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Abstract. Long amino acid repeats are often observedproteins with different functions, suggest that repeats of
in eukaryotic proteins. In humans, several neurologicathese kinds are subject to strong selection.

disorders are caused by proteins containing abnormally

long polyglutamines. However, no systematic analysisKey words: Yeast — Slippage — Amino acid tandem
has attempted to investigate the relationship between reepeats — Homopeptides — Protein function — Ge-
iterations of particular amino acids and protein function,nome analysis — Codon composition

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 Introduction
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 réé\mino acid repeats are relatively common in eukaryotes
peats of glutamine, asparagine, aspartic acid, glutamifCr€en and Wang 1994). The most common are formed

acid, and serine. Different amino acid repeats are conPY Uncharged polar amino acids (such as Gin, Asn, Ser,

centrated in different classes of proteins. Acidic and po—Pro' and Thr), acidic amino acids (Glu and Asp), or small

lar amino acid repeats are significantly associated With""mi”.0 aCi‘?'S (such as Gly and Ala) (Green and ang
transcription factors and protein kinases, while serine-994: Karlin and Burge 1996). The number of proteins

repeats are significantly associated with membrane trandhat con;am such regions canqot be. explained t.)y the
porter proteins. In most cases the codon structures efrequencies of the individual amino acids. Interest in the

coding the repeats at the gene level show a significanftunCtional context of such repeats has been stimulated by

bias toward long tracts of one of the possible codons,the association of several proteins that contain abnor-

suggesting that trinucleotide slippage has played an im[nally expanded glutamine tracts with human neurologi-

portant role in generating these reiterations. Howeverc@l disorders (reviewed by Reddy and Housman 1997).

many, particularly those encoding serine repeats, do ndiomopolymeric amino acid tracts have often been ob-

show evidence of slippage. The distributions of Cc)donserved in transcription factors (Wharton et al. 1985; Ger-

repeats within proteins and between coding and noncocper et al. 1994; Hancock 1993; Karlin and Burge 1996;

ing regions of the genome, and of amino acids betWEEIIl\IakaChl eF al. 1997). There is some evidence that the;e
homopeptide stretches can mediate or modulate protein—

protein interactions (Mitchell and Tjian 1989; Perutz et
al. 1994; Kazemi-Esfarjani et al. 1995).
*Present addressiVohl Virion Centre, Windeyer Institute of Medical To understand the orlglns_ of these repeats it is impor-
Sciences, University College London, London W1P 6DB, UK tant to understand the mutational processes that are mos
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mutation of tandemly repeated DNA sequences (microgenome? If so, which types of proteins from an organism

satellites) is thought to be replication slippage (Levinsoncontain long amino acid repeats? Finally, is there evi-

and Gutman 1987), a conclusion supported by extensiveence of selective constraints that allow particular amino

molecular genetic studies in yeast (reviewed by Sia et alacids reiterations but not others?

1997). However homopeptide regions could also arise by We show that a small number of amino acids are

the accumulation of point mutations. The relative con-highly overrepresented in amino acid repeats in the yeast

tributions of these two processes should be distinguishgenome and that they show associations with particular

able because they should give rise to different patterns dprotein functional classes. Analysis of the codons encod-

codon organization. Slippage should give rise to longing these regions indicates that while, on average, many

runs of Sing|e CodonS, while |ong runs should not beamino acid repeats show evidence of the action of Slip'

present if these regions originally arose by point muta-Page, many do not, especially regions coding for serine

tion and positive selection. repeats. We also describe strong reading frame prefer-
Baker's yeast $accharomyces cerevisjaeurrently =~ €Nces for_ codon repeats a_nd differences in_repeat _motif

offers a unique opportunity to study both the mutationalff@gquencies between coding and noncoding regions.

processes underlying the generation of amino acid re.'_rhese fmdmgs indicate the direct mfluencg of selection

peats and their occurrence in different protein classed! regulating the emergence of amino acid repeats by

(Richard and Dujon 1997). This is because both its comS!iPPage.

