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ABSTRACT

Trinucleotide repeat (TNR) instability is of interest
because of its central role in human diseases such
as Huntington’s and its unique genetic features.
One distinctive characteristic of TNR instability is a
threshold, defined as a minimal repeat length that
confers frequent mutations. While thresholds are
well established, important risk determinants for
disease-causing mutations, their mechanistic analy-
sis has been delayed by the lack of suitably tract-
able experimental systems. In this study, we directly
compared for the first time three DNA elements—
TNR sequence, purity and flanking sequence—all of
which are suggested in the literature to contribute
to thresholds. In a yeast model system, we find that
CAG repeats require a substantially longer thresh-
old to contract than CTG tracts, indicating that the
lagging template repeat sequence helps determine
the threshold. In contrast, ATG interruptions within
a CTG run do not inhibit contractions via a thresh-
old mechanism, but by altering the likelihood of
forming a hairpin intermediate. The presence of a
GC-rich flanking sequence, similar to a haplotype
found in some Huntington’s patients, does not
detectably alter expansions of Okazaki fragment
CTG tracts, suggesting no role for this flanking
sequence on thresholds. Together these results
help better define TNR thresholds by delineating
sequence elements that modulate instability.

INTRODUCTION

The inheritance patterns of trinucleotide repeats (TNRs) have
attracted considerable attention because the unstable nature of
these microsatellites profoundly influences a number of
neurological disorders, such as Huntington’s disease (HD).
TNRs expand at high frequency in affected families (reviewed
in 1-5), with TNR length as an especially important risk
factor. Triplet repeats become unstable in humans once they
achieve a minimum allele size, called a threshold, which is
usually about 30-40 repeats long (summarized in 1). Repeat
lengths below the threshold are relatively stable, whereas
repeats longer than the threshold are unstable. For example,

single sperm analysis of the HD locus (6) showed short tracts
of 15-18 CAG repeats mutated at a frequency of 0.6%. The
mutation frequencies increased to 11% and 53%, respectively,
for intermediate repeat tracts of 30 and 36 repeats, and rose
further to 92-99% for diseased alleles of 38—51 repeats. Most
mutations above the threshold are expansions (1-5), but
contractions also occur, and they make up a significant
fraction of events for short tracts (6). A threshold, therefore, is
a unique feature of TNR genetics that distinguishes short,
genetically stable alleles from long, unstable alleles. For the
polyglutamine class of TNR diseases in particular, the
particularly acute dependence of expansion risk on repeat
lengths near the threshold means that allelic changes of just a
few repeats can strongly influence the likelihood of disease for
the individual, as well as the chance of expansion in
subsequent generations (1,3). This reality helps to emphasize
that thresholds are very important and more than just a genetic
phenomenon.

The molecular nature of thresholds remains unclear. One
possibility is that the threshold is largely determined by the
formation of aberrant DNA structures. These structures are
widely believed to be key mutagenic intermediates that can
arise during replication, repair and/or gene conversion (4,5,7—
9). Regardless of the mechanistic source of instability, the
formation of unusual secondary structure is common to all
models of TNR mutability. Structural studies of TNR
sequences associated with disease showed that these sequen-
ces form secondary structures such as hairpins (when single-
stranded), triplexes and slipped-strand duplexes (10-18).
Biophysical analysis from Gacy et al. (13) led to the
hypothesis that the threshold corresponds to the minimum
number of repeats required for stable secondary structure
formation. Taking this model one step further, Mitas (15)
reported that CTG repeats can adopt a hairpin configuration
with fewer repeats than its complementary sequence, CAG.
The difference between the two repeat tracts is the T
nucleotide from CTG stacks better within the helix than
does the A of CAG. Experiments by Pearson et al. (17)
showed that loops of slipped-strand duplexes are more
structured for CTG sequences than for CAG repeats. These
observations support the idea that TNR sequence might
influence thresholds because of structural/energetic consider-
ations. Support also comes from biological evidence in
bacteria, yeast and human cells. Expansions and contractions
are more frequent on the DNA strand containing the CTG
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repeat compared with the CAG run (19-25), where
‘strandedness’ is determined by the nearest replication origin.

