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Abstract
Fragile X-associated disorders are Repeat ExpansionDiseases that result fromexpansion of a CGG/CCG-repeat in the FMR1 gene.
Contractions of the repeat tract also occur, albeit at lower frequency. However, these contractions can potentially modulate
disease symptoms or generate an allele with repeat numbers in the normal range. Little is known about the expansion
mechanism and even less about contractions.We have previously demonstrated that themismatch repair (MMR) proteinMSH2
is required for expansions in a mouse model of these disorders. Here, we show that MSH3, the MSH2-binding partner in the
MutSβ complex, is required for 98% of germ line expansions and all somatic expansions in this model. In addition, we provide
evidence for two different contractionmechanisms that operate in themousemodel, a MutSβ-independent one that generates
small contractions andaMutSβ-dependent one that generates larger ones.We also show thatMutSβ complexes formedwith the
repeats have altered kinetics of ATP hydrolysis relative to complexeswith bonafideMMRsubstrates and thatMutSβ increases the
stability of the CCG-hairpins at physiological temperatures. These datamay have important implications for our understanding
of the mechanism(s) of repeat instability and for the role of MMR proteins in this process.

Introduction
The Fragile X (FX)-related disorders (FXDs) are Repeat Expansion
Diseases that result from expansion of a microsatellite with the
repeat unit CGG/CCG. The microsatellite is located in the 5′ UTR
of the FMR1 gene [reviewed in (1)]. Alleles with 55–200 repeats are
referred to as premutation (PM) alleles and such alleles are prone
to expansion or contraction in humans and in an FXD mouse
model (2–4). Moderate expansions can result in larger PM alleles
that modulate the risk of Fragile X-associated tremor/ataxia syn-
drome and Fragile X-associated primary ovarian insufficiency,

two clinical conditions that affect PM carriers. More extensive
expansions into the full mutation range (>200 repeats) result in
Fragile X syndrome, a form of intellectual disability. Contractions
are also clinically relevant because they can result in tissue
mosaicism (5–10) that can complicate risk assessment. Contrac-
tions can alsomodulate disease risk or even result in reversion to
a normal allele (11–15). The molecular basis of these expansions
and contractions is not known. We and others have shown that
the individual strands of the FX repeat form hairpins and other
folded structures that are similar to those formed by other
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disease-associated repeats (16–26). These structures are thought
to be the substrates upon which the expansion and contraction
pathways act. Interruptions to the purity of the CGG/CCG-repeat
tract in the formof one ormore interspersedAGG/CCT triplets are
seen in some FMR1 alleles. These interruptions would be pre-
dicted to reduce hairpin stability and have been shown to reduce
risk of expansion in humans (27–29).

Two basic types of expansionmodels have been proposed, the
first inwhich instability results fromdifficultieswith replication of
the repeat-containing regionduringnormal chromosomeduplica-
tion and a second that invokes some form of aberrant DNA repair
(30). However, an effect ofmaternal age on the risk of expansion in
humans is seen, suggesting that expansion occurs in oocytes (28),
a cell in which DNA replication does not occur. Thus, a problem
with DNA repair rather than chromosomal replication may be re-
sponsible for expansion, at least in some cells. However, we have
also shown that in mice somatic expansion only occurs when the
PMallele is on the active X chromosome (31) and a re-examination
of humandata (32) suggests that the same is true inwomen. Thus,
transcription or transcriptionally competent chromatin plays an
important role in the expansion process (31).

We have previously shown that this transcription dependence
is not related to a role for Transcription Coupled Repair (4). Rather,
we have shown that the mismatch repair (MMR) protein MSH2 is
required for all germ line and somatic expansions in the mouse
model (33). A similar requirement for MSH2 has been observed for
expansion in other mouse models [reviewed in (34)]. However,
whether MSH2 acts to promote expansions in the FXD mouse via
its interaction with MSH3 in the MutSβ complex, one of the two
MSH2-containing complexes in mammalian cells, or via its inter-
actionwithMSH6 in theMutSα complex, the secondMSH2-contain-
ing complex, was not known. Furthermore, very little is known
about the mechanism responsible for contractions. In fact, to date
no proteins or pathways have been identified that are responsible
for the generation of contractions in humans or in mouse models.