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) ar&/lethOdS

available. Hancock (1995) and Field and Wills (1996)

detected numerous simple sequences in the yeast gPatabase Searches

nome. More formally, many studies have shown that

long microsatellite repeats are overrepresented in yeast ASTP (Altschul et al. 1990) at the NCBI was used to find all yeast

(VaIIe 1993; Behe 1995; Richard and Dujon 1996; protein entries with long homopeptides. Polypeptide sequences were

Dechering et al. 1998: Field and Wills 1998; Rose andobtained from the GenBank database using $hecerevisiaesub-

. . set. The expected number of repeats was estimated by calculating
Falush 1998; Pupko and Graur 1999; J.M.H. a”szsglpi", where N is the total number of codons in yeast coding

M.F.S.K., unpublished). sequences (Goffeau et al. 1998)the frequency of each amino acHl.(
Richard and Dujon (1996, 1997) studied triplet re- cerevisiaeCodon Usage Table from the ftp server at Stanford Univer-
peats in the yeast genome and showed differential rep$_ity), andn the size of the repeat. This expectation assumes that adja-

. . . ent codons are independent, which is not necessarily true, but for such
resentation of different classes of trlplet repeat and framéow expectations the error is expected to be very small. Only four or

prefe.rence.s |eaqing to hi.gh representations of repeats Qe repeats of six or more amino acids, mainly of the more abundant
certain amino acids (particularly GIn and Ser). However,Leu and Val residues, are expected to occur by chance in the entire
their analysis did not allow detection of amino acid re- yeast genome (see Table 1). We therefore took this length as a general
peats that might derive other than by inppage or a||OV\F.u.t0ﬁ for furtr_\er analyses. Proteins v_\nth long homopep?ldes were cla_s—
vsis of th . f | hat h sified according to the Yeast Protein Database functional categories
analysis of the proportion of, say, Glu repeats that havg,oyges et al. 1999).
arisen predominantly by slippage. Nor did they consider
systematically the functions of the proteins containing ) N
these repeats. To do this we have analyzed the set 4fnalysis of Codon Composition
ORFs derived from the yeast genome sequence (Goffeau o o
et al. 1996, Mewes et al. 1997), for which there is Cur-AS a r_neasure'of the contr_lbutlorj of rephcano_n slippage to thg recent
. . . evolutionary history of amino acid repeat regions, we determined the
rently functional information for more than half (HOdgeS length of the longest run of any single codon within the region. This
et al. 1999). should be longer than expected by chance if slippage had made a major
We have set out to investigate three main questionsc_ontribution to generating the region. To illustrate this concept we can
First, has replication slippage been the predominantse the following example. _ _
hanism generating homopentide reaions in wild-t Consider an amino acid reiteration of length 10 glutamines and with
Ly _g 9 pep 9 YP&he following codon composition: (CAGICAA),(CAG),. The length
yeast proteins, based on the codon structure of the rest the longest CAG run is 7 and that of the longest CAA run 2.
gions encoding them, or has point mutation also played Given the length of the amino acid repegj &nd the codon fre-
an important role? Second, given the apparent nuclesguency in the population of repeats)(and assuming that the codon
localization of many repeat-containing proteins in yeaslcoding for a particular residue is independent of the codons encoding
. . . other residues in the array, then the probability of the longest run of a
(Richard and Dujon 1997), can previous reports of asso

o ; : . >>>single codon being of lengthis
ciations of particular types of amino acid repeat with

particular functional groups of proteins (e.g., Wharton et o, <(g—i—l) <g—i—1>
al. 1985; Gerber et al. 1994; Karlin and Burge 1996), pligp =2 NG (7§ 7 J+2Ty
which have necessarily been based on incomplete and (g—i—l)) (1 &

biased data sets, be borne out in an analysis of a complete j-2 PL-p
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Table 1. Amino acid reiterants in yeast ORFs from the ftp server at Stanford University). Significance was assessed
using x? with p < 10°%.
Observed Codon usages for individual genes containing amino acid repeats
Expected  were obtained from a table (Saccharomyces_cerevisiae.pln) obtained
Amino acid =10 =8 =6 (=6) from the CUTG WWW server (Nakamura et al. 1997) at http://
www.dna.affrc.go.jglhakamura/CUTG.html.
Leu 2 3 6 1.78 To test the distributions of different classes of triplet repeat within
Val 0 1 3 0.86 protein coding regions and between coding and noncoding regions, all
Lys 2 7 23 0.44 tandem repeats of length 5 or greater were identified using the program
Glu 10 30 67 0.27 Arrayfinder (Hancock et al. 1999) and classified using sequence anno-
Ala 0 1 17 0.23 tations. We chose the lower threshold of 5 for this analysis to provide
Ser 18 44 122 0.17 a sufficiently large sample of noncoding repeats for subsequent analy-
lle 0 0 0 0.16 sis.
Asp 16 33 60 0.14
Thr 0 1 10 0.13
Gly 0 0 4 0.11
Asn 27 38 72 0.10 Results
Pro 3 11 25 0.02
Arg 2 2 5 0.02
Phe 1 2 4 0.02 . . . . . .
Gin 58 92 147 0.01 Amino Acid Reiterations in Yeast Proteins
Tyr 1 1 1 0
Met 0 0 0 0 We identified all long yeast homopeptides by performing
His 1 S 15 0 a search of all repeats of six or more amino acids in the
gz_ % (i g % yeast protein database (GenBank subset). This allowed
Total 141 282 583 4.46 us to determine which amlno_aud_s haye a h|gher 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
where repeats of this length or greater was 444, which is about
_ 7.6% of the estimated number of proteins in yeast (Gof-
. 4 W i—-lk-1 feau et al. 1996). The chance expectation of repeats of
Ng(i,j,l) = ;(_1) K -1 this size is 4.46 assuming a random distribution of the
i—(1-1k-1 amino acids. The observed repeats are limited to a subse
- ( -1 )) of residues which are mostly polar or charged (Table 1).