The purity of the TNR tract is another element that might
impact thresholds. Normal TNR alleles at the SCAI, SCA2 and
FRAXA loci are punctuated with one to three base-pair
interruptions, but expanded TNR alleles at these loci contain
fewer or no interruptions (26-28). For example, the SCAI
locus in 98% of normal individuals contains CAT interrup-
tions within the CAG repeat tract, but families afflicted with
SCA1 show expanded CAG tracts that are contiguous (26).
These observations are usually interpreted to mean that
interruptions stabilize (prevent expansions) at these loci.
Three molecular explanations are possible for this stabiliz-
ation. First, in vitro analyses of interrupted TNRs showed that
interruptions weaken secondary structures (13,29,30). The
second interpretation is that interruptions break up the repeat
tract into shorter, subthreshold domains (28,31-33). Rather
than being incorporated into a hairpin or other structure,
perhaps the interruptions somehow physically demarcate
where structures can form, consistent with the finding that
interruptions limit the number of slipped-strand isomers that
form in vitro (30). The third interpretation is that interruptions
lead to mismatched bases in or near a TNR hairpin, thus
providing a target for DNA mismatch repair. In yeast, it was
shown that CTG expansions of interrupted repeats were
inhibited primarily in trans by mismatch repair (34). This
mechanism has not yet been demonstrated in other systems.

Flanking DNA sequence is another candidate factor for
influencing TNR instability, possibly by altering thresholds.
Evidence from HD genetics suggests that the flanking
polymorphic CCG repeats exert a haplotype effect on CAG
expansion risk (35-37). The CCG tract is itself stable and does
not change when CAG expansions occur, however, indicating
that any modulation of expansion risk must be indirect.
Structural studies examining the hairpin-forming ability of the
HD CAG repeat, as well as several other expandable TNRs,
indicated that flanking sequences could participate in and
strengthen hairpin structures (13). Further modeling studies
(35) indicated that a specific polymorphism found in the CCG
repeat in one family would further stabilize hairpin formation
by the HD sequence. It has not been possible to assess these
ideas directly using human genetics.

Thresholds are of considerable interest for the reasons
summarized above. Although thresholds have been known in
the literature for some time, the lack of appropriate experi-
mental systems has delayed the ability to directly test the DNA
elements that influence them. Here we present a study in yeast
that examines threshold-dependent TNR instability. Our
results provide clear-cut support for the idea that TNR
sequence directly influences thresholds, at least for
CAG-CTG repeats, but that interruptions and flanking
elements do not.

MATERIALS AND METHODS
Strains

The Escherichia coli strain DH5o [endAl hsdR17 (rk- mk*)
supE44 thi-1 recAl gyrA (nal”) relA A (lacl ZYA-argF) U169
deoR] was used for plasmid constructions and large-scale
plasmid preparations. The Saccharomyces cerevisiae strain
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Figure 1. A genetic assay to monitor TNR alterations in yeast. The regula-
tory region controlling expression of the reporter gene URA3 is shown. The
important features include the following: the TATA box; the trinucleotide
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. The sense strand of URA3 corresponds
to the lagging strand template (22). (A) shows the starting construct with
anticipated transcription (right-angle arrow) initiating within 55-125 base
pairs (square parentheses) from TATA. Initiation at I results in functional
expression of URA3 and sensitivity to 5-FOA. If the TNR expands to =30
repeats [lower half of (A)], 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
that the TNR contains 33 repeats. The top diagram therefore 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 (Ura"). If the TNR loses five repeats or more (to a final tract length of
<28 repeats) (lower diagram), initiation will begin at I and URA3 will be
expressed. The cells with the contracted alleles will change to a Ura* pheno-
type, i.e. be capable of growth on media lacking uracil. In both panels, the
‘top’ strand (i.e. the sense strand of the URA3 gene) is the lagging strand
template.

used was MW 3317-21A [MATo. Atrpl ura3-52 ade2A ade8
hom3-10 his3-Kpnl metd met13 (38)]. An isogenic derivative
containing a disruption in the PMSI gene was described
previously (34). TNR-containing plasmids were directed to
integrate at either LYS2 or ura3 by Bsu36l or Stul digestion,
respectively, followed by transformation via the lithium
acetate protocol (39). Single integrations of the TNR sequence
were confirmed by Southern hybridization.

Plasmids

All plasmids were constructed using the pBL94 vector
described previously (23). Briefly, this vector contains the
URA3 gene driven by the Schizosaccharomyces pombe adhl
promoter, with a unique Sphl site separating the TATA box
and the preferred transcription initiation site (22; see also
Fig. 1). Oligonucleotide duplexes containing the triplet repeat
region of interest were created with a CATG 3’ extension to
allow for insertion into the Sphl site. Many of the TNR
derivatives used in this study were reported earlier (22,23,34).
Constructs unique to this study include the (CAG);s,g and
(CAG)y0,13 repeat contraction derivatives, which contain
randomized nucleotide sequences to normalize all tracts to the
equivalent of 33 repeats. For example, the 54 randomized
bases in (CAG);syis are 5% CGCGGGCCGCGCAAGG-
ACCGCCAAAGAGCAACGACGCAACGCAAGCGGCCA-
GAG 3’. In (CAG),0413 and (CAG),s.g, the randomized region
corresponds to the 5” 39 and 24 bases shown above. The
plasmids used to examine the influence of flanking DNA on