We showhere thatMSH3, and thusMutSβ, is required for 98%of
germ line expansions and all somatic expansions in a mouse
model for the FXDs. In addition to a role of MutSβ in generating ex-
pansions, we also uncovered two additional unappreciated aspects
of CGG-repeat instability in these animals. First, we show that in
micewild type (WT) forMsh3, two discrete contraction size classes

can be seen, one involving the loss of ∼1–2 repeats and a second
that results in the loss of larger repeat numbers. Second, we dem-
onstrate a hitherto undescribed role for MutSβ in repeat instability
in mice, namely its ability to promote the formation of larger con-
tractions. The fact thatMutSβ promotes the generation of one class
of contractions andnot the other, alongwithour biochemical stud-
ies on binding of MutSβ to the FX repeats, has interesting implica-
tions for models of the mechanism of repeat instability.

Results
Loss of MSH3 eliminates all somatic expansions

We examined the effect of the loss of MSH3 on the extent of ex-
pansion in the somatic tissue of FXD male mice with ∼140 CGG/
CCG repeats. We used the somatic instability index (SII) as a
quantitative measure of the extent of repeat expansion (35). In
Msh3+/+ animals, the heart, an organ that shows very little som-
atic instability, has an SII of −0.1 (Fig. 1). The negative value re-
flects the contribution to the SII of PCR products that are
smaller than the original allele. These products are present at
the same levels in the PCR profiles of all organs tested and in an-
imals of all ages (3,4,36) and thus likely represent strand-slippage
products produced by PCR across the repeats as described previ-
ously for the FX repeats (33) as well as many other short tandem
repeats (37–39). In organs other than the heart, the SII ranged
from 1.0 (kidney) to 6.8 (testes). As can be seen in Figure 1B,
most of the PCR products larger than the original allele seen in
the heart of an Msh3+/+ mouse are absent from the PCR profile
generated from DNA purified from the heart of an Msh3−/−

mouse. However, the PCR products smaller than the original
allele were indistinguishable from those seen in Msh3+/+ mice.
Almost all of the PCR products larger than the original allele are
also lost from other, more expansion-prone organs. For example,
the PCR profile for liver was indistinguishable from that of heart in
Msh3−/− animals (Fig. 1B). In fact, all organs ofMsh3−/−mice showed
a slight negative SII similar to what was seen in heart (Fig. 1A).
Thus, expansions were essentially eliminated in Msh3−/− animals
and because no novel PCR products smaller than the original allele
were observed in any organ, the loss of expanded alleles cannot be
explained by an increase in contractions. Thus, MSH3, and

Figure 1. Loss of MSH3 reduces somatic expansions. (A) The SII for the organs of six 6-month-oldMsh3+/+,Msh3+/− andMsh3−/− males was determined and the average SII

for each organ plotted. The initial repeat number in these mice was ∼140. The negative value for the heart in animals of each genotype and for the remaining organs in

Msh3−/− mice reflects the strand-slippage or stutter products that are typically seen when large repeat tracts are amplified rather than contraction events. The SIIs for

Msh3−/− animals that are significantly different from WT animals are marked with asterisks (*P < 0.05; **P < 0.01; ***P < 0.001). (B) Comparison of the GeneMapper PCR

profiles for the heart and liver of one Msh3+/+ and one Msh3−/− mouse.
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therefore MutSβ, is required for the generation of somatic expan-
sions. Even in Msh3+/− animals, the SII was significantly lower in
tail, liver and testes than that in Msh3+/+ animals indicating that
the loss of even one Msh3 allele is sufficient to reduce the expan-
sion frequency (Fig. 1A).

Loss ofMSH3 eliminates almost all germ-line expansions

In Msh3+/+ males, the expansion pathway predominates as
evidenced by the fact that 90% of alleles transmitted by 2- to 6-
month-old Msh3+/+ males had expansions (Fig. 2A). In contrast,
in the progeny of Msh3−/− fathers of the same age, only 2% did.
This decrease in expansions in the progeny of Msh3−/− fathers
is associated with an increase in the frequency of unchanged
alleles [79% up from 5% seen in the progeny Msh3+/+ fathers
(P = 0.0001); Fig. 2A]. Thus, our data would be consistent with a
role of MSH3, and thus MutSβ, in promoting expansions. The
fact that unchanged alleles predominate when expansions are
lost inMsh3−/−mice confirms our earlier hypothesis that the con-
traction pathway is not very active in young males (4). The pro-
portion of contractions is significantly increased in the progeny
of 7- to 12-month-old Msh3−/− males (Fig. 2B), consistent with
the idea that the contraction pathway becomes more prominent
with age in these animals (4).

