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ABSTRACT
Trinucleotide repeat (TNR) instability in humans is governed by unique cis-elements. One element is

a threshold, or minimal repeat length, conferring frequent mutations. Since thresholds have not been
directly demonstrated in model systems, their molecular nature remains uncertain. Another element is
sequence specificity. Unstable TNR sequences are almost always CNG, whose hairpin-forming ability is
thought to promote instability by inhibiting DNA repair. To understand these cis-elements further, TNR
expansions and contractions were monitored by yeast genetic assays. A threshold of z15–17 repeats was
observed for CTG expansions and contractions, indicating that thresholds function in organisms besides
humans. Mutants lacking the flap endonuclease Rad27p showed little change in the expansion threshold,
suggesting that this element is not altered by the presence or absence of flap processing. CNG or GNC
sequences yielded frequent mutations, whereas A-T rich sequences were substantially more stable. This
sequence analysis further supports a hairpin-mediated mechanism of TNR instability. Expansions and
contractions occurred at comparable rates for CTG tract lengths between 15 and 25 repeats, indicating
that expansions can comprise a significant fraction of mutations in yeast. These results indicate that several
unique cis-elements of human TNR instability are functional in yeast.

THE genetic behavior of trinucleotide repeats acteristic of TNR diseases is that unstable triplet repeats
have been reported only for the sequences CNG (where(TNRs) in humans is governed by several unusual
N is any nucleotide) or, in the sole case of Friedreich’sfeatures, as judged by the inheritance pattern of families
ataxia, the sequence GAA (Campuzano et al. 1996).afflicted with Fragile X syndrome, Huntington’s disease,
Finally, for TNRs at or above the threshold level, trans-or other diseases caused by mutations in endogenous
missions in humans exhibit a strong proclivity towardTNRs (reviewed in Richards and Sutherland 1994;
expansions rather than contractions, with a ratio of 3- toAshley and Warren 1995; Gusella and MacDonald
175-fold, depending on the disease gene and other fac-1996; Paulson and Fischbeck 1996; Cummings and
tors (McMurray 1995).Zoghbi 2000). Although each disease has its own ge-

Physical analysis of TNR-containing DNA strandsnetic characteristics, one common theme is that tract
showed that they readily adopt unusual secondary struc-length is a very important indicator of the tendency
tures, such as hairpins, triplexes, quadruplexes, andtoward mutation. Tracts at or above a crucial threshold
slipped-strand conformations (summarized in Sindenlength of about 35 repeats (Paulson and Fischbeck
1999). Hairpins have been directly observed by NMR1996) are much more prone to expansion than shorter
and melting studies or inferred by molecular modelingtracts. In addition to the sharp increase in mutability
for the sequences CNG and GNC (Gacy et al. 1995;at the threshold, longer tracts exhibit a more gradual
Mitas 1997). The restriction to CNG and GNC is duetendency toward additional expansions. A second char-
to energy requirements for adequate hydrogen bonding
and stacking interactions. The genetic features of TNR
diseases and the ability of these sequences to form alter-
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used were MW 3317-21A (MATa Dtrp1 ura3-52 ade2D ade8fixation as a mutation in the next round of synthesis.
hom3-10 his3-KpnI met4 met13; Kramer et al. 1989) and CH1585Contractions are proposed to occur when the lagging
(MATa leu2D1 trp1D63 ura3-52 his3-200 ; obtained from S. Mir-

strand template folds into a hairpin, resulting in bypass kin, University of Illinois at Chicago). The rad27D mutant
synthesis and loss of repeats. Variations on this idea strain in the MW 3317-21A background was constructed as

described previously (Spiro et al. 1999). TNR-containing plas-suggest that DNA synthesis associated with double-
mids were directed to integrate at LYS2 or URA3 by Bsu36Istrand break repair (Richard et al. 2000) or gene con-
or StuI digestion, respectively, followed by transformation viaversion (Jakupciak and Wells 1999) are mutagenic
the lithium acetate protocol (Schiestl and Gietz 1989). Sin-

within triplet repeat regions. Again, a hairpin structure gle integration of the TNR sequence was confirmed by South-
is thought to be formed during synthesis and then subse- ern hybridization.

Plasmids: All plasmids were constructed using the pBL94quently to escape DNA repair. A different type of model
vector, described previously as pURA with a 1.1-kb LYS2 frag-for expansions (but not for contractions), called reitera-
ment in the “forward” direction (Miret et al. 1998). pBL94tive synthesis (Sinden 1999), suggests TNR-dependent,
contains the URA3 gene driven by the Schizosaccharomyces pombe

slipped-strand structures that block DNA polymerase adh1 promoter, with a unique SphI site separating the two
progression. The polymerase idles at the block, generat- elements. TNR plasmids containing 25 (Miret et al. 1998),

50 (Miret et al. 1997), or 33 repeats (this work) were con-ing very long nascent strands of TNR sequence. The
structed by insertion of oligonucleotide duplexes into the SphIrelative contribution of these models to TNR instability
site of pBL94. The 25-repeat derivatives contained, on theremains to be determined.
sense strand from 59 to 39, the following: (CAG)25,(CTG)25,Although unusual TNR secondary structures have not CAG(TAG)24, (CTA)24CTG, (CCG)25, (CGG)25, C(TTC)25,

been directly demonstrated in vivo, a number of experi- C(GTC)25G, C(GAC)25G, and C(GAA)25G. The 50-repeat deriv-
atives contained the following: (CTG)50, (CAG)50, (CCG)50,ments support the idea that hairpins or other aberrant
(CGG)50, CAG(TAG)49, CAC(GAC)48GAG, and CTC(GTC)48GTG.structures are key intermediates in mutation. For exam-
Randomized sequence controls containing the equivalent ofple, some sequence specificity for instability has been
25 repeats (Miret et al. 1998) or 50 repeats (Miret et al. 1997)

reported both in Escherichia coli (Ohshima et al. 1996) have been described previously. The sequence of the randomized
and yeast (Miret et al. 1998). There are numerous re- control equivalent to 33 repeats was CCGGTGTGGTGCCC
ports of orientation effects, in which greater instability GCTTGCGGTTCCGTCGGCGGTTTTCCGTTTTCGCT