CTG expansions were created by insertion of the oligo-
nucleotide (CGG)sCCGCGG(CTG);sCATG annealed to
(CAG)5CCGCGG(CCG)sCATG into the Sphl site of
pBL94. All plasmids were electroporated into DH5o. using a
Bio-Rad (Hercules, CA) E.coli pulser. Plasmids were
recovered using a QIAspin miniprep kit (Qiagen, Valencia,
CA) and sequenced to confirm the accuracy of the cloned
repeat. Before integration in yeast, large-scale plasmid
stocks were obtained using a Qiagen Plasmid Maxi kit and
re-sequenced to ensure sequence integrity.

Fluctuation analysis

Fluctuation analysis was performed as described previously
(22,23,40). The rates of TNR instability were determined by
the method of the median (41). Briefly, single yeast colonies
harboring the TNR sequence of interest were resuspended in
water and appropriate dilutions were plated onto non-selective
media [yeast extract/bactopeptone/dextrose (YPD)]. After 24—
48 h of growth at 30°C, seven to 10 colonies were resuspended
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 and uracil to
measure the contraction rates, or media lacking histidine but
containing 1 mg/ml 5-fluoroorotic acid (5-FOA) for deter-
mining expansion rates. To ensure reproducibility, at least
three independently isolated clones were tested. The level of
detection in these assays is ~2 X 1078 per cell generation.

Determination of mutational spectra for contractions
and expansions

To analyze colonies that arose from fluctuation analysis, PCR,
usually in the presence of [0-3?P]dCTP, was performed with
primers that flank the triplet repeat tract, as described
previously (22). The products of the PCR reactions were
analyzed on 6% denaturing polyacrylamide gels, and repeat
tract sizes (*£1-2 repeats) were determined by comparison
with a M13 DNA sequence ladder as described previously
(23). In some cases, restriction analysis of the PCR product
was used. Briefly, radioactive PCR amplification of yeast cells
containing a contracted or expanded TNR was purified via
QIAquick PCR purification kit according to the manu-
facturer’s protocol. After purification, 10 000-30 000 c.p.m.
of the PCR products were subjected to restriction analysis with
SfaNlI, to test for retention of ATG interruptions, or Sacll, to
determine the location of the expansion (New England
Biolabs). The restriction digest was visualized on a 6%
denaturing polyacrylamide gel and fragment sizes were
inferred by comparison with an M13 DNA sequence ladder.

RESULTS
Experimental rationale

To help define how thresholds are affected by TNR sequence,
purity and flanking sequences, we utilized a yeast genetic
system for TNR instability that has been described previously
(22,23). This system offers three significant advantages for
answering important questions about thresholds. First, genetic
assays for TNR expansions and contractions (Fig. 1) are
suitably sensitive to reveal changes in instability. Secondly,
direct assessments of thresholds can be achieved through
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straightforward alterations of the TNR motif (see Materials
and methods). Thirdly, evidence for thresholds in yeast, as
summarized below, has already been established, therefore
potential changes in the thresholds can be readily detected.

CAG repeats exhibit a different contraction threshold
than CTG tracts

We examined the possibility that the threshold for CAG repeat
contractions might be higher than for CTG runs. Contractions
were chosen for this experiment because CAG sequences are
known to undergo frequent contractions in our system,
provided that the repeat tract is suitably long (22,23).
Therefore the sensitivity in the assay, up to 10 000-fold over
background, is appropriate to look for a CAG threshold. The
basis for examining CAG-CTG repeats stems from studies
using bacteria (19), yeast (20-23) and human cells (24,25),
which showed that CTG tracts are usually more unstable than
their complementary CAG partners. (Strandedness for con-
tractions is defined by convention as the sequence occupying
the template for lagging strand DNA replication.)
Furthermore, we previously showed that CTG contractions
are governed by a threshold of ~17 repeats (23), so the data
already exist for CTG tracts.

