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Abstract. Polyglutamine repeats within proteins are Key words: Glutamine repeats — Replication slip-
common in eukaryotes and are associated with neurgpage — Comparative genome analysis — Repeat evolu-
logical diseases in humans. Many are encoded by tandetion — Triplet expansion diseases — Triplet repeats —
repeats of the codon CAG that are likely to mutate pri-Genome evolution
marily by replication slippage. However, a recent study
in the yeasSaccharomyces cerevisiias indicated that
many others are encoded by mixtures of CAG and CAAhtroduction
which are less likely to undergo slippage. Here we at-
tempt to estimate the proportions of polyglutamine "€ Amino acid repeats, particularly of uncharged polar or
peats encoded by slippage-prone strugtures i.n Speci%1Sc:idic amino acids, ’are much more common in eukary-
gurrently the subject of genome sequencing p_rolects. W%tic proteins that can be explained by the frequencies of
find a general excess over random expectation of poly;[he individual amino acids (Green and Wang 1994:
glutamine repeats _encoded by tandem repeats of codo arlin and Burge 1996). These structures are of evolu'-
\é\éernnfg;;;hifjcsu?rg Tﬂa;%r;eaﬁ)sezg d?:g:r?ile; dibsﬁlg(;/marfi'onary interest because there is some evidence that they
) : . . can mediate or modulate protein—protein interactions
extreme opposite pattern®rosophila contains many

‘oteins with polvalutamine tracts but these are generall Mitchell and Tjian 1989; Perutz et al. 1994; Kazemi-
proteins with polygiutami u 9 sfarjani et al. 1995), raising the possibility that changes

encoded by interrupted struc_tures. Thgse structures MaX their length during evolution could result in changes in
have been selected to be resistant to slippage. In contra He strength of protein—protein interactions. As a number

mammals (humans and mice) have a high proportion 9bf studies (Wharton et al. 1985; Gerber et al. 1994;

proteins in which repeats are gncoded by tandem CQdOEhandari and Brahmachari 1995; Karlin and Burge
structures. In humans, these include most of the triple 996: Nakachi et al. 1997: Hancock 1993: Wilkins and

expansion disease genes. Lis 1999; Agianian et al. 1999; Xiao and Jeang 1998;
Alba et al. 1999a), including a whole-genome analysis in
Saccharomyces cerevisigalba et al. 1999a), have as-
. sociated glutamine repeats with transcription factors, this
*Present addressDepartment of Computer Science, Royal Holloway id h . licati for th Ut f
University of London, Egham, Surrey TW20 OEX, U.K. cou ave iImplications ror the evo u lon Or gene regu-
Correspondence tobr. John M. Hancock; e-mail: J.Hancock@dcs. latory networks (Hancock 1993; Karlin and Burge 1996;
rhul.ac.uk Richard and Dujon 1997). Interest in the functional con-
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text of such repeats has also been stimulated by the astuences encoding polyglutamine repeats in the yeast ge-
sociation of several proteins that contain abnormally ex-home (Alba et al. 1999a) indicated that the majority does
panded glutamine tracts with human neurologicalnot consist of long runs of single codons, suggesting that
disorders (reviewed by Reddy and Housman 1997). in yeast point mutation is an important process in gen-
To understand the evolutionary origins of polygluta- erating polyglutamine repeats.
mine repeats it is important to understand the mutational These observations raise the question to what extent
processes that are most important in shaping them. Ihe contribution of point mutation and slippage to the
principle, regions encoding glutamine repeats can arisévolution of these structures differs in different evolu-
by two types of process—the sequential expansion of donary lineages. To study this we have analyzed large
short codon repeat by a process such as replication sligirotein data sets from a further four model organisms
page (Levinson and Gutman, 1987) and the accumulatiofpat are currently the subjects of genome sequencing pro-
of point mutations in the relevant part of a gene (Alba eti€cts Escherichia coli, Caenorhabditis elegans, Arabi-
al. 1999a). There is no evidence for a role for recombi-dopsis thaliana, Drosophila melanogasfeand com-
nation in the evolution of this class of tandem repeatg®@red them witt8. cerevisiae, Mus musculudHomo
(reviewed by Sia et al. 1997) but some slippage-likeSaPiensepeats. The results show similarities and d_|ffer—
processes, for example, the formation of hairpin loops orf"C€S between species. For most of the eukaryotic spe-

the replicating strands (e.g., Ohshima and Wells 1997)cies there is an overrepresentation of tracts encoded by
could contribute to their mutation and evolutionary ex- long CAG tandem repeats, supporting the idea that recent

pansion. Evolutionary studies of a number of genes inSliPpage has been involved in the generation of a signifi-

volved in the human triplet expansion diseases have incant proportion of the tracts. However, on average about