We observed a high abundance<50) of GIn (147), Ser
(122), Asn (72), Glu (67), and Asp (60) repeats and a

The deviation of the observed values from this expectation gives a
indication of whether the codon distribution within the repeat encodingr}‘nore moderate abundance (50 210) of Pro (25)’ Lys

region is consistent with a random organization of the codons, 0r‘(23), Ala (17), His (15), and Thr (10) repeats. No or few
alternatively, is indicative of codon slippage. For the statistical analysisrepeats were observed for Cys, Phe, Trp, lle, Tyr, Leu,
of this deviation we used the normalized deviations from the expected/al, Gly, and Met.

values and calculated(ljg,p) = (I - Ei(llg,m)VVi(llg,p), wherel is the GIn and Asn tracts tended to be longer than other

observed length of the longest ru(l|lg,.p) = =2 p(l|g.p) the ex- . thi 0
pected length by a random codon distribution (taking the codon fre-types of repeat, with more than one-third (39'5 % for Gln

quency in the collection of repeats), aRlljg.p) = S2oj2p(ilg.p) - and 37.5% for Asn) containing more than 10 residues,
(E(l]g,p)? the variance. For our example array, the expected repeacOmpared to 26.7% of Asp repeats, 14.9% of Glu re-

lengths are 2.43 for CAG and 3.22 for CAA, fiagag = 0.45 andicaa peats, and 14.8% of Ser repeats (Table 1).
= 0.55, giving values oZ 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 averagée value for all reiterations gives the general trend in Functional Protein Classes that Contain Amino

the population of repeats. These values can be calculated for eachCid Reiterations
codon encoding a particular reiterated amino acid i$ greater than
0, the observed values are higher than expected by chance, and if loweior subsequent analyses we concentrated on the five
they are smaller. If slippage has contributed significantly to the eVo-ost frequently occurring types of amino acid repeat,
lution of the region, we would expect the length of the longest run of .
a single codon to be higher than expected, iZ&(l|g,p) > 0. The Asn, Asp, Gin, Glu'.and Ser, Whl(_:h ma(_je up more than
significance of any deviation from 0 can be assessed on the basis th€9%0 Of all repeats six or more amino acids long between
the variance of the average of the normalized values is approximatelghem. All of these occurred more than 50 times. We then
1Wn for large sample size. used the Yeast Protein Database to classify the proteins
To test whether certain codons might be overrepresented with "into functional categories (Hodges et al. 1999) and tested
spect to the general codon frequency in the collection of repeats, Wihe occurrence of the different functional categories in
compared the codon frequencies in the repeats, and those in the re- o . . g .
mainders of the repeat-containing ORFs, excluding the repeats, wit{h€ groups containing the different kinds of amino acid
those in the yeast codon usage talfiederevisia€odon Usage Table repeat for statistically significant overrepresentation of
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Table 2. Functional protein classes overrepresented among proteingable 3. Frequencies of association of tandem amino acid repeats

containing long amino acid tandem repeats within yeast proteins
Repeat type Ala® Arg Asn Asp GIn Glu His Lys Pro Ser Thr
Functior? N(%)> GIn  Asn  Glu Asp  Ser 2'3 1 . 3 4 1
g
ATP-binding 30 0 0 0 0 2 Asn 10 4 10 1 1 1 2
cassette (0.9 (0.0) (0.0)0 (0.0) (0.0) (4.8) Asp 8 4 4 2 1 1
Inhibitor 12 0 3 0 0 0 GIn 26 1 1 2 1 2
(0.4) (0.0) (7.3) (0.0) (0.0) (0.0) Glu 8 3
Protein kinase 123 13 4 2 0 4 His 0 1 1
(39 (19.1) (9.8) (7.1) (0.0) (93) Lys 1
Transcription 262 26 11 4 10 5 Pro 4 1
factor (8.2) (38.2) (26.8) (14.3) (37.0) (11.9) Ser 9 3
Transporter 97 0 1 0 1 5 Thr 0
(300 (0.0 (24) (0.0 (3.7 (@119
Total 3174 68 41 28 27 42 2Frequencies are frequencies of occurrence of the two types of amino

acid repeat (lengtte:6 residues) in the same protein. Thus for a protein
#Functions are classified according to YPD (Hodges et al. 1999).  containing GIn, Asp, and Asn repeats, all three pairs would be counted.
® Numbers and percentages (in parentheses) of the total classified yeaBigures in boldface represent frequencies significantly overrepresented
ORFs made up by the functional class. at at least thep = 0.007 level.