In the current study, we used a chimeric approach where
CAG alleles from zero to 33 repeats were appended with
genetically inert, scrambled sequences to normalize the
overall sequence length. Contraction rates were then measured
as a function of each CAG repeat length. Rate data (Fig. 2A)
are consistent with a threshold for CAG contractions. Similar
results are observed when the reporter is integrated at either of
two loci, ura3 on chromosome V or LYS2 on chromosome II.
Reporter tracts containing zero or 15 repeats show no
detectable contractions and are therefore assigned the baseline
value. A sharp upward break in both curves was observed for
(CAG),y9 and (CAG),s repeats. The contraction rate for
(CAG)33 was even higher, although the curve appears to
flatten out somewhat. The shape of the curve suggests a sharp
demarcation between stable and unstable repeat lengths
predicted for a threshold, and contrasts with the smooth
upward trend expected if contraction rates had a stochastic
dependence on tract length. The CAG contraction threshold,
estimated as the midpoint between the highest and lowest
rates, corresponded to 22 (at ura3) or 23 repeats (at LYS2).
Therefore analysis of CAG repeat contractions at two loci
yielded similarly shaped response curves and nearly identical
estimates of the threshold. We noted an apparent position
effect, in that contraction rates at the ura3 locus were always
5-15-fold higher than for the LYS2 integration site. The
molecular basis for this position effect is unknown at this time.

There is an alternative explanation for the sharp increase
(200-600-fold) in contraction rates between (CAG),, and
(CAQG)33. Perhaps the two reporters measure different size
contractions and therefore the rates are not directly compar-
able. In this scenario, the 33 repeat tract would yield frequent,
large contractions, whereas the 20 repeat allele would be
constricted to shorter, less frequent events. If so, there should
be no overlap in the contraction spectra in the two cases. In
contrast to this prediction, the results in Figure 2B show that
both spectra include deletions of similar sizes (18 to —20
repeats). Eight of the 27 contractions (30%) observed for
(CAQG);3 overlapped with those seen for (CAG),q. Therefore,
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Figure 2. Evidence for a CAG contraction threshold in yeast. (A) Con-
traction rates per cell generation are shown for CAG repeat alleles
integrated at ura3 (filled circles) or at LYS2 (unfilled circles). Note that the
rates are expressed on a logarithmic scale. The alleles tested had a total
length equivalent to 33 repeats, with the non-repeating portion of the tract
filled with randomized sequence to generate a total tract length of 99 base
pairs. Error bars indicate *=1 standard deviation. The rates shown for 0
and 15 repeats are upper limits (<2 X 107%) for both integration sites.
(B) Distribution of contraction sizes arising from the (CAG),, and (CAG);;3
starting tracts (hatched and filled bars, respectively). On the x-axis is the
number of repeats lost with respect to the starting tract length. A change of
18 repeats means a final allele size of 15 repeats for contractions of the 33-
repeat starting tract, or a final allele size of two repeats for the 20-CTG
starting tract. The y-axis shows the number of tract alteration events of that
size. (C) Contraction sizes from various lengths of CTG and CAG starting
tracts, in repeat units. No contraction events were observed for (CAG);s.

even if the other 70% of the larger contractions events were
discounted, there would only be an ~3-fold reduction in the
contraction rate as opposed to the 200-600-fold differences
seen.

Another difference between CTG and CAG repeat deletions
became clear when the contraction size range was compared
from various starting tract lengths (Fig. 2C). The lower end of
the range and the median were always smaller for CTG than
for CAG, whereas deletions at the upper end of the range
tended to be similar. Since contraction size is thought to stem
directly from the size of the hairpin intermediate, this finding
indicates that CTG tracts can form shorter hairpins more
readily than CAG repeats, consistent with the idea that CTG
hairpins in our system are more energetically stable than CAG
hairpins. For longer hairpins (and thus longer contractions),
there is no noticeable difference between CTG and CAG.

Analysis of the mechanism of stabilization for
interrupted TNR contractions

Do interruptions stabilize TNR repeats by altering the
threshold? Both in humans (26,29,32) and in yeast (34,42),
TNR tracts containing one to three interruptions (base pair
substitutions) are considerably more stable than uninterrupted,
perfect repeats. Clearly the presence of the interruption
stabilizes the tract, but different mechanisms are possible.
One idea is that interruptions might reduce the likelihood of
hairpin formation by effectively breaking up a long TNR into
shorter, more stable alleles (Fig. 3A, scheme 1). By this
model, interruptions alter instability by creating TNR
subdomains that might be at or below the threshold. In effect,
this model describes a change in threshold due to the
interruption. In vitro, interruptions have been shown to
decrease the formation of slipped-strand DNA (S-DNA)
structures and also to limit the number of different S-DNA
isomers (30). These findings are consistent with the idea that
interruptions somehow physically demarcate the positions
where perfect repeats start and stop. Alternatively, as shown in
scheme 2, interruptions might be incorporated into TNR
hairpins, thereby causing the hairpin stem to be weakened by
the base—base mismatches arising from the interruptions
(13,29,30). We sought to distinguish these ideas using data
from two previous observations: the threshold for CTG
contractions is ~17 repeats (23) and contraction rates are
reduced ~10-fold when a 25 repeat tract is interrupted to create
subdomains of 17 and six repeats (34). Although the two
existing studies showed similar contraction rates for (CTG),7
and the interrupted tract (7.0 X 10° and 3 X 10,
respectively), this information was consistent with either
model. Additional tests were needed to distinguish them.