GGCCGCTTGCGTTGCGTCGTTGCTCTTTGGCGGTCCTTGis observed for one TNR than its complement (e.g., CTG
CGCGGCCCGCG. All oligonucleotides contained a CATG 39vs. CAG; Kang et al. 1995; Freudenreich et al. 1997;
extension to provide a compatible end for the SphI site.Schweitzer and Livingston 1997; Miret et al. 1998; The threshold repeat derivatives contained a scrambled (ran-

Balakumaran et al. 2000), an effect generally attributed domized) sequence in addition to the perfect repeat tract. The
to differences in hairpin strengths. TNRs that can fold scrambled sequence on the sense strand, read 59 to 39, contains

(CGGCGACGCAACGAACCGAAACGCGGGCCGCGCAAGinto strong hairpins are resistant to DNA repair in yeast
GACCGCCAA) or subsets thereof. For example the 15-repeat(Moore et al. 1999; Spiro et al. 1999), in E. coli (Sarkar
threshold plasmid contained the repeats plus the 39-most 30et al. 1998), and in vitro (Spiro et al. 1999; Henricksen base pairs of the scrambled sequence (starting CCGAAACGC,

et al. 2000). Replicational pausing occurs at CGG/CCG underlined above). Likewise the 17-repeat threshold plasmid
and CTG/CAG sequences in E. coli (Samadashwily et contained the repeats in addition to the 39-most 24 bp from

the scrambled sequence (starting CGCGGGCCG). The finalal. 1997). These findings support the hypothesis that
24 randomized base pairs (beginning CGCGGGCCG) wereTNR instability results from replication errors that are
used to generate a “2518” repeat plasmid for certain contrac-triggered by unusual secondary structures (McMurray
tion assays. Plasmids were transformed into DH5a using the

1999). Hanahan procedure (Hanahan 1983) or by electroporation
To address more directly the idea that thresholds and at 2.5 mV using a Bio-Rad (Hercules, CA) E. coli pulser. Plas-

sequence are key mediators of TNR instability, this study mids were recovered using a QIAspin miniprep kit (QIAGEN,
Valencia, CA) following the manufacturer’s protocol. Plasmidsutilizes a series of TNR constructs in yeast. We took
were sequenced to confirm the accuracy of the cloned se-advantage of yeast genetic assays for TNR expansions
quence, prior to integration into yeast.and contractions that are selective, sensitive, and quanti- Fluctuation analysis: Fluctuation analysis was performed as

tative to determine the modulation of TNR instability previously described (Miret et al. 1998). The rates of TNR
by important cis-elements. We find that thresholds exist instability were determined by the method of the median (Lea

and Coulson 1948). Briefly, single yeast colonies harboringin yeast and that TNR instability can usually be predicted
the TNR sequences were resuspended in water and appro-on the basis of length of the repeat and its sequence.
priate dilutions were plated onto nonselective media (YPD).This study extends the current knowledge of how cis- After 24–40 hr of growth at 308, 7–10 colonies were resus-

acting elements influence TNR instability in eukaryotes. pended in water and an appropriate dilution was plated on
YPD for total cell counts. The remaining suspension was plated
on selective complete media lacking histidine but containing
1 mg/ml 5-fluoroorotic acid (5-FOA) for determining expan-MATERIALS AND METHODS
sion rates or selective complete media lacking histidine and
uracil to measure the contraction rates. To ensure reproduc-Strains: The E. coli strain DH5a [endA1 hsdR17 (rk2 mk1)

supE44 thi-1 recA1 gyrA (nal r) relA1 D (lacI ZYA-argF) U169 ibility at least three independently isolated clones were tested.
PCR of independent expansion or contraction events: As adeoR] was used for plasmid construction of the TNR and large-

scale plasmid preparations. The Saccharomyces cerevisiae strains safeguard to minimize microheterogeneity of the starting tract
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size, a portion of each colony was examined by PCR to ensure tions were assessed using quantitative genetic assays in
that the starting tract contained 25 or 50 repeats prior to S. cerevisiae (Miret et al. 1997, 1998). These assays allow
fluctuation analysis (Miret et al. 1998). To analyze colonies

the identification of expanded or contracted TNR al-that arose from fluctuation analysis, template DNA was re-
leles based on phenotypic changes. For expansions (Fig-leased from single colonies by heating in a solution containing

dithiothreitol and Triton X-100. PCR, usually in the presence ure 1A), a starting tract of 25 repeats allows expression
of 0.25 mCi of [a-32P]dCTP, was performed with primers that of the URA3 reporter gene with concomitant sensitivity
flank the triplet repeat tract. The products of the PCR reac- of the cells to the cytotoxic drug 5-fluoroorotic acid.
tions were analyzed on 6% denaturing polyacrylamide gels

Expansions of the tract to lengths of $30 repeats inacti-and product sizes (61–2 repeats) were determined by compar-
vate the URA3 reporter and the cells are accordinglyison of the reaction products with a M13 DNA sequence lad-

der. For strains bearing CGG/CCG repeats, tract sizes were resistant to 5-FOA. This assay was designed specifically
measured by Southern blotting. Colonies were grown in liquid to reveal expansions of $5 repeats because this size class
(YPD) cultures for 2 days, the genomic DNA was subsequently is among the most frequent in the polyglutamine class
extracted and digested with SphI to release the TNR plus a

of human TNR diseases (Ashley and Warren 1995;four-nucleotide overhang on each strand. The DNA fragments
Gusella and MacDonald 1996; Paulson and Fisch-were resolved on 6% denaturing PAGE gels, electroblotted to

a nylon membrane, and hybridized to a radiolabeled probe beck 1996). For contractions (Figure 1B), a starting
derived from a (CGG/CCG)25 control fragment. CGG and tract of 50 repeats was typically used. This tract length
CCG repeat tract sizes were deduced by comparison with ap- prevents expression of the downstream reporter gene
propriate molecular weight markers.