The proportion of contracted and unchanged alleles in the
progeny of 2- to 6-month-old Msh3−/− mice also contrasts with
what was seen in the progeny of age-matched Msh2−/− animals

where both unchanged and contracted alleles increased to simi-
lar extents (33). As Msh3−/− mice lack MutSβ, but still produce
MutSα, whereas Msh2−/− mice lack both MutSβ and MutSα, the
difference in the distribution of the residual alleles in Msh2−/−

mice compared with Msh3−/− mice likely reflects the effect of
the loss of protection by MutSα against repeat contractions.
Thus, MutSαmay be a key player in the error-free repair pathway
that we had previously identified (36). This hypothesis is current-
ly being tested in mice lacking MSH6.

Loss ofMSH3 in 2- to 6-month-old females also resulted in a sig-
nificant reduction in expansions (Fig. 2C). However, in contrast to
the relatively low level of contractions seen in the offspring of
males, 58%of the residual alleleswere smaller than the parental al-
lele. Furthermore, the contraction frequency increased with age
such that in the progeny of 7- to 12-month-old Msh3−/− females,
only contractions were seen (Fig. 2D). This is consistent with our
previous observations that the contraction pathway is more active
in the female germ line than it is in themale germ line even in an-
imalsWT for theMMRproteins (4). The contraction pathway is thus
able tocompetemoreeffectivelywith theerror-freepathway for the
instability substrate when the expansion pathway is eliminated.

Msh3+/+ mice show a bimodal distribution of germ line
contraction sizes

Visual inspection of the contractions seen in the progeny of 2- to
6-month-oldMsh3+/+ parents suggested a bimodal distribution of

Figure 2. Loss ofMSH3 reduces paternally andmaternally transmitted intergenerational expansions. The number of expansions, contractions and unchanged alleles seen

on transmission of a PM allelewith∼140 repeats fromWT,Msh3+/− andMsh3−/− parents was determined in the progeny of 2- to 6-month-old (A) and 7- to 12-month-old (B)
males and in the progeny of 2- to 6-month-old (C) and 7- to 12-month-old (D) females. The error bars represent the 95% confidence intervals. The allele classes that are

significantly different from WT animals are marked with asterisks (*P < 0.05; **P < 0.01; ***P < 0.001).

Human Molecular Genetics, 2015, Vol. 24, No. 24 | 7089



contraction sizes. This was confirmed using Hartigans’ dip test
(40) that indicated a significant deviation from unimodality con-
sistent with a bimodal distribution, for both paternal (P = 0.029)
and maternal (P = 0.041) transmission. Based on the minima
seen in the associated density plots (−7 for females and −10 for
males), the alleles were divided into 2 groups, 1 involving repeats
having lost <7 repeats and 1 involving the loss of >7 repeats
(Fig. 3A). The first group had an average loss of ∼1–2 repeats,
whereas the second group had an average loss of 12 repeats for
females and 17 for males. In the case of paternal transmissions,
56% of contractions fell into the first group, whereas 44% of con-
tractions fell into the second group (black bars in Fig. 3A). In the
case of maternal transmission, 53% of contractions fell into the
first group, whereas 37% of contractions fell into the second
group (white bars in Fig. 3A). This bimodal distribution was not
noted previously because the low frequency of contractions in
WT animals makes the accumulation of statistically significant
sample numbers difficult.

As previously reported (4,33), no contractions are seen in the
progeny of older Msh3+/+ males (Fig. 2B). This is due to the high
frequency of expansion that persists throughout life in male
mice (4). The net result is that, in the progeny of older males,
even alleles that once had sustained contractions have now
undergone one or more rounds of expansion (4).Msh3+/+ females
in this age group still show contractions, perhaps because the
contraction frequency increases in prominence in females with
age (4). However, the progeny of Msh3+/+ females show a broader

distribution of contraction sizes with less clear evidence for bi-
modality than do the progeny of 2- to 6-month-old females
(Fig. 3B). This may be because in older mothers each transmitted
allele has been subjected tomultiple rounds of expansion and/or
contraction that complicate the data interpretation.