We tested the two possibilities in Figure 3A by examining
the sizes of the contracted alleles, rather than their rate of
formation. Scheme 1 (subthreshold theory) predicts that
contractions from the interrupted tracts should be restricted
to <17 repeats, whereas scheme 2 (hairpin destabilization)
allows for both short and long contractions. As standards,
Figure 3B provides the size spectra for uninterrupted
(CTG)17416 and (CTG),s.g repeats. As expected, there is
overlap but the shorter starting tract tends toward shorter
contractions (median value —12) and vice versa (median value
—16 for the longer starting repeat). A key result (Fig. 3C) was
that contractions from interrupted alleles tended to be large
(median —18), with 21 out of 37 (57%) losing =18 repeats;
thus, the majority of contractions must correspond to scheme 2
of Figure 3A.
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Figure 3. Model of interruption-mediated stabilization of contractions. In
(A), the black rectangles represent the non-repeating flanking DNA, the
black line denotes the triplet repeat, the tandem circles correspond to the
interruptions, the arrowheads mark Okazaki fragment replication moving 5’
to 3, and the carats symbolize mismatches within the hairpin. In scheme 1,
it is assumed that the interruptions act to break the repeat tract into two
smaller subdomains. Therefore secondary structures would only form in the
perfect repeat region, contractions would be limited to —17 or less, and the
interruptions will be retained. Scheme 2 allows for secondary structure
formation to include the interruptions, thereby producing extra mismatches.
If contractions occur, they can be any size up to —33 repeats and the inter-
ruptions will be lost. Alternatively, the mismatches may favor hairpin
melting and allow another chance at accurate replication of the tract.
(B) Distribution of contraction sizes for (CTG),s.g (filled bars) and
(CTG)17416 (open bars). On the x-axis is the number of repeats lost and the
y-axis shows the observed number of contraction events of that size.
(C) Distribution of interrupted TNR contraction sizes in wild-type cells.
The results are the compilation of contractions from two interrupted alleles,
(CTG)7ATGATG(CTG)¢ (hatched bars) and (CTG)sATGATG(CTG),;
(darker bars). The asterisks indicate the two cases (out of 37 in total) where
the interruption was retained.

For the remaining contractions that deleted <17 repeats, the
two models can be distinguished by asking whether the
interruptions are retained (scheme 1) or lost (scheme 2). The
ATG interruptions within the CTG tract provide a recognition
site for the restriction enzyme SfaNI (Fig. 4A). Retention of at
least one interruption will yield an SfaNI-sensitive PCR
product. Alternatively, if a contracted allele removes both
interruptions then the PCR product will be resistant to the
cleavage. An example of this analysis is shown in Figure 4B.
We interpreted the gel as follows: if the interruption is
retained, SfaNI digestion will create products of <166
nucleotides. For example, the PCR products from two parental
yeast colonies show SfaNI digestion products of the predicted
sizes, indicating that the technique works properly. Of the 14
contracted alleles tested in Figure 4B, only one (marked with
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Figure 4. Classification of contractions with or without interruptions.
(A) The schematic diagram depicts the parental 3" interrupted repeat tract
and the two possible digestion patterns. The thin lines represent non-
repetitive flanking sequence, the light gray and black boxes symbolize the
perfect CTG repeat sequence, the circles are the ATG interruptions, and the
dark gray boxes are the scrambled (C,T,G) repeats used to normalize
the overall tract to 33 repeats. The expected fragments after SfaNI digestion
of these PCR products are shown (in nucleotides) above each allele.
Cleavage requires the presence of at least one interrupting ATG. The cut
site for SfaNI is displaced by five to nine nucleotides from the recognition
sequence. The resulting four-nucleotide overhang results in two bands dif-
fering in size by four bases. If the interruption is lost, there will be no diges-
tion and the PCR product will be =166 nucleotides. Only repeat tracts that
lost 17 repeats (51 nucleotides) or fewer were tested using this method, so
the maximum possible reduction is 217 nucleotides (starting tract size)
minus 51 nucleotides, i.e. 166 nucleotides. If the interruption is retained and
the contraction took place in the (CTG),; repeat region, the larger band will
contain 130-134 nucleotides and the smaller product will have 32-68
nucleotides, depending on the size of the contraction. (B) An example auto-
radiograph showing contractions from the interrupted allele that have been
amplified and digested with SfaNI. The first two lanes are controls from the
parental 3 interrupted construct. The restriction digest products at 130-134
and 83-87 appear as predicted. Shadow bands, like the ones below the 130
base-pair arrow, are due to polymerase ‘chatter’ and are commonly seen
during PCR of TNRs. The next 16 lanes examine contractions of the inter-
rupted construct. The asterisk indicates the only sample to exhibit sensitivity
to SfaNI. Since the 130-134 base-pair band appeared, the contraction must
have taken place in the 17-perfect repeat region. In this case, the large con-
traction only left a few repeats and therefore the smaller digestion products
have run off the bottom of the gel. In the lane marked with the hash sign,
there was no PCR signal. In some samples (e.g. lanes 3-4), the upper
smeared band is presumed to be a PCR artifact. The lower, more defined
band was used to measure contraction sizes.