0, 1 in-
dicated that the repeats in these genes have arisen by769/° of the tracts do not show evidence of recent slip

gradual expansion of the tandem repeat (Rubinsztein d1age and irD. melanogastethere is no clear evidence

al. 1994, 1995; Djian et al. 1996; Pecheux et al. 19962 2 Strong contribution from slippage. Furthermore, in
the two mammalian species about one-third of the tracts

Limprasert et al. 1996, 1997; Choong et al. 1998; R. .
Gangeswaran, HS Chana, M.F.S.-K. and J.M.H.. manuz-ire exclusively encoded by CAG and the length of the

script in preparation) apparently resulting from re Iica_tracts is on average much longer than in other species.
Pt In prep pp y 9 b This suggests that slippage has played a more important

tion slippage. However, this cannot be gengrallzed to alloI in the evolution of polyglutamine regions in mam-
such repeats, as these genes may be atypical becauseng?f .

L . . e Is than in other taxa.
their high mutation rate and association with disease.

Rather than considering individual genes, an alterna-
tive way to study this question is to take a whole-genomeMviethods
approach or as near to such an approach as is practically
possible (Alba et al. 1999a,b_). Using data_base screens fatabase Searches
can be shown that glutamine repeats in human and
mouse pro_tems fall into two distinct classes, which _areBLASTP (Altschul et al. 1990) at the NCBI was used to find all
encoded either by pure or nearly pure repeats of a singleenBank entries which contained genes encoding long polyglutamine
codon (usually CAG) or by more or less random mix- trac_ts &6 glutamines) fromE. coli, S. cerevisia_e, C. elegans, A.
tures of codons (Alba et al. 1999b). Structures with anthahana, D. melanogaster, M. musculu)dH. sapiensRedundancy
int diate | | of izati . taini in the primary data sets was eliminated by running FASTA within the
intermediate leve 0 organization _("e" COﬂ aning agcg package (Pearson and Lipman 1988; GCG 1997). Sequences with
number of pure runs interspersed by interrupting codonsyso identity were considered redundant, and only one representative
are relatively rarer. Tandemly repetitive sequences areequence was used in the subsequent analysis. Where there was a
prone to replication slippage (Levinson and Gutmandiscrepancy in the length of the polyglutamine tract in nearly identical
1987), while, although slippage-like patterns of Changesequences, we took the sequence with the longest tract.
can be seen even in cryptically repetitive sequence re- _
gions (Hancock and Vogler 2000) and slippage can beé\nalysis of Codon Repeats
modeled even for sequences that are not tandemly rep-
etitious (Jones and Kafatos 1982), rates of slippage muZVe used statistical analysis to analyze two properties of polyglutamine

tation are substantially lower at tandem repeats that arrepeat-encoding regions. The first was the extent of deviation of the
y P godon organization within these regions from random. This was mea-

interrupted by point mutations (e.g., Rolfsmeier and La-gyred by considering the deviation of the length of the longest run of
hue 2000). These two extreme classes may therefore repach codon type from chance expectation (Alba et al. 1999a,b). The

resent a class that has arisen primarily by replicatiorsecond property was the over- or underrepresentation of tandem codon

slippage which gave rise to pure codon repeats and greats of a particular length in the whole set of polyglutamine-coding
2 . L. . . . ’ regions in a given species.

class in which replication slippage is relatively less

prominent. Thus different glutamine repeats, in different Length of the Longest Homogeneous RAmdescribed previously

genes, may arise essentially by the different mechanismgna et al. 1999a,b) the organizational homogeneity or otherwise of a
outlined above. An analysis of the complete set of seregion encoding a polyglutamine repeat has to be considered in the
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Table 1. Polyglutamine tracts in different species

Length of polyglutamine tract CAG relative frequeficy Pure codon tracts
Species Total Proteins 6-7 8-10 >10 Max. Genome Tracts CAG CAA
S. cerevisiae 147 117 37% 28% 35% 37 0.307 0.450* 4.7% 5.4%
C. elegans 137 118 70% 26% 4% 14 0.331 0.430* 2.2% 5.8%
A. thaliana 44 37 70% 16% 14% 17 0.442 0.465 (NS) 2.2% 11.3%
D. melanogaster 312 288 52% 21% 22% 28 0.716 0.728 (NS) 7.3% 0%
M. musculus 56 28 37% 23% 40% 37 0.743 0.824* 37.2% 0%
H. sapiens 96 68 36% 19% 42% 40 0.674 0.830* 26.2% 0%