URA3 and the cells are accordingly Ura2 (require uracilThe fraction of bona fide expansions and contractions,
for growth). Contractions to final lengths of #28 repeatsjudged by PCR analysis or Southern blotting, was used as a

correction factor for rate measurements. At least 25 genetically allow functional expression of the URA3 reporter, lead-
independent colonies were tested for each strain. For exam- ing to a phenotypic change from Ura2 to Ura1 (able
ple, if 24 of 30 5-FOA resistant colonies showed expansion by to grow without exogenous uracil). Control experi-
PCR analysis, then the rate of 5-FOA resistance was multiplied

ments with a 28-repeat construct confirmed this predic-by 80% to generate the rate of expansion. For certain con-
tion. The rate of contraction is therefore proportionalstructs, the estimated mutation rate was below the detectable

limit of z3 3 1028 per cell generation. These low rates arose to the number of Ura1 colonies. Later, we describe
from one of two circumstances. Either there were no colonies an alternative assay that allows identification of smaller
on the selective plates (5-FOA-containing media for expan- contraction events.
sions or media lacking uracil for contractions); or colonies

These yeast assays also allow the use of single-colonyarose on selective media but PCR analysis showed that none
PCR (Miret et al. 1997, 1998) to characterize individualof the colonies had altered TNR tracts. To estimate the upper

limit of the mutation rate under these circumstances, it was expansion or contraction events. Bona fide TNR expan-
assumed that the next cell plated would have been a bona fide sions and contractions are manifested as changes in the
expansion or contraction. size of the PCR product, relative to the starting tract

control. For expansions, increased PCR fragment size
distinguishes true expansions from other mutations that

RESULTS
confer a 5FOAR phenotype, such as inactivating muta-
tions within URA3. Thus expansions can be differenti-Rationale: If mechanisms of TNR instability show con-

servation among species, then some or all of the unusual ated from other mutations. A similar logic applies to
TNR contractions. All rates reported here refer to con-genetic features of TNR behavior in humans may be

manifested in other organisms. This investigation exam- firmed expansions and contractions.
CTG expansions exhibit a threshold: Althoughined if important features of human trinucleotide re-

peat diseases are recapitulated in S. cerevisiae. Specifi- thresholds have been identified or inferred for a num-
ber of human TNR expansion diseases, this feature hascally, the hypothesis under scrutiny was that TNR

instability in yeast is strongly dependent on two factors. not been demonstrated directly in model organisms.
Our genetic assay is suitably sensitive to detect a thresh-One factor is the length of the repeat tract vs. its thresh-

old. By definition, TNRs longer than the threshold are old effect. From previous work (Miret et al. 1998), it was
known that (CTG)25 tracts are unstable in our system,genetically unstable whereas tracts shorter than the

threshold are stable. The TNR sequence is the second expanding at rates of 1 3 1025 per cell generation,
compared to a value of ,5 3 1028 for a scrambledstrong determinant of instability. Based on observations

from human genetics and from structural considera- control sequence of equal length. This range of several
hundredfold formed the basis for an experiment intions, it was predicted that the G-C rich sequences CNG

(where N is any nucleotide), GAC, and GTC would which the length of the repeating tract was varied from
10 to 25 repeats. Scrambled sequences, containing nomutate most frequently, provided that the tract length

met or exceeded a threshold level. These characteristics repeating nature, were added to equalize the total tract
length to 75 bp in all cases. For example, the (CTG)10were investigated using selective and sensitive genetic

assays capable of identifying expansions and contrac- construct also contained 45 bp of scrambled sequences.
Each construct was integrated into the yeast genome attions.

Genetic assays: Rates of TNR expansions or contrac- the LYS2 locus and the expansion rate was determined.
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Figure 1.—A genetic assay to
monitor TNR alterations in yeast.
The regulatory region controlling
expression of the reporter gene
URA3 is shown. The important fea-
tures include the TATA box, the tri-
nucleotide region (marked with an
inverted triangle), an out-of-frame
ATG initiator codon, the preferred
transcription initiation site I
(CCACA sequence), and the start
of the URA3 structural gene. (A)
The starting construct with antici-
pated transcription (right-angle

arrow) initiating within 55–125 bp (brackets) from TATA is shown. Initiation at I results in functional expression of URA3 and
sensitivity to 5-FOA. If the TNR expands to $30 repeats (A, bottom), the window of allowed transcription no longer includes
I. Transcription initiation upstream of I will include the out-of-frame ATG, resulting in translational incompetence (indicated
by X) and resistance to 5-FOA. B includes the same important features as A except the TNR contains 50 repeats. Therefore in
B the top diagram illustrates a situation where transcription will initiate upstream of I and include the out-of-frame ATG, which
will result in translational incompetence. The failure to express the functional URA3 gene leads to the inability to grow without
uracil (Ura2). If the TNR loses 22–42 repeats (to a final tract length of 8–28 repeats), bottom diagram, initiation will begin at
I and URA3 will be expressed. The cells with the contracted alleles will change to Ura1 phenotype, that is, be capable of growth
on media lacking uracil. For both, the top strand (i.e., the sense strand of the URA3 gene) is the lagging strand template.