The bimodal distribution of contractions that is apparent in
younger animalsmay indicate the operation of two different con-
traction mechanisms, one that gives rise to small contractions
and one that is responsible for larger ones.

Loss of MSH3 increases the contraction frequency but
reduces the average contraction size

While the number of contractions transmitted was ∼3-fold high-
er in 2- to 6-month Msh3−/− males than it was in similarly aged
WT males, careful analysis demonstrated that all of these con-
tractions involved the loss of a single repeat unit (Fig. 3C; Fisher’s
exact test for the difference between small (<7) and large (>7) con-
tractions in Msh3+/+ and Msh3−/− males P = 0.0325). Similarly,
while 2- to 6-month-old Msh3−/− females transmitted ∼5-fold
more contractions than 2- to 6-month-old Msh3+/+ females, no
large contractions were seen (Fig. 3C; Fisher’s exact test for the
difference been small and large contractions in Msh3+/+ and
Msh3−/− females, P = 0.0015). However, the transmitted contrac-
tions were slightly bigger on average than the contractions trans-
mitted by Msh3−/− males (−2.11 versus −1.00; t-test: P = 0.0178).
This could be due to the higher contraction frequency seen on

Figure 3. The distribution of contraction sizes in the progeny ofMsh3+/+ andMsh3−/−males and females. The distribution of the numbers of repeats lost was plotted for the

contracted alleles in the progeny of 2- to 6-month-old Msh3+/+ males (n = 9) and females (n = 32) (A), 7- to 12-month-old Msh3+/+ females (n = 18) (B), 2- to 6-month-old

Msh3−/− males (n = 10) and females (n = 28) (C) and 7- to 12-month-old Msh3−/− males (n = 20) and females (n = 38) (D). No contractions were seen in 7- to 12-month-old

Msh3+/+ males.
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maternal transmission that increases the likelihood that some
alleles undergo more than one round of contraction (compare
Fig. 2A and C).

As no contracted alleles are seen in the progeny of older
Msh3+/+ males, we were unable to compare the contraction sizes
in Msh3+/+ and Msh3−/− males in the 7- to 12-month-old range.
However, as can be seen from Figure 3D, the progeny of 7- to
12-month-old Msh3−/− males had a distribution of contraction
sizes that was still displaced toward smaller alleles than the pro-
geny of 2- to 6-month-old Msh3+/+ males with only 5% of alleles
having >7 repeats. As can be seen in Figure 3D, in the progeny
of 7- to 12-month-old Msh3−/− females, the average contraction
size was also smaller than that in Msh3+/+ mice of the same age
with no large contractions being found (Fisher’s exact test for
the difference been small and large contractions, P = 0.0001).
Taken together our data thus show that the loss of Msh3 leads
to preferential loss of larger contractions but does not eliminate
contractions altogether.

MutSβ binds to and stabilizes the secondary structures
formed by the FX repeats

As promoting expansions and contractions is inconsistent with
the canonical role of MMR in protecting against microsatellite in-
stability, we initiated biochemical studies aimed at understanding
other ways in which MutSβ might be acting. We first generated
substrates containing a loop-out of (CCG)13 or (CGG)13 that were
modeled on those used previously to examine MutSβ binding to
CAG-repeats (41) and shown in Table 1. We included substrates
with (CAG)13 or (CTG)13-repeat loop-outs for comparison. We
then tested the abilityof purifiedMutSβ to bind to these structures.
As can be seen in Figure 4, MutSβ binds as well to CGG- and CCG-
repeats as it does to CAG- and CTG-repeats. In fact, if anything, the
binding ofCCG-repeats ismore extensive thanbinding to theother
repeats as evidenced by the binding seen at lower concentrations
ofMutSβ aswell as by the ratio of bound tounboundprobe.Of each
pair of loop-outs, the loop-out forming the hairpin with the most
unstablemismatchwas the one thatwas boundmore strongly (i.e.
CCG>CGG; CAG>CTG). Evidence of multiple DNA–protein com-
plexes could be seen on each DNA substrate, consistent with the
idea that more than one MutSβ dimer is able to bind such loop-
outs as previously reported for CAG-loop-outs (41).