¢ 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 ayccur { < 0.007) in all cases. In Ser repeat-containing
binomial probability of less than 0.05 (observed frequency or greater)proteinS both second Ser repegts< 0.007) and Thr

given the relative frequency of the functional class in the set of clas- . 7.
sified yeast ORFs and the number of classified proteins containing thaEepeatsilé = 4.0 x 107, second Ser repeats eXCIUdEd)

class of repeat, correcting for multiple tests. were overrepresented.

. . ) . ) Evidence for Slippage in the Generation of
functional categories. We identified six such overre-ygsst Homopeptides

presentations at thp < 0.05 level after correction for
multiple tests (Table 2). Transcription factors were sig-The sequences encoding the repeats of the five most
nificantly overrepresented in GIn, Asn, and Asp repeat-eiterated amino acids were analyzed to determine the
containing proteins, while protein kinases were alsoextent to which slippage had contributed to their genera-
overrepresented among GIn repeat-containing proteinson. We predicted that slippage would generate long
and inhibitors among Asn repeat-containing proteins.runs of single codons. A simple way to assess this was to
Although transcription factors and protein kinases werecompare the length of the longest pure codon run for
very common among Glu repeat-containing proteins (agach amino acid repeat with the one expected in a ho-
were protein kinases in Asn repeat-containing proteins)mopeptide of the same length (see Methods). The calcu-
they did not achieve statistical significance. Transportetation of expected lengths depends on the frequency of
proteins were overrepresented among Ser repeathe different codons. We assessed three types of frequen:
containing proteins but did not reach statistical signifi- cies for use in this calculation: the frequencies in the
cance. A complete listing of yeast proteins containingyeast genome as a whole, the frequencies in proteins
long amino acid repeats is available over the WWW atcontaining the amino acid repeat concerned, and the fre-
http://www.med.ic.ac.uk/dc/GGE/publicdata/ystprots.quencies within the repeats themselves. Table 4 shows
html. The functional categories of the proteins that con-the codon frequencies in these different classes of se-
tain the five most common repeats are also included irquence. For three amino acids, Asp, Asn, and Glu, we
this list. found no significant differences in the codon usages of
Fifty yeast proteins that contain long amino acid re-repeat-coding proteins with respect to genomewide
iterations (11% of the total) contain more than one, eitheicodon usage, either within or outside their repeats (after
of the same residue or of a different one (Table 3). Thecorrection for multiple testing). However, Ser repeats
frequency of occurrence of reiterations of at least oneshowed a highly significant deviation from the codon
other type of amino acid was more than double the exusage both in Ser repeat-containing proteins and in the
pectation for proteins containing repeats of GIn, Asn, orgenome as a whole. In regions coding for Ser repeats,
Asp (16-27%). For Glu repeats this frequency was loweflTCN codons were overrepresented and AGC/AGT
(12%) and for Ser repeats it was very close to the excodons underrepresented. Further, Gln repeat-containing
pected value (9%). Chi-square analysis of the frequenproteins showed a highly significant increased usage of
cies of occurrence of second amino acid repeats for th€ AG codons, which was further accentuated in the GIn
five most common classes of repeat showed a strongepeats themselves. Because of these differences, we
tendency for a second repeat of the same amino acid tosed the codon frequencies in the repeats to predict the
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Table 4. Analysis of codon frequencies in amino acid repeat proteins

Codon compositioh
Codon usage

Amino acid Overrepresentatién ~ Codon§ Alle Outsidé Inside? correlatior?
Aspartic acid 1.28 GAT > GAC 0.65 0.66 0.63 0.243
(p = 0.064) f, = 0.302) o = 0.066)
(p. = 0.062)
Asparagine 1.74 AAT > AAC 0.59 0.60 0.63 0.4Q24 0.001)
(Gln 1.21) 6 = 0.126) p, = 0.023)
(pr = 0.090)
Glutamic acid 1.43 GAA > GAG 0.71 0.72 0.74 0.232«€ 0.101)
(Asp 1.24) = 0.282) f, = 0.086)
(p, = 0.194)
Glutamine 1.68 CAA > CAG 0.69 0.66 0.55 0.058€ 0.569)
(Asn 1.36) o= 1.9x 109 (py = 1.4 x 109
(Pro 1.31) (p, = 3.5x 1019
Serine 153 TCA 0210 0215 0.249 0.0874 0.72)
(Thr 1.30) TCC 0.160 0.162 0.179 -0.060€ 0.56)
TCG 0.097  0.089 0.114 0.31B & 0.002)
TCT 0.265 0.268 0.347 0.14p & 0.153)
AGC 0.109 0.105 0.061 0.098 = 0.342)
AGT 0.160  0.153 0.049 0.134 (= 0.193)
(p = 0.332) f, = 1.6 x 1029