Expansions of CTG repeats in wild-type yeast exhibit a To address the possibility that position effects might
influence thresholds, a subset of the constructs used inthreshold effect (Figure 2A, solid circles). The 0-repeat,

randomized control construct defines the baseline. The Figure 2A were integrated at another locus, URA3. TNR
expansions at URA3 were assessed using a spot test (Fig-10-repeat construct gave the same baseline rate. Since

the assay is very sensitive (the detection limit is 3 3 ure 2B). Instability is judged by the number of 5FOAR

colonies that appear as the cell suspension is serially1028), even rare events would show up. Therefore
expansions of 0- or 10-CTG tract are extremely infre- diluted by fivefold. Figure 2B (top) shows growth on

media containing 5-FOA. In the spot test, a (CTG)25 tractquent. In contrast, the expansion rate rose sharply
(about 100-fold) as the initial tract size was increased exhibited the highest instability, followed by a repeat

containing 17 CTGs. The 17-repeat construct was in-to 20 repeats. Thus a doubling of the CTG tract from
10 to 20 repeats resulted in two orders of magnitude cluded as an example near the threshold length; note

in Figure 2A that the expansion rate of 15- and 17-increase in instability. There is a further, less dramatic
rate increase when the tract is lengthened from 20 to repeat constructs is very similar. The difference in

expansion rate between 25 and 17 repeats in the spot25 repeats. The midpoint of the transition, judged as the
halfway point between the lowest and highest expansion test is similar to the eightfold quantitative rate difference

seen earlier (Figure 2A). In Figure 2B, the (CTG)10 tractrates, fell at z15 repeats. We conclude that CTG expan-
sions in wild-type yeast are governed by a threshold of was as stable as the randomized control. The lower plate

contains no 5-FOA, and all strains grew similarly underabout 15 repeats. If the expansion risk were a simple
stochastic function of tract length, there would not be these control conditions. These results at URA3 closely

parallel the quantitative analysis of expansions at LYS2,the sharp upward inflection seen in Figure 2A.
PCR analysis indicated that the expansions were lim- suggesting that the threshold for CTG expansions is

similar at both integration sites.ited by the size of the initial repeat tract. In 153 of the
154 expansion events arising from the 13- to 20-repeat If thresholds define a minimal number of repeats

necessary for hairpins to persist in vivo, then the flapconstructs, PCR sizing showed that the expanded allele
size was no more than two times the size of the initial endonuclease encoded by RAD27 might provide a trans-

acting function that alters the threshold. Although longrepeat. For example, all expansions examined from the
13-repeat construct ranged from 15 to 111 repeats. TNR sequences can fold into hairpins that are strong

enough to resist Rad27p processing, the enzyme moreThese expanded allele sizes are consistent with the idea
that hairpin-mediated, aberrant replication events were readily cleaves shorter TNRs that have limited hairpin-

forming capacity (Spiro et al. 1999; Henricksen et al.the source of these expansions, since models for single
hairpin intermediates (Gordenin et al. 1997; Spiro et 2000) and therefore prevents expansions. If Rad27p

affects thresholds, shorter TNRs in rad27D mutantsal. 1999) predict that final repeat length should be no
more than double the original tract size. In contrast, if should exhibit a stronger tendency to expand than in

wild type. To address this possibility, the experimentreiterative synthesis were responsible for the expan-
sions, a higher fraction of the expanded alleles would was repeated in a rad27D strain (open circles in Figure

2A). For repeat lengths of 0 or 10 repeats, there werebe larger than double the starting tract.
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type, consistent with previous demonstrations of rad27D
destabilization of TNR tracts (Freudenreich et al. 1998;
Schweitzer and Livingston 1998; Spiro et al. 1999).
Like the wild-type cells, the rad27D mutant showed an
apparent threshold, based on the sharp upward inflec-
tion of the response curve. The threshold in the rad27D
background, judged as the midpoint of the transition,
was about 13 repeats. Thus there seems to be little
change in the apparent threshold in the rad27D mutant
compared to wild type. PCR analysis showed that about
85% of the expansions in the mutant were limited to
gains equal to or less than the original tract length,
consistent with a replicational mechanism of instability
(Spiro et al. 1999). We conclude that changes in the
threshold are unlikely to explain the increased CTG
instability in the rad27D background.

Sequence dependence of expansion and contraction
rates: There has been no extensive sequence analysis
of TNR instability in eukaryotic systems, so it was infor-
mative to test different repeats side-by-side in yeast. If
predictions from human genetics and from in vitro stud-
ies hold true, we expected that CNG and GNC se-
quences would be the most unstable, based on their
ability to form hairpins. To address this hypothesis,
expansion rates for 25-repeat tracts were measured for
six variations of the G-C rich sequences and compared
to four A-T rich TNRs with limited ability to fold into
hairpins. Similarly, contractions from 50-repeat runs
were measured for the same six G-C rich sequences
plus two TNRs with limited hairpin-forming capacity.
Scrambled controls provided estimates of the baseline
for both expansions and contractions. It is important
to note the nomenclature for these experiments. For
expansions, the cited sequence resides on the lagging
daughter strand, since most models for TNR expansions
envision hairpin formation in the Okazaki fragmentFigure 2.—Threshold length for CTG repeats in yeast. (A)
(Richards and Sutherland 1994; Kang et al. 1995;Shown is the CTG expansion rate in wild type (solid circles)