Recent works suggest that ATP binding and hydrolysis by
MutSβ are differentially modified by the substrates of different
repair pathways (42–44). Specifically, it has been suggested
that substrates of different repair pathways induce specific

conformational changes in the DNA-binding domains of MutSβ
that are then relayed to the ATPase domains resulting in changes
in the kinetics of ATP hydrolysis (42). As can be seen in Figure 5
and consistent with what was reported for a CAG-loop-out (41),
binding to either a CGG-loop-out or a CCG-loop-out resulted in al-
tered kinetics of ATP hydrolysis relative to binding to a (CA)3 loop-
out that is a bona fideMMR substrate (45). Thus, differences likely
exist between the conformation of MutSβ when bound to the FX
loop-outs and the conformation of MutSβ bound to a bona fide
MMR substrate that affects ATP hydrolysis. This altered MutSβ
conformation may result in less efficient signaling to proteins
downstream in the MMR pathway or in more efficient signaling
to an alternate repair pathway.

To assess the effect of MutSβ binding on the stability of the FX-
repeat structures, we monitored the thermal denaturation of the
oligonucleotide in the presence of BSA or MutSβ. As the hairpin-
to-single-stranded transition of even a very short CGG-repeat
oligonucleotide occurs at temperatures above the denaturation
temperature of the most proteins (16,46), we limited our study to
the CCG-repeat. The 5′ end of a (CCG)10 oligonucleotidewas labeled
with 5-carboxy-X-rhodamine (ROX™), a fluorescence donor and
the 3′ endwas labeledwith IOWABlack® RQ, afluorescence accept-
or/quencher. This enabled the stability of the hairpins to be as-
sessed in the presence of MutSβ by monitoring the increase in
the fluorescence signal at the ROX™ emissionwavelengthwith in-
creasing temperature. The oligonucleotide was denatured and
cooled under conditions in which the repeats are known to form
hairpins (17–21,47,48). The oligonucleotide was then mixed with
MutSβ and subjected to increasing temperatures as described in
the Materials and Methods. Increasing temperatures resulted in a
progressive increase in fluorescence at 608 nm consistent with
melting of the secondary structure formed by the CCG-repeat.
The melting curves obtained for both protein-CCG-repeat mix-
tures fit a two-state model (Supplementary Material, Fig. S2). The
thermodynamic parameters derived from analysis of the melting
curves are shown in Table 2. As can be seen from this table, the
presence of MutSβ resulted in higher ΔG at 37°C than is seen in
the presence of BSA suggesting that MutSβ increases the stability
of the CCG-repeat structure at physiological temperatures.

Discussion
We have previously shown that MSH2 is required for all paternal
andmaternal germ line expansions as well as for somatic expan-
sions. We show here that loss of MSH3 eliminates 98% of germ
line and all somatic repeat expansions in these animals (Figs 1

Table 1. Oligonucleotides used in this study

Name Sequence Assay

DuplexBSa 5′ CTGCCTCAAGTGTTCGGACTCTGCCTCAAATGA
CGGTAGTCAACGGCTTGGACGGTAGT 3′

EMSA/ATPase

DuplexTS 5′ ACTACCGTCCAAGCACGTTGACTACCGTCATTT
GAGGCAGAGTCCGAACACTTGAGGCAG 3′

EMSA/ATPase

(CNG)13TS
b 5′ ACTACCGTCCAAGCACGTTGACTACCGTCACNG

CNGCNGCNGCNGCNGCNGCNGCNGCNGCNGCNG
CNGTTTGAGGCAGAGTCCGAACACTTGAGGCAG 3′

EMSA/ATPase

(CA)3TS 5′ ACTACCGTCCAAGCACGTTGACTACCGTCACAC
ACATTTGAGGCAGAGTCCGAACACTTGAGGCAG 3′

EMSA/ATPase

(CCG)10 5′ ROX-CCGCCGCCGCCGCCGCCGCCGCCGCCGC
CG-IOWA Black RQ 3′

Thermal melting

aThis oligonucleotide was labeled at the 5′ end with biotin during synthesis for use in EMSA reactions.
bN represents either A, G, C or T.
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and 2). As MSH3 acts together with MSH2 in the MutSβ complex,
our data demonstrate thatMutSβ is required for almost all expan-
sions in the FXD mouse model. This would be consistent with
what has been found in some mouse models of other Repeat Ex-
pansionDiseases (49) but not others (50,51). AsMSH2 does not act
independently of MSH3 and MSH6 in eukaryotes, it seems most
likely that the remaining MSH2-dependent MSH3-independent
germ line expansions involve MSH6 and thus MutSα. MutSα has
been implicated in somatic expansion in a mouse model of the
GAA/TTC-expansion disorder, Friedreich ataxia (FRDA) (52) and
in induced pluripotent stem cells derived from FRDA patients
(53). However, MutSα protects against germ line expansion in
the FRDA mouse (50) and against somatic expansion in a