2 Chi-square test of the relative number of CAG codons in each tract compared to the expectation from the CAG genome frguaeh6p01;
NS, not significant.

context of a random expectation, based on the probability of finding the 18 N (9,p.r)
two types of glutamine codons in the region, and the region’s length. ps (Ng,p.1) =79\ ZNS(PJ,HJ) b-1
We have measured this by calculati@gstatistics [, and L) that (p) ~ <r - 1>
measure the extent to which the organization of codons in such a region

deviates from chance expectation. These measures describe the Ien%i%ere

of the longest homogeneous run of a particular codon in an argay.

which is formally Z(I|g,p) (Alba et al. 1999a, b), is the standardized

deviation of the length of the longest run of a particular codon in a r (i (p=li =1\ (r
given array from the expected length, based on the overall genome Ng(p.r,nl) = E - <n)< r-i-1 ><|>
codon usage. The equivalent measure making use of the codon fre- =n

quencies in the array itselk,,, [formally Z(l|g,m)], was defined as

andN,(g,p,n is defined as before.
Genomic codon frequencies were obtained from the species

L :w Codon Usage Table from the CUTG database at http://www.kazusa.or.
" \/ V(lig,m) jp/codon/ (Nakamura et al. 2000).

Hereg is the length of the arraynthe number of CAG or CAA codons

in the array E(llg,m = 37, jp(jlg,m)the expected length of CAG or Results
CAA runs, andV(lig,m) = =2, j%p(jlg,m) - (E(llg,m)? the variance.

The variance and the expected value can be determinedd(tmm),

the probability that the longest run of a particular codoh given that General Characteristics of Polyglutamine Repeats in
the codon occursn times in an array of lengthly. This can be calcu- Different Species

lated as

A search for glutamine repeats of length 6 or greater was
1! Ny(g,m,r) performed for seven specieR: coli, S. cerevisiae, C.
P (“gym)=TENl(mva')W elegans, D. melanogaster, A. thaliana, M. muscuurs
<m> ( ) H. sapiensNo proteins fronE. coli contained glutamine
homopeptides of this length but between 28 (for mouse)
where and 312 (forD. melanogastgrwere found for the eu-
karyote species (Table 1).
Three main properties of these repeats were first ana-

Nmeh =3 (1) (DM E ) - (m== P lyzed.
Length.There are striking differences in the length of
and polyglutamine regions in different species. The longest

glutamine tracts are found in the mammalian species,
with 40% of the mouse tracts and 45% of the human ones
vamn=(T3)((97F ) +2(97 MY (975 ) being longer than 10 glutamines. On the other hand, the
tracts in C. eleganswere noticeably shorter, only 4%
being longer than 10 glutamines (Table 1). The longest
Number of Runs of a Given Lengifo assess whether homogenous repeat was found in a human protein, the uncharacterized
runs of lengthl occur more often than expected, we _defined a s_eponchNA CAGH44 (Margolis et al., 1997), which contains
measure,J1) [formally Z,(nlg,p,))]. The corresponding probability .
p<(l1g,p,)), the probability of findingr homogeneous runs of lengtin a tract of 40 gIUIam'neS_ (Table 1)' Tracts O,f nearly the
an array, given a genomic codon usageor a particular codon, was S@me length, 37 glutamines, were detecteMirmuscu-
calculated as lus andS. cerevisiae.
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Codon ContentThe relative contributions of CAG Table 2. Deviations from randomness in the lengths of runs of
and CAA codons were calculated for the repeats of eacFngle codons
species. When these codon frequencies were compared
to the species codon usage (Nakamura et al. 2000), we
observed an overrepresentation of CAG codonsSin <5% >95% <5% >95%
cerevisiae, C. elegans, M. musculasdH. sapiensre-