and rad27D (open circles) cells as a function of the initial Mitas et al. 1995; Freudenreich et al. 1997; Gordenin
repeat length. Note that the rates are expressed on a logarith- et al. 1997; Schweitzer and Livingston 1997; Miret
mic scale. The alleles tested had a total length of 25 repeats et al. 1998). The lagging daughter strand corresponds
with the nonperfect portion of the tract filled with randomized

to the antisense strand of URA3. In contrast, contrac-sequence to generate a total tract length of 75 bp. Error bars
tions are thought to occur by folding of the TNR in theindicate 61 standard deviation. The rates shown for 0 and 10

repeats are upper limits, both for RAD27 and rad27 strains. lagging template strand; therefore we use the conven-
The quantitative values are ,3 3 1028. For more information tion that the template strand contains the indicated
regarding the threshold result, please consult http://www. sequence. These assignments are possible because the
unmc.edu/Eppley/publications/chart_lah.html. B shows a

direction of DNA replication through the integrationqualitative spot test for expansions. Wild-type cells, containing
locus is known (Freudenreich et al. 1997).the indicated number of starting CTG repeats, were resus-

pended in water and serially diluted by fivefold. A small aliquot Examination of the expansion and contraction rates
of each suspension was spotted on the plates. Expansions are of the different triplet repeats revealed two different
scored by the top plate, which contained synthetic complete groups. These results are depicted graphically in Figure
(SC) media lacking histidine and containing 5-FOA. The bot-

3, to help clarify the groupings. Precise values and exper-tom plate contained SC media lacking histidine but without
imental errors are presented in Table 1. The first group,5-FOA and serves as a control for total cell number.
which exhibited high rates for both expansions and
contractions, contained the five G-C rich triplets CTG,
CGG, CCG, GTC, and GAC. Compared to the scrambledno detectable expansions in rad27D cells. Intermediate

repeat lengths of 13, 17, and 20 were 50- to 100-fold controls, expansion rates for this group ranged from
50- to 3000-fold higher and contraction rates were 400more unstable in the mutant strain compared to wild
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to 40,000 times greater. For all sequences within this
group, contractions occurred about 3–100 times more
frequently than expansions, although the difference in
starting repeat length (50 compared to 25) may explain
some of the tendency toward contractions. Further evi-
dence in support of a replication model for TNR expan-
sions in group one is that there is virtually no alteration
in the expansion rate in a rad52 strain for GAC expan-
sions (4.0 3 1027 vs. 1.0 3 1026 in wild type), consistent
with previous findings for CTG (Miret et al. 1998).
Since RAD52 is required for most mitotic recombination
in yeast (Petes et al. 1991), the lack of a phenotype on
GAC and CTG expansions indicates that recombination
is unlikely to play a major role in the expansion process.
PCR analysis of individual expansion events from wild-
type cells demonstrated that the range of expansions
were overlapping for GAC repeats (range 12–20, me-Figure 3.—Expansion and contraction rates of TNR re-

peats. For this histogram the x-axis indicates the different dian 16), GTC repeats (range 9–25, median 13), and
trinucleotides tested. SCR refers to the scrambled control se- CTG repeats (range 10–22, median 15; Miret et al.
quences. The y-axis represents the expansion or contraction 1998). The group one repeats have final expansion sizes
rates of the individual trinucleotide expressed on a logarith-

restricted to 2-fold or less of the initial repeat tractmic scale. Precise values of these rates are provided in Table
(63 of 63 events), consistent with the expectations of1. Most triplets are represented by two bars, expansion rates

(solid bars) and contraction rates (open bars). Error bars expansion from replicational errors (Gordenin et al.
represent 61 standard deviation. Expansion rates for CTG, 1997; Spiro et al. 1999).
GAC, CAG, CTA, and scrambled sequence were taken from Sequences in group two (TTC, CTA, TAG, GAA, and
Miret et al. (1998) and Spiro et al. (1999) and are included

CAG) exhibited expansion rates that were at or closehere for comparison. The expansion rate for (CCG)25 from
to the scrambled control baseline (Figure 3). TheseTable 1 is .1 3 1026. In this figure, the value is represented

as 1 3 1026 to reflect the minimum rate. It is possible that sequences therefore show little tendency to expand in
the actual rate may be somewhat higher. our system when the tract length is 25 repeats. When

contractions were assayed, (TAG)50 showed a modest
but detectable rate, suggesting some hairpin-forming

TABLE 1

Expansion and contraction rates for trinucleotide repeat sequences

Mutations/cell division (mean 6 SD)

Group Sequencea Expansionb Contractionb

1 CTGc 1.0 6 0.3 3 1025 1.1 6 0.4 3 1023

CGG 7.8 6 2.1 3 1025 1.7 6 0.7 3 1024

CCGd $1 3 1026 6.4 6 0.4 3 1025

GTC 1.5 6 0.4 3 1026 1.4 6 0.2 3 1024

GAC 1.0 6 0.3 3 1026 1.2 6 0.7 3 1025

Control scrambled #2 3 1028 #3 3 1028

2 TTC #1.7 3 1028 NDe

CTA #1.6 3 1028 ND
TAG #1.3 3 1028 6.0 6 2.5 3 1027

GAA #1.8 3 1028 2.1 6 1.1 3 1025

CAG 8.0 6 6.0 3 1028 2.0 6 1.0 3 1023

a Sequence refers to the lagging daughter strand for expansions and to the lagging template strand for
contractions.

b Expansions were determined for initial tract sizes of 25 repeats, whereas contractions were measured for
initial tract lengths of 50 repeats.