an asterisk) showed sensitivity to SfaNI. For the other 13
samples shown, the presence of a band at =166 nucleotides
indicates SfaNI resistance and therefore loss of the
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interruption. Of 16 contraction events analyzed overall, only
two showed sensitivity to this enzyme and these were both in
the shortest contraction observed (Fig. 3C, asterisks).
Combining results from the long (—18 or more) and short
(~17 or fewer) contractions from interrupted alleles, 95% (35
out of 37) deleted the interruption, consistent with scheme 2.
These results provide the first direct evidence that interrup-
tion-mediated stabilization of contractions is due to the
thermodynamic weakening of secondary structure formation,
and not a physical demarcation of the TNR allele. Therefore a
threshold-based model does not explain the observed
stabilization effects.

One possible complication of this conclusion is mismatch
repair (MR). A previous report (34) showed that MR accounts
for ~4-fold of the 10-fold stabilization for contractions of
interrupted alleles. MR was proposed to recognize mismatches
in the hairpin caused by the interruptions and to excise the
hairpin, thus preventing instability. Thus, MR may eliminate
some contractions and thereby skew the size analysis
described above. We found, however, that among contractions
from a pms] strain, deficient in MR, almost all (34 out of 35)
lacked the interruption. Therefore MR does not influence the
distribution of contractions from interrupted alleles.

Influence of CG-rich flanking DNA on the threshold for
CTG expansions

Does the DNA sequence immediately flanking the TNR affect
thresholds? In HD, the expanding CAG repeat is flanked by a
polymorphic (CGG);_,g sequence (35-37,43). There is some
evidence for CCG haplotype effects on CAG expansion risk
(35-37,44). However, the CCG tract length is not known to
change when CAG expansions occur; therefore any effect of
the CCG repeats on CAG instability must be transient. To
account for these findings, we hypothesized that flanking
sequences might alter thresholds. In this scenario, a short
CAG-CTG tract might show unexpectedly high instability in
the presence of a flanking CCG-CGG repeat. One mechanism
to account for this idea comes from the molecular modeling
studies of Gacy et al. (13), which predicted the flanking
CCG repeats may improve hairpin energetics and therefore
lead to more expansions. Another study (35) showed that
one naturally existing HD haplotype creates a sequence
(CAG)35(CCG); with even better folding energies than the
more common haplotypes.

To test the threshold hypothesis, we created a yeast reporter
to mimic the situation at the human HD locus. The expansion
threshold for CTG repeats in yeast is ~15 (23), so this repeat
length was chosen as a starting point because alterations in
expansion rate, either up or down, can be detected. A flanking
sequence of 10 CCG/CGG repeats was appended to form the
test sequence, (CGG)gCGGCCG+(CTG);5. (This sequence is
based on the complementary strand of the HD haplotype
described above. The slight variation from perfect CGG
sequences was intentional, as it creates a Sacll site for later
analysis.) Expansions of five repeats or more can be scored in
our assay. We found the expansion rate of this construct was
3.4 (*£1.5) X 10 events per cell generation. A control
reporter, (CTG),5+(C,T,G),o, with a scrambled repeat flank-
ing sequence yielded nearly as high an expansion rate: 2.6
(£1.0) X 10 events per cell generation. The similarity of
these rates indicates that the flanking repeats tested do not alter

the CTG threshold for expansions in yeast. Does the flanking
CCG-CGG repeat influence expansion sizes? This question
addresses the idea that the flanking DNA might be actively
involved in hairpin formation (13). If so, then some expan-
sions might be larger than the original size of the starting CTG
repeat tract. Expansions of >15 repeats were not observed,
however. For (CGG)sCGGCCG+(CTG); 5 the range of expan-
sions was +5 to +11 repeats (median +8 repeats), and for
(CTG)5+(C,T,G) the range was +7 to +15 repeats (median
+9 repeats).