CAG? CAA

oo o . Species L, Ln Ly Ly Ly, Ly L, L, TotaP

peats but no significant deviations from expectation for P e e
D. melanogasteandA. thaliana(Table 1). S. cerevisiae 3 2 31 14 12 6 8 10 147
C. elegans 3 0 26 9 2 3 7 8 137
. . : A. thaliana 11 3 27 14 2 0 23 8 44
Purg Trinucleotide Repeat#iomopeppdes encoded melanogaster 2 3 8 8 0 0 7 8 312
exclusively by CAG were relatively rare in the nonmam- 1. musculus 0 7 33 7 18 0 4 7 56
malian species but were common in mammals, making. sapiens 1 0 25 10 15 0 3 3 96

up 37% of mouse polyglutamine tracts and 26% of hu-a
. i — 0,
man ones (Table 1). These differences cannot be e *Number of repeats scoring less than —1.64 (<5%) or more than 1.64
. . . )i>95%) for the two measurds, andL,,
plained solely by differences in codon frequency. Fors Total number of repeats considered for each species.
exampleD. melanogastehas an overall CAG frequency
similar to that ofM. musculusand H. sapiensbut con-

tained a much lower percentage of tracts made up exclu- | a|| eukaryotic species more than 5% of CAG arrays

sively by this codon (Table 1). lay in the 95% interval, and in five of the six eukaryotes
this proportion was between 25 and 34% (Table 2). This

Analysis of the Codon Arrangement in Regions indicates a considerable excess of expanded CAG runs in

Encoding Polyglutamine Tracts these species. In contrast, a lower percentage.ahe-

lanogastertracts falls in this interval (8%). Only in two
If expansion of trinucleotides by slippage had given risecgses I, for A. thalianaandL,, for M. musculuy was
to a polyglutamine tract recently in evolution, we should there an excess of values below -1.645. In general, the
observe an excess of perfect repeats of either CAA oproportions in the 95% interval were greater forthan
CAG in the region encoding the homopeptide. On thefor | reflecting the high abundance of tracts encoded
contrary, if slippage had not been the main process givpy a single codon, especially in mouse and human (Ta-
ing rise to a polyglutamine tract, or had not occurredp)e 1).
recently, we should observe an arrangement of the two \when L, andL,, were calculated for CAA, the per-
codons more in accordance with a random distributioncemage of arrays in the 95% interval was much smaller,
We have characterized the relative balance of the Wespecially comparing thi, proportions with those ob-
processes by measuring two values, which we haveained previously for CAG. Such low values indicate that
calledL, andL,, Both of these values measure, for in- there is not a substantial excess of long pure CAA runs.
dividual regions coding for glutamine repeats, whetherrhe exception to this waa. thaliana,in which 22% of
they contain a longer run of codons than would be ex+racts lay in the 95% interval of the, distribution for
pected by chance. The difference between the measurgsaa, compared to 27% for CAG. Both CAG and CAA

is thatL, calculates the expected length of the longesterfect tandem repeats therefore tend to be abnormally
codon run in an array based on the relative frequencies qbng in A. thaliana.

CAG and CAA in the total set of protein coding se-

quences in a particular genomle,, on the other hand,

uses the frequencies in the region under stugyhas the  Special Case No. 1: No Evidence of Long CAG
advantage that it does not assume that the relative uses Bkiterations Encoding Polyglutamine Tracts in