(pr = 2.3 x 10%)

2 Amino acid repeated. Amino acids listed in parentheses are also ovef>Codon proportions in the yeast genome as a whole, derived from the
represented by 20% or more in this set of proteins. OverrepresentationgPD codon usage table.

are calculated for the set of proteins containing the specified repeat byCodon proportions in the set of proteins containing repeats but cal-
comparison with the general yeast codon usage values. culated excluding the repeafs.is the probability of obtaining this

P Degree to which the repeated amino acid is overrepresented in the sgalue by chance (chi-square) assuming the overall genomic ratio.

of proteins containing repeats of lengt6. The total frequency of the 9 Codon proportions within the repeats; is the probability of obtain-
amino acid outside the repeat in the total set of proteins was comparenhg this value by chance (chi-square) assuming the overall genomic
to the predicted frequency for the same total number of amino acidsatio; p, is the corresponding probability assuming the codon frequen-
using the YPD codon usage table as a basis. cies found outside the repeats in these proteins.

¢ Codons encoding the specified amoni acid. For Asp through Glu, the' Correlation coefficients of the codon proportion within and outside
more common of the two codons is given on the left-hand side. For Sethe repeats for the individual genes in the geis the probability of

all six codons are listed. obtaining this value by chance test).

9 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.

expected length distribution of codon repeats. The averfor this we carried out correlation analysis of codon fre-

age values o calculated in this way for each class of quencies inside and outside repeats. A significant rela-

amino acid repeat are shown in Table 5. tionship @ = 0.001) was found only for Asn among the
We observed longer than expected expansions oamino acids for which codons showed mearvalues

single codons for GIn, Asn, Glu, and Asp repeats but nogreater than 0. Similar results (not shown) were obtained

for Ser. While for Asn and Asp thg score was signifi- for the relationship between th&value for each array

cantly high for both codons, for Gln and Glu repeats thisand the codon usage outside it.

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,Selective Constraints

encoding four different amino acids. This was confirmed

by the observation that for the same set of codons thertn the absence of any selection at the protein level, tri-

was an excess (significantly more than 5% %y p < nucleotide slippage should occur equally on the two

1074 of repeats for whictZ exceeded 1.96 (Table 5). strands and in the three possible reading frames of a
A possible artifact resulting from using repeat codongene. However, the fact that only a subset of amino acids

usage values would occur if the codon compositions ofs reiterated suggests a bias in both the frame and the

individual repeats were correlated with those in the resbrientation in which triplet runs are found (see Richard

of the protein. This would result in different expected and Dujon 1996). In order to investigate this aspect for-

probabilities of codon arrays of a given length in differ- mally for the entire yeast genome we identified all per-

ent proteins and could lead to over- or underestimation ofect tandem repeats of six or more triplets (excluding

the contribution of slippage to repeat evolution. To testAAA/TTT and CCC/GGG, which are considered to be
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Table 5. Analysis of the length of pure codon runs from a number of genomes, including yeast. A similar
A " J— S . correlation could be seen here for noncoding regions (
mino ean Igniticance > = — — . .
acid Codon 78 of meanz Lo@ Log 0.768,p = 0.009) but not for codmg regions. Table
6 also shows markedly more repeats in the sense stranc
Gln CAG 037 xxxd 2¢° 121 that are purine-rich (predominance of A/G over CN;
CAA 018 NS 16° 131 = 263) than pyrimidine-rich (C/T > A/GN = 60).
Asn AAC 057  sxx 16 56
AAT 051 % 16 56
Glu GAA 0.62 * %k k 21 46
GAG -0.01 NS 6 61 Discussion
Asp GAC 0.42 * k% 10 50
GAT 0.53 %% % 11 49 . .
Ser TCA 0.05 NS 13 109  Despite the compact nature of the yeast genome and its
TCT 0.04 NS 13 109  low overall level of sequence repetition (Hancock 1995),
TCG -0.19 NS 8 114 these analyses show that amino acid repeats are commol
Tee ~00L NS 8 114 in yeast proteins, as suggested by earlier studies of triplet
AGC T00T NS 8 11 ts in th t Richard and Dujon 1996
AGT 008 NS 3 119  repeats in the yeast genome (Richard and Dujon ,