Do the flanking CCG-CGG repeats expand in this experi-
ment? Modeling studies (13) suggest the presence of the CCG
tract within the hairpin, therefore in principle they might
expand in our system. Alternatively, the expansions in our
experiments might be confined to the CTG-CAG repeats, as in
HD. This issue was resolved by Sacll analysis of expanded
alleles (Fig. SA). Sacll digestion patterns indicate whether the
expansion occurred only in the CTG repeat tract, only in the
CGG flanking sequence, or both (legend to Fig. 5A). The
results of three independent experiments shown in Figure 5B
indicate that expansions took place only in the CTG repeat
region. The number of CGG flanking repeats was unchanged.
We conclude that, in the situation we tested, a CGG tract
flanking a CTG repeat in yeast does not influence the
expansion rate or the spectrum of expanded alleles.

DISCUSSION

In a number of human TNR disease genes, the threshold can
profoundly influence the risk of incurring the disease, and also
of instability in subsequent generations. We sought to
elucidate better the molecular nature of thresholds by
examining DNA elements suggested in the literature to be
potential modulators. By taking advantage of sensitive genetic
assays, it was possible to examine directly the influence of
each element in a yeast model system, and therefore provide
new information about CAG-CTG repeat thresholds. This is
the first time that repeat sequence, repeat purity and flanking
sequences have been compared directly with regard to
thresholds. Our findings indicate that nucleotide composition
strongly influences the rate of contractions by changing the
threshold. In contrast, interruptions do not stabilize contrac-
tions by creating TNRs with subthreshold lengths; instead the
interruptions reduce the likelihood of hairpin formation. When
a GC-rich flanking sequence similar to an HD haplotype was
tested, no effects were detected for expansions of an allele
near the threshold length, suggesting no role for this flanking
sequence in yeast. Together these results help better define
thresholds by delineating sequence elements that do or do not
modulate instability of CAG-CTG repeats. The implications of
these findings are discussed below.

In a previous study, we demonstrated CTG expansion and
contraction thresholds in yeast (23). In the current work, this
approach was extended to provide strong evidence that CAG
repeats are also governed by a contraction threshold in yeast
(Fig. 2A). We observed a dramatic rate increase (up to 7000-
fold over background) for CAG contractions that cannot be
explained by a simple length dependence; instead, the shape of
the curve and the magnitude of the rate changes are consistent
with a threshold. Interestingly, the apparent CAG contraction
threshold (22-23 repeats) is greater than the value for its
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Figure 5. CGG-flanking DNA does not participate directly in CTG expan-
sions. (A) The experimental design. PCR products of expanded
(CGG)sCGGCCGH(CTG),5 tracts were generated and digested with the
restriction enzyme Sacll, which recognizes the underlined sequence.
Digestion of the parental allele with Sacll creates two products. The 80-82
nucleotides contain the CGG repeat flanking DNA (Sacll generates a two-
nucleotide overhang, therefore the cleaved samples display two bands
differing in size by two bases). The second product, of 125 nucleotides, con-
tains the (CTG);s repeats. Three categories of expansion events are possible.
If the expansion occurs solely within the CTG repeat region, the 125-
nucleotide fragment will increase to =140 nucleotides. (Since the expansion
must contain five or more extra repeats to appear in our assay, the minimum
expansion event is 15 nucleotides.) If the expansion is constrained to the
CGG tracts, the 82-nucleotide band will increase to =97 nucleotides. If an
expansion includes both repeating sequences, both bands will increase in
length. (B) A representative gel with eight expansions from three genetically
independent isolates. Lanes 1 and 2 are from the first parental isolate, while
lanes 3-6 are from expanded alleles. Similarly, lanes 7-9 and 10-12 show
parental and expanded alleles from the other two isolates. Rectangles to the
left of the gel indicate the locations of key band sizes, and numbers to the

right show the measured product sizes in nucleotides.