the two codons should correspond to the genomic averbrosophila melanogaster

age but has the disadvantage that it cannot be used for

regions made up of a single codon, as in these cases thfe number of features of the regions encodibgmela-
method will inevitably predict only a single homoge- nogasterpolyglutamine tracts indicate that they differ
neous array of the length observed. In the case whersubstantially from those of the other eukaryotic species.
slippage has made a major contribution to the expansioithe D. melanogasteigenome contains a high relative
of codon repeats in regions coding for glutamine repeatsirequency of CAG, similar to that found in humans and
we would expect to see an excess (>5%) of arrays withmouse (Table 1). In contrast to these species, however,
L, and L, values greater than 1.645 (called the 95%the percentage of pure CAG tracts is low (7.3 vs. 26.2
interval here). If slippage had been essentially absent, wand 37.2%, respectively), even though polyglutamine
would expect no excess. The regions encoding polyglutracts inD. melanogastetend to be shorter than in the
tamine tracts from different species showed importantnammalian species and so are statistically more likely to
differences in the frequency distribution of, andL, be encoded by only a single codon type. Moreover, there
values, summarized in Table 2. is not a significant deviation in the number of CAG
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codons in the reiterants from the over&kosophila  the distribution ofL, for CAG (Table 2). A total of 24
codon usage, in contrast to the observations in most ofiuman (25%) and 33 mouse (59%) arrays falls into the
the other species (Table 1). 95% interval ofL,. For L, this deviation was much
Another difference is found in the distribution bf  lower (Table 2), indicating that the major contribution to
for CAG. As described above, the proportion of arraysthese high_, sequences is from perfect CAG repeats that
with L, andL, values in the 95% interval was low (8%) extend throughout the glutamine tracts. The histograms
and close to the expectation under a random codon disf L, for human and mouse have a bimodal shape (Figs.
tribution (5%), contrary to the other eukaryotic species2A and B, respectively) not observed in the other spe-
studied. The histogram df;, for CAG reveals some in- cjes. Interestingly, in these histograms one of the two
teresting features (Fig. 1). Apart from a slight excess ofpeaks is approximately centered at 0, as expected for a
tracts in the rightmost part of the graph, the main charyandom distribution of CAG and CAA, while the other
acteristic is that the values have a mean close to zergspresents pure or almost-pure arrays (positive values).
(Table 3) and show an excess of values close to the meag, while a proportion of the tracts does not show de-
compared to the fitted normal distribution. This pattern isy;ations with respect to a random distribution of the two
not observed in the other species, which show muchy,gons, another group contains significantly long CAG
higher means (Table 3) and a frequency peak close t0 Qpeats.
below the maximum of the fitted peak. The population of ¢ 10 tracts found within human disease-associated
repeats irD. melanogasters therefore highly homoge- . n10ing g fall into the 95% interval df, for CAG,
neous, the simplest explanation b.elng that the re(-:]'OnFepresenting 33% of the total of tracts in this interval
encoding most of the tracts contain only short runs 0f(TabIe 4). The strong interest in these genes has probably

CAG. To test for over- or underrepresentation of CAG resulted in an overrepresentation of sequences with long

runs of particular sizes, we developed another statisticCAG repeats in both the human and the mouse sequence
1), wherel is the size of the pure run, which is calcu-

databases, as extensive screening exercises for cDNAs
lated for each run lengthS(I) measures the over- or

. . . containing long CAG repeats have been carried out in
underrepresentation of repeats of a given length in th g 9 X

data set compared to expectations based on enomlcoth species. This could lead to an overestimation of the
codon frequer?cies Analysis po melanogastettra%:ts extent to which codon reiteration occurs in human cod-
using this statistic shows an excess of CAG repeats of'9 retglo?sc.j'lrh(x,lze of an?:/.SLiCh ascelztz?;r!]trlﬁnt bias was
size 3 codons, as indicated by a significantly high avervestigated in two ways. First, we asked It there was a
age(3) value p < 0.001). Tracts of sizes 1 and 2 are significant correlation betweel, or L, and array size,

underrepresenteg € 0.01), and from size 3 onward they as ascertainment bias of this sort would be expected to

gradually become less abundant, with another minimunﬁanriCh the sample in long, uniform CAG arrays which

at size 10 (Fig. 1B). Similar features were not seen forvould have highl,, values. No significant correlation

other species. was found. To investigate whether the class of sequences
Another feature oD. melanogastetracts is the rela- with high L, scores seen in mammals was characteristic
tionship between the values of for CAG and the length of long repeats, we also compiled frequency histograms
of the polyglutamine tract. In the other species, values ofo" short @ < 10) and long § > 10) repeats. These
L, are similar in tracts of different length and are inde- histograms show more pronounced second maxima for
pendent of the length of the homopeptide (not shown). Inshort than for long repeats (Fig. 3). The maximum value
D. melanogastetowever, there is a significant negative Of L, is constrained by the number of possible arrange-
correlation ofL, for CAG with the homopeptide length (  Ments of codons and therefore by the array length. Be-
= -0.21,p < 1073 (Fig. 1C). This indicates that as the cause of this, this second maximum could reflect an ar-
size of the polyglutamine tract increases, there is an eftifactual constraint on the value &f,. To overcome this,
fective decrease in the size of the longest perfect CAGVe carried out a chi-square analysis of the number of
repeat. Thus, glutamine repeats show little evidence ofepeats falling above and below 1.0 (which is effectively
having been generated by slippageDrosophila. the border between the two classes in the histograms) for
long and short repeats ugira 2 x 2contingency table.
There was no significant deviation from randomness in
Special Case No. 2: Mammalian Polyglutamine Tracts this table in either mousep(= 0.54) or humang =
Are Long and CAG Rich 0.27). We therefore conclude that the secondary peaks
we observe fot, in the mammals are not due primarily
About one-third of the polyglutamine tracts bf. mus-  to ascertainment biases. The true extent to which pure
culus and H. sapiensin the GenBank database are CAG repeats contribute to the generation of polygluta-
formed exclusively by CAG repeats. This percentage ismine segments in mammalian proteins will nevertheless
much higher than in other species, in which such tractdbecome clear only when not only the complete genome
constitute only between 2.2 and 7.3% of the total (Tablesequences but also high-quality annotation of coding re-
1). The abundance of pure CAG repeats is reflected imgions is available for these species.
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Fig. 1. Analysis of the length of CAG
runs in regions encoding polyglutamine
tracts inDrosophila melanogasteA
Histogram ofL, for CAG (see Methods).
The distribution ofL, assuming random
positioning of the two codons follows
N(0,1) and is superimposed on the
histogram B Plot of the average values of
(), the deviation in the number of CAG
runs of different sizesl) from random
expectationC Scatterplot ofl, for CAG
against the length of the polyglutamine
tract. The linear correlation between the
two parameters is = —0.21,p < 103,