c Expansion rates for CTG, GAC, CAG, CTA, and TAG were taken from Miret et al. (1998) and Spiro et al.
(1999) and are included here for comparison.

d The expansion rate for (CCG)25 could not be determined more accurately due to technical limitations.
e ND, not determined.
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ability and consistent with observations from meiotic
recombination experiments (Moore et al. 1999). How-
ever, the TAG contraction rate was still 20- to 2000-fold
lower than for the sequences in group one. Contractions
of TTC and CTA were not tested, as these sequences
show little propensity to form secondary structures
(Gacy et al. 1995; Mitas 1997). GAA repeats are geneti-
cally unstable in Friedreich’s ataxia (Campuzano et al.
1996) and are thought to change length via triplex for-
mation (Gacy et al. 1998; Sakamoto et al. 1999). In our
contraction assay, (GAA)50 yielded a rate similar to the
lowest values in group one, suggesting some ability of
GAA to form alternate secondary structures at tract
lengths of 50. CAG repeats gave unexpected results, as
noted earlier (Miret et al. 1997, 1998) and confirmed
here. Contraction rates were as high as for group one,
but expansion rates were low, similar to group two. We
conclude that the hairpin-forming sequences in the first
group are indeed genetically unstable. All sequences in
group two are genetically stable at tract lengths of 25,
consistent with most predictions of their hairpin-form-
ing capabilities. However, several of these sequences
show moderate to high capacity to contract at tract
lengths of 50.

Direct comparison of expansions and contractions
for CTG tracts of 15 to 25 repeats: The results from
Figure 3 suggest that contraction rates are substantially
higher than expansion rates in our system. However, the
comparison is not direct, due in part to the difference in
tract length (25 compared to 50 repeats). Also, the
changes detectable for expansions (gains of $5 re-
peats) were different from that for contractions (losses
of 22–42 repeats). A more direct comparison was per-
formed by monitoring expansions and contractions of
the same size tract, (CTG)25, as diagrammed in Figure
4A. Expansions of $5 repeats were detected by the
scheme described earlier. To measure contractions, the
assay was adapted slightly by using a (CTG)25 tract to
which 24 bp of scrambled sequences, equivalent to 8
repeats, were added (“2518” configuration). The total

Figure 4.—Direct comparison of expansion to contraction tract length is therefore equivalent to 33 repeats, which
rates. (A) A schematic diagram of the alleles used for determi- prevents expression of URA3 and thus confers a Ura2

nation of expansion and contraction rates for (CTG)25. In phenotype. Contractions that remove 5–25 repeats are
these schematics the open boxes represent the perfect repeat

sufficient to restore functional expression of URA3 andtract and the line indicates randomized sequence. The con-
thereby generate the Ura1 phenotype, as confirmed bytraction construct, denoted 2518, differs from the expansion

allele by the addition of 24 bp of scrambled DNA to the perfect control experiments with 8-repeat and 28-repeat con-
repeat tract. For expansions, alterations that increase the tract structs. Contractions of 5–25 repeats can be detected
size by 15 to 125 repeats yield 5FOAR colonies. Similarly, from the 2518 construct, while expansions of the samecontractions of the 2518 construct that lose 5 to 25 repeats

range are scorable for (CTG)25. Therefore, the resultsare scorable as Ura1 colonies. Rates for both expansions and
contractions are expressed as events per cell generation. (B)
Rate comparison of expansions (solid circles) and contrac-
tions (open circles). Error bars designate 61 standard devia-
tion. The data for expansions are recapitulated from Figure repeat reporter. On the x-axis is the number of repeats lost,
2A for purposes of comparison. Contraction rates for initial with respect to the starting tract length. A change of 10 means
CTG tracts of 0 to 33 repeats were measured as described in a final allele size of 23 repeats for contractions of the 33-
A and in the text. The contraction rate for 50 repeats was repeat starting tract or a final allele size of 5 repeats for the
taken from Figure 3. (C) Distribution of contraction sizes for 15-CTG starting tract. On the y-axis is the observed number
the 15118 CTG construct (solid bars) and for the 33-CTG of tract alteration events of that size.
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from expansion and contraction assays can be compared The rate ratios (contractions/expansions) ranged from
one to five, with an average ratio of three. Thus expan-directly.

The contraction rate for the 2518 reporter was 2.7 3 sions and contractions occur with comparable rates over
this range of tract lengths. Second, the expansion and1025 per cell generation (Figure 4A), about 3-fold

higher than the expansion rate for (CTG)25. This result contraction rates between 13 and 33 repeats form a
nearly continuous line. Using the midpoint analysis de-suggests that for (CTG)25, contractions outnumber

expansions, but not by nearly as much as for longer scribed earlier, a threshold value of about 17 repeats
was estimated from the combined data points. AlthoughCTG repeats in yeast. Other groups have shown that

runs of 64–130 triplet repeats contract at a minimum the contraction experiment does not permit a precise
threshold measurement, the very similar threshold esti-of 20-fold more often than they expand (Maurer et

al. 1996; Freudenreich et al. 1997; Schweitzer and mates for CTG expansions (15 repeats) and for the
combined CTG expansion and contraction rates (17Livingston 1997, 1999). It appears that shorter repeat

tracts in yeast more closely resemble, but do not dupli- repeats) are consistent with the hypothesis that expan-
sions and contractions are governed by similar thresholdcate, the situation in human TNR transmissions, where

expansions are the more common event. lengths.
Single-colony PCR of contractions was used to deter-The similarity in expansion and contraction rates for

