I) (S) (H) (M) (∗) (D)

CCG/CGC/GCC/GGC/GCG/CGG 0 0 0 0 0 0 0
(P) (R) (A) (G) (A) (R)

aAll six permutations of each of the 10 triplet motifs are presented. All
occurrences in both orientations are pooled in the column of noncoding
repeats. For coding repeats, frequencies for the six possible reading
frames are presented in the same order as listed in this column. Repeats
of A/T and C/G are not included, as these are considered to be mono-
nucleotide repeats.

b Frequency of noncoding repeats.
c Frequency of repeats in the six possible reading frames. Single-letter
codes for the amino acids encoded by each repeat are given below the
numbers.∗ represents a stop codon.
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whether frequencies of different classes of repeat were
similar in coding and noncoding regions (see Hancock
1995). This showed that the two classes of frequency
were not significantly correlated, that is, that triplet re-
peat frequencies within ORFs differ from those in inter-
genic regions. We also observed that the triplet repeat
frequencies in intergenic regions correlate significantly
with their base composition. This agrees with a previous
analysis of frequencies of significantly simple motifs de-
rived from analysis of cryptically simple regions in a
variety of genomes (Hancock 1995), which also showed
a significant correlation of the frequencies of simple se-
quence motifs with their AT-richness in noncoding, but
not coding, regions. This was attributed to a higher prob-
ability of slippage taking place in AT-rich sequences
(because of their lower melting temperatures). We there-
fore take a strong correlation of motif frequency with
base composition as an indication that triplet repeats in
noncoding regions of the yeast genome are largely (al-
though not necessarily entirely) neutral structures. The
frequencies of repeats in coding regions therefore reflect
the action of functional selection.

The abundance of CAG repeats in yeast coding re-
gions parallels its abundance in mammalian exons (Stall-
ings 1994). However, AAT repeats, also very abundant
in yeast coding regions, are rare in the exons of mammals
(Stallings 1994), and GGC repeats, relatively abundant
in mammalian exons (Stallings 1994), are uncommon in
yeast genes. This may be because Asn repeats (AAT) are
not well tolerated in mammals and that the same is true
for Gly repeats (GGC) in yeast. Asn repeats appear to be
rare in vertebrates but more common in invertebrate,
yeast, and plant proteins (Stallings 1994). Alternatively,
these differences could be due to differences in the slip-
page process between the groups or may reflect the low
GC content of the yeast genome (Richard and Dujon
1997).

A further indication that selection has influenced the
distribution of amino acid repeats comes from our analy-
sis of the functions of repeat-containing proteins. This
analysis represents the first attempt at a whole-genome
analysis of amino acid repeats and protein function. Pre-
vious analyses of this question have been based on broad
database surveys (Wharton et al. 1985; Gerber et al.
1994; Karlin and Burge 1996) and have been broadly
consistent with one another in associating Gln repeats
with transcription factors. Our analysis showed a number
of statistically significant overrepresentations of proteins
belonging to particular functional groups, as defined by
the YPD classification (Hodges et al. 1999), in proteins
containing particular classes of amino acid repeats.
These overrepresentations include an association of Gln
repeats with transcription factors, which we are able for
the first time to put on a secure statistical footing. Fur-
ther, the finding that Gln repeats are abundant in yeast

transcription factors indicates that this is a very wide-
spread characteristic of eukaryotic transcription factors.
The associations we observe must reflect the action of
selection at some level, either due to a positive contri-
bution of amino acid repeats to the functions of some
classes of proteins (particularly transcription factors and
protein kinases for the polar and acidic amino acids) or
because these groups of proteins have characteristic
structures or interactions which permit the incorporation
of types of amino acid repeats that cannot be accommo-
dated in other types of protein (Green and Wang 1994).

There is some evidence that changes in length of Gln
repeats, in particular, can affect protein function, particu-
larly in the case of the androgen receptor (Kazemi-
Esfarjani et al. 1995), and there is some circumstantial
evidence that they and other repeated amino acids may
participate in protein–protein interactions (Mitchell and
Tjian 1989; Perutz et al. 1994; Pinto and Lobe 1996).
There is also evidence that frameshifts within regions
coding for Gln repeats can be deleterious (Lanz et al.
1995). Expanded Gln repeats can also cause disease in
humans (Reddy and Housman 1997). Thus it is clear that
changes in repeat length can produce selectable pheno-
types at some level. Perhaps the strongest evidence for a
positive function for amino acid repeats is the observa-
tion that, in plants, insertion of a homopolymeric Gln
stretch into a transcription factor gives rise to a higher
level of expression of a target gene (Schwechheimer et
al. 1998). However, none of these studies demonstrates
unambiguously whether amino acid repeats play a posi-
tive or a (nearly) neutral role in the functions of proteins.
Our data provide intriguing associations between the
most common amino acid repeats and cellular compo-
nents which appear to be part of the cell signaling sys-
tem, and it is tempting to speculate that changes in the
length of repeats in such systems could alter their behav-
ior and therefore contribute to their evolutionary diver-
sification (Hancock 1993; Karlin and Burge 1996; Rich-
ard and Dujon 1997), perhaps involving molecular
coevolution between proteins (Dover and Flavell 1984;
Hancock 1993). Such diversification could be relatively
rapid on an evolutionary time scale because of the high
mutation rates of microsatellites (see Hancock 1999).
However, further experimental analysis will be necessary
to test ideas of this kind.

In conclusion, our analyses provide evidence that
amino acid repeats are common in yeast (S. cerevisiae)
proteins and that their locations are subject to selection
on the reading frames in which tandemly repeated
codons can accumulate, the types of codon repeats that
can accumulate in proteins in general, and the types of
amino acids that can accumulate in proteins of particular
functional types. Slippage appears to have made a sig-
nificant contribution to the evolution of amino acid re-
peats in yeast, but many repeats, particularly Ser repeats,
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appear to have evolved primarily by the accumulation of
point mutations, at least during their recent evolutionary
history.
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