The correlation shown on the scatterplot is
a least trimmed squared (LTS) regression
as implemented in S-PLUS (v. 4.5,
MathSoft), which followsY =
0.4161-(0.0721)X).

in the proportions of glutamine repeats that show evi-
dence of having been generated by slippage in the sense
These analyses show that while slippage has been inthat they contain longer pure codon repeats than ex-
portant in generating many polyglutamine regions in eupected by chance. The species with the most prominent
karyotic proteins, differences are found between specieset of glutamine repeats showing evidence of slippage
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are the most frequent trinucleotide microsatellites in hu-
man coding regions (Stallings 1994). An exception to the

Species Ly £ SE° Lm* SE predominance of CAG over CAA repeats is foundAin

C. elegans 0.780 £0.140 0.268+0.080 thaliana, in which both CAG and CAA codons show a
D. melanogaster 0.091+0.049 0.083£0.057  gjmjlar tendency to reiterate. Biases in the propensity of
2: IEZ:::Q:SQ? 8:5;?;585352 8.'227;;8:115511 different motifs to undergo slippage hav_e previogs_ly
S. cerevisiae 1.267 +0.193 0.144 +0.097 been suggested to be an important factor in determining
M. musculus 0.931 £ 0.227 0.065+0.117 the different frequencies of repetitive sequences found in
H. sapiens 0.854£0.136 0.157£0.099 g variety of genomic sequences (Hancock 1995). There is

also some evidence that the processes giving rise to
codon reiteration differs between speciesDhosophila,

we observe an excess of three-codon repetition and rela-
tively little one- or two-codon repetition. lArabidopsis

are the two mammals, human and mouse. These Speciggq mouse we find evidence of a significant excess of
also show two prominent and distinct classes of glutayaets which are highly interrupted. These observations
mine repeat. In contrash. melanogasterepresents an 5y reflect differences in the capabilities of the repair
opposite extreme in which there is no evidence of Sigy,achanisms in these species or involvement of recom-
nificant reiteration of single codons. Thus there appear tQination (unequal crossing-over) as well as or instead of
have been different relative levels of activity of slippage slippage.

a'md poipt mutation in these regions in different evolu- Changes in the relative frequencies of slippage and
tionary lineages. point mutation might have a direct effect on the accu-

Two kinds of influence could give rise to these ex- mulation of long CAG repeats in genomes, as the length

treme differences—differences in mutational Processes. ;b i . o
. . o . . distribution of microsatellites in a genome has been sug-
and different selective conditions. Relative rates of slip-

page and point mutation might be altered by changes ir(:f](.aSted o _re_flect_ this balance, a higher _relative rate of
the efficiency of mismatch repair and proofreading dur_sllppage giving rise to longer m|cr.osate|||tes (K.rugllya.k
ing DNA replication. This might affect slippage rates in et al. 1998). However, polyglutamine repeats lie within

particular, as there are known to be differences betweeRO®N coding regions and are thereforg likely to be af-
fected by selection as well as mutational processes.