(CTG)25 encouraged us to examine tract lengths with mine the spectrum of actual changes in this experiment.
Figure 4C shows the analysis for initial repeat tracts ofother repeat lengths. There were two goals to this exper-

iment: first, to see if the contraction rates could help 15 and 33 repeats. From the starting tract of 15 CTGs,
the contracted alleles clustered from 29 to 214 repeats.verify the threshold of about 15 repeats that was ob-

served for expansions. If expansions and contractions Contractions of the 33-repeat reporter were generally
larger (210 to 227), but they overlapped a portionoccur through similar, hairpin-based intermediates,

then perhaps the thresholds would be similar. The sec- of the first spectrum. Although control experiments
showed that the assay system is capable of detectingond goal was to see if expansions and contractions occur

with similar rates for other tract lengths near the thresh- contractions ranging from 25 to 225 repeats, no con-
tractions in the 25 to 28 range were observed for anyold, as seen for 25 repeats. The results are shown in

Figure 4B. The solid circles are the expansion data, of the tracts examined. The reason for this is not known.
The data in Figure 4C help rule out an alternative inter-reiterated here for comparison. The open circles be-

tween 0 and 33 repeats represent contraction data using pretation of the nearly 200-fold difference in rate be-
tween the 15- and 33-repeat reporters. The alternativean approach analogous to that used in Figure 4A. In

other words, the 33-repeat contraction reporter was explanation is that the two reporters measure different
size contractions and therefore are not directly compa-(CTG)33, or a “3310” configuration, and the 0-repeat

reporter had all scrambled sequence, or “0133.” As rable. By this scenario, the 33-repeat construct yields
only large contractions, possibly greater than the entirean example of intermediate length tracts, the 15-CTG

contraction construct had a “15118” configuration. 15 CTG tract in the shorter reporter. However, the re-
sults in Figure 4C show substantial overlap in the 10–14Since the overall length of each reporter was equivalent

to 33 total repeats, all rates measured contractions of 5 contraction range for the two reporters. In fact, 9 of 27
contractions observed for the 33-repeat tract were lossesrepeats or larger. Therefore these contraction data over

this size range can be compared directly to expansion of 10–14 repeats. Therefore only a 3-fold reduction in
contraction rate can be attributed to possible deletionrates, since all experiments detect similar size events.

The contraction rate for 0 CTG repeats was below size differences, whereas the rate analysis shows an al-
most 200-fold change.detection (,3 3 1028; Figure 4B). In contrast, contrac-

tion rates for 15- to 33-repeat tracts increased over 100-
fold in a nearly linear fashion on this semilogarithmic

DISCUSSION
plot. An approximate doubling of the initial tract length
(from 15 to 33 repeats) led to over two orders of magni- The results of this investigation reveal that several

major cis-elements that govern human TNR instabilitytude change in contraction rates. Extending the con-
traction analysis to tracts shorter than 15 was judged are operative in the model system S. cerevisiae. First, CTG

expansions in yeast show a threshold of z15 repeats,to be noninformative, since short repeat tracts would
artificially limit the observable contractions to very small indicating the first direct demonstration of a functional

threshold in an organism besides humans. CTG contrac-lengths. This technical limitation of the experiment pre-
vented us from extending the contraction analysis to tions gave results consistent with, although not definitive

for, a threshold of about 17 repeats. Our thresholdlengths below 15 repeats, where additional information
might have helped define a potential contraction experiments help to further differentiate the behavior

of TNRs compared with other simple elements. Forthreshold. Two other features of the results in Figure
4B are noteworthy. First, there is considerable similarity example, mutation rates in yeast increase with the

length of the tract for runs of mononucleotides (Tranwith the expansion rates between 15 and 25 repeats.
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et al. 1997), dinucleotides (Wierdl et al. 1997), and ence thresholds. Although the ability to form secondary
structure is clearly a central element of TNR instabilityTNRs (Maurer et al. 1996; Freudenreich et al. 1998;

Richard et al. 2000; this work). Length dependence per (McMurray 1999), perhaps thresholds are influenced
by trans-acting factors, which might participate in hair-se is therefore not unique to TNRs, but thresholds are.

Second, TNR instability in yeast is dependent on se- pin formation or removal in vivo. We conclude that
differential interactions with cellular proteins providequence. Most G-C rich sequences, which have the capac-

ity to form hairpins in vitro, expand and contract fre- the most reasonable explanation for the difference in
CTG expansion threshold between yeast and humans.quently in yeast. In contrast, A-T rich sequences were

substantially more stable, especially at shorter tract Although 35 repeats has been estimated from in vitro
experiments to provide maximum hairpin strengthlengths. Our results represent the most comprehensive

examination of sequence specificity in eukaryotes and (Gacy et al. 1995), at least two findings suggest that
hairpins form and survive in vivo when TNRs are shorterthereby provide important additional support for a hair-

pin-mediated mechanism of TNR instability in yeast. A than 35. Moore et al. (1999) showed that (CTG)10 and
certain other sequences capable of secondary structurethird similarity is that interruptions stabilize TNR tracts