1997). These authors analyzed eight yeast chromosome:
@ Average of the standardized values for the length of the longest puréor coding tandem repeats and identified 12 GlIn, 12 Ser,
codon repeat in the amino acid reiterants (negative values are obseg Asp, 8 Glu, 6 Asn, and 6 Ala encoding arrays. Our
vations lower than expected by chance, and positive values higher thafhore extensive survey identified the same set of highly

expected by chance). . .
® Number of individual arrays reaching Zscore of 1.96 or greater represented amino acids (Table 1) except that we found

(expected proportion: 0.05). a lower representation of Ala repeats. Green and Wang
©Number of individual arrays reachingZascore of=<1.96 (expected  (1994) carried out a broader survey of amino acid repeats
proportion: 0.95). in the databases which was biased primarily toward

d Significant @ < 107).

Not significant > 10°%. mammalian proteins. They also found GIn repeats to be

most common among long repeats. However, we find an
underrepresentation of certain amino acids, such as gly-

leotid ‘ ina th Arravfind cine and alanine, and an overrepresentation of others,
mononucieotide repeats) using the program Arrayfindef articularly aspartic acid and asparagine, in yeast com-

(Hancock et al, 1999). We compared the frequency of th ared to Green and Wang's (1994) survey.

circular permutations (i.e., all three frames in both ori- - ;
. . ' We initially asked three questions about the yeast re-
entations) of all coding repeats (Table 6). As expected y d y

th ¢ | ted triplet Iy al (%eats: Are they generated predominantly by slippage?
€ most commonly repealted tipiets are generally ais o they occur in particular types of proteins? and Is there
the most slippage-prone as indicated by thescores

i i ?
(Tables 5 and 6). Two exceptions were tandem CAAeVIOIence that selection acts upon them?
repeats, which were more abundant than tandem CAG
repeats, and tandem GAT repeats, which outnumbereRole of Slippage
GAC repeats.

Certain frames were strongly favored. For example, ofWe investigated the role of slippage in generating tan-
48 CAGI/GCT repeats, 34 corresponded to CAG (GIn), 3dem amino acid repeats by analyzing the codon compo-
to AGC (Ser), 2to GCA (Ala), 8to GCT (Ala), 1to CTG sition of regions encoding the repeats. On average, six of
(Leu), and none to TGC (Cys). We have observed &ahe eight codons coding for the highly overrepresented
similar frame bias for this codon in mammalian exonspolar or acidic amino acids (Asn, GIn, Asp, and Glu) had
(E.A. Worthey, M.F.S.K., and J.M.H., unpublished data). meanZ values significantly greater than zero, consistent
Similarly, of 74 tracts involving AAC/GGT, 51 consisted with a significant role for replication slippage in the evo-
of CAA (GIn) and 23 of AAC (Asn). In the opposite lution of these regions. Significantly more than the ex-
orientation there were none corresponding to Val, Cyspected 5% o scores greater than 1.96 were also seen
or Leu, in spite of the fact that Leu and Val are the mostfor these amino acids. Experimental analysis indicates
abundant amino acids in yeast. that replication slippage is the predominant mechanism

As a second indicator of whether selection has actednhvolved in microsatellite instability in yeast (Henderson
on triplet repeats in coding regions, we investigated theand Petes 1992; Petes et al. 1997). These patterns ar
frequencies of tandem triplet repeats in coding and nontherefore consistent with slippage playing an important
coding regions (Table 6). There was no significant cor-role in generating these amino acid repeats.
relation between frequencies of triplet repeats in the two Despite the significantly high meahscores found for
types of regionsr( = 0.320,p = 0.367). Hancock many codons in this analysis, regions encoding Ser re-
(1995) showed a significant positive correlation betweerpeats, and many regions encoding the other classes of
the AT content and the frequency of simple sequenceepeat (havingZ = 1.96; Table 5), did not deviate
motifs in noncoding, but not coding, regions sampledstrongly from random expectation in this analysis. Our
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Table 6. Frequencies and locations of triplet repeats of lengghin the yeast genome