species in the abilities of their mismatch repair machin- = | : h
ery to detect loops of different length resulting from Genes containing glutamine repeats that are more con-

slippage during replication (reviewed by Eisen 1999)_served in length between h.um_an and mouse tend to show
Another potential factor is differences in genome struc-/OW nonsynonymous substitution rates, while genes con-
ture or organization between species. Long human CAé"’_"”'”g more evolutionarily labile repeats tend to have
repeats introduced into transgenic mice tend to shovx'i"gher rates (‘]MH EA Worthey, and M.F.S..K., qu'
much less instability than they do in humans (see Sezneditted). This indicates that the level of selection acting
et al. 2000). This appears to be a function of the sequenc@" & gene containing a repeat has a significant impact on
context in which sequences find themselves, as trandhe repeat’s evolution. Effects of selection could include
genic mice with |arger Segments of human f|anking Se_disfavoring unintel‘rupted StrUCtureS, as these are more
quence behave in a more “human-like” manner (Seznetikely to change in length with phenotypic consequences,
et al. 2000). This may reflect differences in simple prop-such as triplet expansion disease in humans.
erties such as base composition (Brock et al. 1999) or Homogeneous CAG repeats evolve in length more
more complex properties such as local chromatin strucrapidly than interrupted repeats (Alba et al. 1999b). The
ture. It is perhaps noteworthy that the presence of twdimodality of the distribution oL, values for CAG in
major classes of glutamine repeat (in mammals) coinmammals suggests separate classes of proteins undergo-
cides with the presence of isochores in the host genomigg rapid and slow evolution of these repeat regions. As
(Bernardi 2000) in this limited data set. We cannot therethe rate of evolutionary length change of CAG repeats
fore exclude the (testable) possibility that the relativecorrelates positively with the rate of accumulation of
contributions of slippage-like and point mutational prop-nonsynonymous sequence changes (J.M.H., EA
erties to polyglutamine repeat evolution reflect at least inWorthey, and M.F.S.-K., submitted), mammalian gluta-
part their local isochore environment. Differences in ac-mine repeat-containing proteins may divide into a rap-
tivity of slippage may also contribute to the origin and idly evolving group, in which the repeats are evolution-
maintenance of isochores in these species. arily neutral, or nearly so, and a conserved group in
Other mechanistic biases also probably come intovhich the repeat length is constrained by evolution, per-
play. The occurrence of longer than expected tracts ohaps giving rise to the high degree of interruption of
CAG is much more common than for CAA. This may codon organization observed in these proteins (Alba et
indicate that the former has a higher tendency to undergal. 1999b).
slippage. Consistent with this, tandem repeats of CAG Interestingly,Drosophila proteins that contain poly-

#Values are given for CAG only except fév. thaliana,for which the
CAA value is also given.
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Fig. 2. Histogram ofL, for CAG for human(A) and mouseB) polyglutamine tracts. Superimposed is the distribution assuming random
positioning of the two codons, which follows the normal distributidifd,1)].

Table 4. Human glutamine homopeptides witly > 1.645 for CAG

Length Codon arrangement Accession No. Description of protein
Neurodegenerative 10 G10 AF020276 Spinocerebellar ataxia 7 (SCA7)
disease genes
12 G12 u79667 alA-voltage-dependent calcium
channel (SCA6)
12 G12 X79204 Spinocerebellar ataxia 1 (SCA 1)
14 G1A1G1A1G10 D38529 DRPLA
15 G15 X79204 Spinocerebellar ataxia 1 (SCA1)
21 G20A1 M20132 Androgen receptor (AR)
23 G1A1G21 u64822 Josephin Machado-Joseph disease
(MDJ1)
23 G21A1G1 L12392 Huntington (Huntington disease;
HD)
Nervous system 7 G7 u80735 CAGF28
8 G8 us0745 CTG7a
16 A2G1Al1G12 u80745 CTG7a
17 G2A2G13 u80750 CTG26
18 Al1G17 AB007945 KIAAQ0476
30 G7A1G15A1G4A1G1 us0743 CAGH32
Transcription 10 G10 U49020 Myocyte-specific enhancer factor
2A (MEF2A)
11 Gl1 U91935 Retina-derived POU-domain
factor-1
12 G12 L40992 Core-binding protein subunit 1
14 G14 L08424 Achaete-scute homologue
15 G12A1G2 D84103 Mitochondrial DNA polymerase
23 G1A2G3A1G13A1G2 D26155 Transcriptional activator hSNF2a
38 G3A3G9A1G1A1G18A1G1 M55654 TATA-binding protein
Others 7 G7 Y08267 AAD10
7 G7 772499 (HAUSP) herpesvirus-associated
ubiquitin-specific protease
7 G7 u07802 Tisl1d, early response gene family
14 G14 AF031815 Calcium-activated potassium

channel (KCNN3)

glutamine tracts seem to be particularly commbhn= (Schug et al. 1997)Drosophilashows a maximal value
312). This suggests a different mode of evolution ofof ) at repeat length thre&(l) measures the deviation
polyglutamine-coding regions in this species. The ob-from expectation of the occurrence of CAG (or CAA)
served patterns might be explained in a number of waysiepeats of a particular length in the data set. Thus it is
First, slippage may be less active Drosophilafas in-  possible that slippage of 3-base pair motifs is controlled
dicated by the low mutation rate of microsatellites efficiently during DNA replication inDrosophila but