(Rolfsmeier and Lahue 2000). Clearly there are nu- formation frequently defeat DNA repair during meiotic
recombination in yeast. We found that 110 expansionsmerous parallels of TNR instability in yeast and in hu-

mans. In particular, the rates and sizes of TNR expan- are among the most frequent events starting from
(CTG)25 tracts (Miret et al. 1998). Both results are con-sions in yeast (this study and Miret et al. 1998) are

most similar to the expansions in human polyglutamine sistent with in vitro analysis of hairpins indicating that
(CAG)10 and (CTG)10 melt at temperatures around 508disease genes, such as Huntington’s and spinocerebellar

ataxia 1. There are also several interesting differences (Gacy and McMurray 1998), well above cell growth
temperature. Therefore, relatively short repeats canregarding TNR instability in humans and yeast, includ-

ing the very high mutation frequency in some human achieve adequate hairpin strength and be manifested
as expansions. Together with the observation of a CTGdisorders. Identifying the additional factors that influ-

ence the formation and removal of hairpins during DNA threshold at about 15 repeats in yeast, these findings
make it appear unlikely that thresholds correspond tosynthesis will clearly be important for understanding

the mechanistic features of TNR instability. maximum hairpin strength.
We examined thresholds in a rad27D background be-This study provides a direct demonstration of a TNR

threshold of about 15 repeats for CTG expansions. The cause several reports (Freudenreich et al. 1998;
Schweitzer and Livingston 1998; Spiro et al. 1999)most compelling evidence is that the rate of expansions

increased over 100-fold when the CTG tract length was showed that TNRs are destabilized in this mutant. We
tested the specific hypothesis that destabilization wasincreased from 10 to 20 repeats (Figure 2). It is inher-

ently clear that a simple dependence on tract length manifested in a threshold-dependent manner. How-
ever, the threshold in the mutant background, aboutcannot explain the sharp upward increase in expansion

rate between 10 and 20 repeats. There was no evidence 13 repeats, represented little change from the estimated
15-repeat threshold in wild type. We conclude that thefor a genetic position effect to explain this observation,

since similar thresholds were observed at two different CTG threshold is not substantially altered by the absence
of the flap-processing enzyme and therefore the destabi-integration sites. Therefore we conclude that the thresh-

old value of 15 is bona fide. A parallel approach defined lizing influence of the rad27D mutation appears not to
manifest itself by reducing CTG thresholds. The rela-an apparent threshold for CTG contractions of 17 re-

peats. The similarity in the two threshold values is consis- tively short threshold of 15 repeats in wild-type back-
grounds may have limited our ability to observe reduc-tent with the hypothesis that similar mechanisms govern

TNR expansions and contractions in our system. In hu- tion of the threshold in the rad27D strain. It is possible
that threshold changes in rad27D cells may be moreman diseases, the generally accepted threshold value is

about 35 repeats (Paulson and Fischbeck 1996). If apparent for sequences that exhibit a longer threshold
in wild-type cells. Testing this possibility awaits the iden-thresholds were due solely to hairpin folding energies,

there should be approximately equal thresholds ob- tification of such sequences. The large majority of CTG
expansions from starting tract sizes of 13–25 repeats inserved in yeast and humans. Our results with CTG

expansions suggest otherwise. We considered two possi- the rad27D strain are likely due to aberrant replication,
based on the sizes of the expanded alleles. The re-ble explanations for this difference. The first possibility

is that there is another threshold in humans at 15 re- maining z15% of events in the rad27D strain may arise
from recombination (Spiro et al. 1999) or from reitera-peats, which might be difficult to detect in familial trans-

missions. More sensitive detection methods, using sin- tive synthesis (Sinden 1999).
In humans, nearly all TNR expansion diseases arisegle-sperm analysis of the human HD (Leeflang et al.

1995), AR (Zhang et al. 1994), and MJD-1 (Takiyama from CNG sequences (Cummings and Zoghbi 2000)
and these triplets are capable of hairpin formation inet al. 1997) loci, provide no evidence of a threshold

below 35 repeats. Second, cellular proteins may influ- vitro (Gacy et al. 1995; Mitas 1997). Structural analysis
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also suggested that GAC and GTC repeats form strong expansions, compared to longer tracts. Analysis of hu-
hairpins (Gacy et al. 1995; Mitas 1997) and therefore man male germline events indicates that TNR with
should expand readily. However, the human genome lengths near or below the threshold tend to yield as
is underrepresented for long runs of GAC/GTC repeats. many or more contractions than expansions, whereas
A BLASTN search of the human genome (http:// long TNRs show a strong tendency toward expansions
www.ncbi.nlm.nih.gov on 6-13-2000) showed that the (Zhang et al. 1994; Leeflang et al. 1995, 1999; Mornet
longest run of perfect GAC/GTC repeats was only 20 et al. 1996; Kunst et al. 1997; Takiyama et al. 1997;
base pairs, or 6.67 repeats. If a single interrupting nucle- Monckton et al. 1999). This interesting propensity in
otide is permitted, the longest repeat was only 8.67 re- humans toward excess expansions at long repeat lengths
peats. This underrepresentation of long GAC/GTC re- is not yet understood at the molecular level. In an inter-
peats suggests a reason why expansions of these esting exception, sperm analysis of 500–800 CTG repeat
sequences have not been reported in human disease. tracts at the SCA8 locus displayed a strong tendency

Genetic analysis of 10 different TNRs in our yeast toward contractions, not expansions (Moseley et al.
assay separated the triplets into two groups with a rough 2000). Clearly there is still much to be learned about
correlation between genetic instability and hairpin- expansions and contractions.
forming capacity. Group one triplets (CTG, CGG, CCG, This work was supported by National Institutes of Health award
GAC, and GTC), which form hairpins in solution, GM-61961, by funds from the Eppley Institute, and by a research grant
showed high expansion and contraction rates. The con- from the Muscular Dystrophy Association (all to R.S.L.), by National

Cancer Institute (NCI) Training Grant T32 CA09476 (M.L.R. andtraction rates for CTG and CAG integrated at URA3
M.J.D.), by a Hereditary Disease Foundation postdoctoral fellowship(this article) were virtually identical to values seen when
(J.J.M.), and by NCI Cancer Center Support Grant P30 CA36727these sequences were integrated at ADE8 or HIS3 loci
(Eppley Institute).

(Miret et al. 1997). These similarities further support
the idea that results from our assays are typical of the
entire genome and cannot be ascribed to position ef-
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