Reading fram®é

Motif?2 NCP 1 2 3 4 5 6
AAC/ACAICAAITTGITGT/GTT 12 23 0 51 0 0 0
(N) Q) Q) (8] ©) V)
AAG/AGA/GAAITTCITCT/ICTT 5 9 3 54 1 11 2
(K) (R) (E) F (S) L)
AAT/ATAITAA/TTAITAT/ATT 36 38 0 0 1 1 0
(N) 0} (%) L () 0}
ACC/CCAICACIGTG/TGG/GGT 0 0 4 1 0 0 0
) (P) H) V) (W) ©)
ACG/CGAIGACIGTC/TCG/CGT 1 0 0 8 0 2 2
) (R) (D) V) (S) (R)
ACT/CTAITAC/GTAITAGIAGT 5 4 2 0 0 0 0
) (L) (Y) (V) (%) (S)
AGC/GCAICAG/CTG/TGCIGCT 2 3 2 34 1 0 8
(S) (A) Q) (L) © (A)
AGG/GGAIGAG/CTC/TCCICCT 0 0 0 3 0 5 4
(R) (G) (B) (L) (S) (P)
ATC/TCA/CAT/ATG/ITGA/GAT 3 0 9 2 0 0 35
0] (S) H) M) (%) (D)
CCGI/CGC/GCCIGGC/GCG/CGG 0 0 0 0 0 0 0

(P) (R) G ©) ") R)

3All six permutations of each of the 10 triplet motifs are presented. All ® Frequency of noncoding repeats.

occurrences in both orientations are pooled in the column of noncoding Frequency of repeats in the six possible reading frames. Single-letter
repeats. For coding repeats, frequencies for the six possible readingodes for the amino acids encoded by each repeat are given below the
frames are presented in the same order as listed in this column. Repeatsmbers.x represents a stop codon.

of A/T and C/G are not included, as these are considered to be mono-

nucleotide repeats.