257

A: Human
18
16
14
12 ]
10 g<io |
u>=10|
8 -
6
4
2
o [
Mo NN - N O o~ NN MmN
! o ! - ! = o - ™~ 5] <+
B: Mouse
14
12 M
10
8 r
lm<t0 |
W>+10)
6
4 -
2 Fig. 3. Histograms ofL, for human
and mouse, with data divided between
0 arrays longer than 10 repeat unitiack
MoIN N 1N — 10 O I o~ 1 N 1} M I T 1 I shading and 10 units or shortetight
L~ R o o - ™ 2] <+ :
) \ T shading.

that slippage of 9-base pair and larger units escapes thesaudy. For exampleS. cerevisiaethe eukaryotic species
error-checking processes. Alternatively, the high fre-that has by far the smallest genome among those studied,
quency of polyglutamine repeats Drosophilamay in-  appears to have a greater tendency to glutamine codon
dicate that the species has evolved a special use for polyeiteration tharC. elegansand D. melanogasterandC.
glutamine tracts in proteins. Given the instability of elegansn turn contains more codon expansions titan
tandem codon repeats, it may be possible to maintaimelanogasterThis is probably because these previous
such a large number of repeats only without an unacanalyses of sequence simplicity (Hancock 1995, 1996)
ceptable load of triplet expansion-like disease [which carwere dominated by noncoding regions, which are likely
also be observed in transgenic experiments Viitlh-  to accumulate repetitive sequences in a more neutral
sophila(Bonini 1999)] by selectively eliminating codon manner than coding sequences.
structures that are prone to slippage. We have shown that the relative contributions of slip-
A more indirect selective force that could act on thepage or slippage-like processes (that is, processes that
expansion and contraction of polyglutamine repeats isnight give rise to patterns of evolution that could be
genome size, which has been shown to correlate with thexplained by slippage) and point mutation-like processes
abundance of simple sequences (repeats of short sdiffer considerably between diverse species. Slippage ap-
quence motifs) within a genome (Hancock 1995, 1996)pears to have been particularly influential in mammals
However, there is not a direct relationship between geand almost-absent iDrosophila.lt should be noted that
nome size and reiteration of glutamine codons in thisthis conclusion applies to glutamine repeats as analyzed
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here, but there is evidence of a contribution of slippage tdiancock JM (1995) The contribution of slippage-like processes to
the wider evolution of theDrosophila genome (e.g., genome evolution. J Mol Evol 41:1038-1047 ,
Hancock 1996: Hancock et al. 1999)_ We also see somEanCOCk JM (1996) Simple sequences and the expanding genome.

h h hiah | Is of sli Bioessays 18:421-425
other patterns, such as higher apparent levels of s IPPAgE;ncock JM, Vogler AP (2000) How slippage-derived sequences are

at CAA in Arabidopsisand repetition at the level of three incorporated into rRNA variable-region secondary structure: Impli-
codons inDrosophila,which suggest that the underlying cations for phylogeny reconstruction. Mol Phylogenet Evol 14:

mechanisms generating glutamine repeats in proteins 366-374

may differ between taxonomic groups. Detailed disseC—HanCOCk JM,_ShaW PJ, Bonneton F Dover GA (1999) High sequence
turnover in the regulatory regions of the developmental gene

t|o_n of these processes WI” require analysis of the evo- | o ok in insects. Mol Biol Evol 16:253-265

lution of these structures in different taxa, probably con-jones cw, Kafatos FC (1982) Accepted mutations in a gene family:

sidering evolutionary patterns using phylogenetic trees Evolutionary diversification of duplicated DNA. J Mol Evol 19:

of fairly closely related species (e.g., Hancock and Vo- 87-103

gler 2000). Kar_lin S, Burge C (1995) Trinuclgotide r_epeats and long homc_)peptides
in genes and proteins associated with nervous system disease and

. . development. Proc Natl Acad Sci USA 93:1560-1565
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