complementary sequence, CTG [~17 repeats (23)]. This
conclusion is also supported by contraction rate data at
specific key allele lengths. At 15 repeats CAG contractions
were undetectable, whereas (CTG),5 contracted at a rate at
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least 120-fold higher (23). Since 15 repeats is significantly
shorter than the CAG threshold but near that for CTG, this
finding confirms the sharp sequence-dependence on instability
conferred by the threshold. Another prediction is that CTG and
CAG contraction rates should become similar at repeat lengths
above the threshold. At 33 repeats, contraction rates for the
two sequences are within ~10-fold of each other, and at 50
repeats the rates are indistinguishable (23,45). Therefore, once
the threshold has been achieved, the difference in nucleotide
composition does not affect the rate of contraction. We note
that other studies have shown higher contraction rates for CTG
tracts than for CAG tracts, even at relatively long repeat
lengths (19-21), suggesting that a much higher CAG
contraction threshold might be operative under different
conditions. In summary, our yeast assay provides direct
evidence that thresholds govern CTG expansions and con-
tractions (23), and CAG contractions (this work). The
remaining possibility—CAG expansion threshold—is not
known about because rates are too low for the repeat lengths
(up to 25) testable in our system.

The results of Figure 2 indicate that one of the most
important components of the threshold is the repeat sequence.
The finding of different CAG and CTG thresholds adds new
information to that gained from previous studies investigating
hairpin strengths of CTG and CAG repeats. The literature is
not unanimous about sequence effects on hairpin strengths.
Some in vitro work (13,46) concluded that CTG and CAG
tracts form hairpins approximately equally well, and in vivo
repair assays under certain conditions support this finding
(47). If both repeats form hairpins equally well in our system,
it implies that thresholds may be dictated, at least in part, by
something other than folding energetics. For example, cellular
proteins may play a role in thresholds. In contrast, the bulk of
the evidence from physical (15,17,48-50) and biological (19—
25) studies indicates that CTG hairpins are more energetically
favorable than CAG hairpins. Our results correspond more
closely to this second interpretation. For example, we
observed a consistent trend where CTG repeats form smaller
hairpins than CAG tracts (Fig. 2C). Our results also provide a
direct correlation between threshold length and hairpin
energetics (i.e. the weaker hairpin corresponds to the longer
threshold). This correlation implies that thresholds are due in
part to hairpin folding energy, as proposed earlier (13). Other
factors in addition to hairpin strength must play important
roles in determining thresholds, since the CTG expansion
threshold in yeast is ~15 repeats (23), compared with 30-40
repeats in humans (summarized in 1). If folding energy were
solely responsible for determining the threshold, one would
expect thresholds to be much closer in yeast and humans than
the observed values.

The stabilizing influence of interruptions on expansions and
contractions has been attributed to three possible sources: the
creation of smaller subthreshold tracts (28,31-33), reducing
hairpin formation (13,29,30) and/or DNA mismatch repair
(34). Previous results from a CTG expansion study indicate
that mismatch repair is the primary stabilizing force (34),
presumably due to the ability of mismatch repair-provoked
excision to remove the hairpin intermediate on the lagging
daughter strand. Thus, for expansions, mismatch repair is the
major stabilizing force, whereas hairpin weakening is thought
to play a minor role (34). Our current results on contractions
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(Figs 2 and 3) as well as previous data (34) suggest a different
mechanism: contractions are inhibited primarily by reducing
the likelihood of hairpin formation, with mismatch repair
playing only a modest role. We showed (Figs 3 and 4) that
contractions of interrupted alleles almost always (=95%)
removed both interruptions, indicating that the interruptions
are incorporated into a hairpin during the mutagenic event.
The reduced contraction rates are therefore directly correlated
with hairpin weakening (Fig. 3A, scheme 2), not with the
creation of subthreshold domains (scheme 1). In another yeast
study, Maurer et al. (51) used repeat tracts containing (CTG)gg
alleles interrupted in the middle by a single ATG repeat. They
observed a large number of contraction events in both wild-
type and mismatch repair-deficient (msh2) backgrounds. In the
majority of these events, the interruption was lost, indicating
that large hairpins can overcome the minor destabilization of
the interruption. In agreement with our results, they showed
(51) that the mismatch repair ability of the cell does not
greatly influence the number of contraction events or their
sizes.

The DNA sequence immediately flanking the HD CAG
repeat, as well as other unstable TNRs, may influence
expansion risk (35-37). One possibility is that thresholds are
involved, particularly if secondary structure formation is a key
feature for determining the threshold and if the flanking
sequence facilitates hairpin formation (13,35). If true, one
would expect that expansion rates would increase for a tract
near the threshold when the flanking sequence is present. We
examined this hypothesis in yeast for the first time using
(CTG);5 tracts with or without a flanking, HD-like CGG
haplotype (Fig. 5). As in HD, there was no change in the
flanking repeat, but there was also no discernible change in the
expansion rate or the size of the expanded alleles compared
with a control sequence. This is the first time, to our
knowledge, that a flanking sequence similar to one found in
an unstable human TNR gene has been evaluated in detail in a
model system.
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