calculations depend on the codon frequencies encodingnriched in these amino acids during their previous evo-
the repeats. If codon frequencies within the repeats wertitionary history by slippage followed by point mutation,
biased by slippage (i.e., some codons underwent slippagghich has obscured the original patterns generated by
more readily than others), we might underestimafer  slippage. This is a similar argument to one used to ex-
the most slippage-prone codons. Codon usage within thplain the presence of cryptically simple sequence regions
repeat region deviated significantly from the genomicin many genomes (Tautz et al. 1986; Ohno and Epplen
codon usage only for Gln and Ser repeats. However1983). The alternative is that amino acid repeats arise by
recalculatingZ for GIn and Ser codons using genome- slippage in proteins already enriched in the amino acid
wide codon usage values did not result in different conthat becomes tandemly repeated, and which have a some
clusions (data not shown). Similarly, the correlation be-what biased codon usage. Such an overrepresentatior
tween codon usage outside and inside Asn repeats had mmould increase the probability that codons for that amino
significant effect on our conclusions. We therefore con-acid would become tandemly reiterated by chance and
clude that Ser repeats, and indeed many other Zow- act as seeds for subsequent slippage.
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 seRole of Selection and Functional Associations
lection may therefore have been an important driving
force in the generation of these repeats in yeast proteing.he action of selection on tandem triplet repeats is best
Proteins containing amino acid repeats were enrichedeen by considering their distribution between the differ-
in that same amino acid outside the repeat (Table 4) andnt strands and reading frames within ORFs, and be-
tended, weakly, to have a different codon usage from théween coding and noncoding regions of the genome.
general codon usage in the yeast genome. We also offfurely neutral structures would be expected to be ran-
served a general overrepresentation of proteins contairdomly distributed in both senses within ORFs. Richard
ing two or more amino acid repeats and, among theseand Dujon (1996), in an analysis of eight yeast chromo-
proteins containing more than one repeat of the samsomes, showed that tandem triplet repeats showed stronc
amino acid. Two models can explain this (see Hancockeading frame and strand preferences and our whole-
1993; Karlin and Burge 1996; Richard and Dujon 1997).genome analysis confirms this (Table 6).
The first is that repeat-containing proteins have been We carried out correlation analysis to determine
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whether frequencies of different classes of repeat weré&ranscription factors indicates that this is a very wide-
similar in coding and noncoding regions (see Hancockspread characteristic of eukaryotic transcription factors.
1995). This showed that the two classes of frequencylhe associations we observe must reflect the action of
were not significantly correlated, that is, that triplet re- selection at some level, either due to a positive contri-
peat frequencies within ORFs differ from those in inter- bution of amino acid repeats to the functions of some
genic regions. We also observed that the triplet repeatlasses of proteins (particularly transcription factors and
frequencies in intergenic regions correlate significantlyprotein kinases for the polar and acidic amino acids) or
with their base composition. This agrees with a previousbecause these groups of proteins have characteristic
analysis of frequencies of significantly simple motifs de- structures or interactions which permit the incorporation
rived from analysis of cryptically simple regions in a of types of amino acid repeats that cannot be accommo-
variety of genomes (Hancock 1995), which also showedlated in other types of protein (Green and Wang 1994).
a significant correlation of the frequencies of simple se- There is some evidence that changes in length of GIn
guence motifs with their AT-richness in noncoding, but repeats, in particular, can affect protein function, particu-
not coding, regions. This was attributed to a higher prob4arly in the case of the androgen receptor (Kazemi-
ability of slippage taking place in AT-rich sequences Esfarjani et al. 1995), and there is some circumstantial
(because of their lower melting temperatures). We thereevidence that they and other repeated amino acids may
fore take a strong correlation of motif frequency with participate in protein—protein interactions (Mitchell and
base composition as an indication that triplet repeats iMjian 1989; Perutz et al. 1994; Pinto and Lobe 1996).
noncoding regions of the yeast genome are largely (alThere is also evidence that frameshifts within regions
though not necessarily entirely) neutral structures. Theoding for GIn repeats can be deleterious (Lanz et al.
frequencies of repeats in coding regions therefore reflect995). Expanded GIn repeats can also cause disease ir
the action of functional selection. humans (Reddy and Housman 1997). Thus it is clear that
The abundance of CAG repeats in yeast coding reechanges in repeat length can produce selectable pheno
gions parallels its abundance in mammalian exons (Stalltypes at some level. Perhaps the strongest evidence for ¢
ings 1994). However, AAT repeats, also very abundanpositive function for amino acid repeats is the observa-
in yeast coding regions, are rare in the exons of mammalon that, in plants, insertion of a homopolymeric Gin
(Stallings 1994), and GGC repeats, relatively abundanstretch into a transcription factor gives rise to a higher
in mammalian exons (Stallings 1994), are uncommon irlevel of expression of a target gene (Schwechheimer et
yeast genes. This may be because Asn repeats (AAT) ad. 1998). However, none of these studies demonstrates
not well tolerated in mammals and that the same is true&inambiguously whether amino acid repeats play a posi-
for Gly repeats (GGC) in yeast. Asn repeats appear to bave or a (nearly) neutral role in the functions of proteins.
rare in vertebrates but more common in invertebrateQur data provide intriguing associations between the
yeast, and plant proteins (Stallings 1994). Alternatively,most common amino acid repeats and cellular compo-
these differences could be due to differences in the slipnents which appear to be part of the cell signaling sys-
page process between the groups or may reflect the lotem, and it is tempting to speculate that changes in the
GC content of the yeast genome (Richard and Dujorength of repeats in such systems could alter their behav-
1997). ior and therefore contribute to their evolutionary diver-
A further indication that selection has influenced the sification (Hancock 1993; Karlin and Burge 1996; Rich-
distribution of amino acid repeats comes from our analy-ard and Dujon 1997), perhaps involving molecular
sis of the functions of repeat-containing proteins. Thiscoevolution between proteins (Dover and Flavell 1984;
analysis represents the first attempt at a whole-genomelancock 1993). Such diversification could be relatively
analysis of amino acid repeats and protein function. Prerapid on an evolutionary time scale because of the high
vious analyses of this question have been based on broadutation rates of microsatellites (see Hancock 1999).
database surveys (Wharton et al. 1985; Gerber et aHowever, further experimental analysis will be necessary
1994; Karlin and Burge 1996) and have been broadlyto test ideas of this kind.
consistent with one another in associating GIn repeats In conclusion, our analyses provide evidence that
with transcription factors. Our analysis showed a numbeamino acid repeats are common in ye&t ¢erevisiap
of statistically significant overrepresentations of proteinsproteins and that their locations are subject to selection
belonging to particular functional groups, as defined byon the reading frames in which tandemly repeated
the YPD classification (Hodges et al. 1999), in proteinscodons can accumulate, the types of codon repeats that
containing particular classes of amino acid repeatscan accumulate in proteins in general, and the types of
These overrepresentations include an association of Glamino acids that can accumulate in proteins of particular
repeats with transcription factors, which we are able forfunctional types. Slippage appears to have made a sig-
the first time to put on a secure statistical footing. Fur-nificant contribution to the evolution of amino acid re-
ther, the finding that GIn repeats are abundant in yeaspeats in yeast, but many repeats, particularly Ser repeats
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appear to have evolved primarily by the accumulation of ~androgen receptor: Possible pathogenetic relevance for the

point mutations, at least during their recent evolutionary —(CAG)n-expanded neuronopathies. Hum Mol Genet 4:523-527
history Lanz RB, Wielands S, Hug M, Rusconi S (1995) A transcriptional

repressor obtained by alternative translation of a trinucleotide re-
peat. Nucleic Acids Res 23:138-145
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