mouse model for the CTG/CAG-expansion disorder, myotonic
dystrophy type 1 (54). Furthermore, it has no effect on germ line
expansion in another model of the same disease (49) or in either
germ line or somatic expansion in a mouse model of Huntington
disease, which results from expansion of the same repeat (51).
Why different mouse models differ with respect to the role
played by MutSβ and MutSα remains to be seen.

Analysis of the distribution of repeat contractions in Msh3+/+

animals revealed the existence of two different contraction size
classes, one involving the loss of just 1–2 repeats and a second
class involving the loss of a much larger number of repeats
(Fig. 3). As Msh3−/− animals have a distribution of contractions
that is strongly shifted toward alleles that have lost fewer repeats,
our data suggest that MutSβ is specifically involved in the gener-
ation of large contractions. The fact that MutSβ preferentially af-
fects larger contractions but does not eliminate expansions
altogether lends support to the idea that there are two different
contraction mechanisms operating in the FXD mouse model,
one that is MutSβ independent and one that is MutSβ dependent.
It may be that the MutSβ-dependent contractions represent one
outcome of the same process that gives rise to expansions. This
would be of interest because it would indicate that while the
mechanism responsible for expansion is strongly expansion
biased, it can also generate contractions, albeit at lower frequency.
Thiswouldhave interesting implications for theunderlyingmech-
anism.Thenature of theMutSβ-independent contractionpathway
remains unclear.

To date there have been no other reports of MutSβ-dependent
contractions inanyother Repeat ExpansionDiseasemousemodel,
although the loss of MutSβ was shown to decrease contractions
in repeat-containing minigene construct inserted into a human
fibrosarcoma cell line (55). However, as contractions occur at such
low frequencies in mice WT for MutSβ, it may be that larger stud-
ies in these models are needed to fully address this possibility.
Whether MutSβ-dependent expansions and contractions arise
via the same pathway in the FXD mouse model is not known.
Our data showing that MutSβ binds well to both strands of the
FX repeat suggest the possibility that both strands are potential
substrates for MutSβ-dependent events (Fig. 4).

Our evidence that the kinetics of ATP hydrolysis is altered by
loop-outs of either strand suggests that the conformation of
MutSβ on binding to the loop-outs may differ from its conform-
ation on binding to a canonical MMR substrate (Fig. 5). It has
been suggested that the substrate-dependent regulation of the
ATP hydrolytic cycle is critical for differentiating between differ-
ent repair pathways (42–44). If this is in fact so, it may be that the
altered kinetics of ATP hydrolysis relatively to a typical MMR sub-
strate reflects the involvement of a different repair pathway in
the generation of expansions and contractions. The effect of
MutSβ on CCG-hairpin stability suggests that one way that
MutSβ could act to promote both expansions and contractions
is by increasing the longevity of the hairpins (Table 2), perhaps
giving time for these structures to be channeled into an alterna-
tive pathway that generates expansions. We have previously
shown that Polβ, a key polymerase in the base excision repair
pathway, is also important for repeat expansion (56). However,
while a hypomorphic POLΒ mutation decreases the expansion
frequency, our data suggest that it does not decrease the fre-
quency of large contractions. One possibility is that MutSβ acts
upstream of Polβ to bind the substrate for instability, channeling
some bound substrates into the Polβ pathway to generate expan-
sions while diverting others into a different pathway that results
in contractions. The nature of the MutSβ-independent contrac-
tion pathway is unknown.

Figure 4. MutSβ binds to the individual strands of the FX repeat. Purified human

MutSβ was added to reaction mixtures containing either a fully heteroduplex

molecule (duplex) or otherwise duplex oligonucleotides containing the

indicated repeat loop-outs at concentrations of 200 pM, 400 pM, 1 and 4 n as

described in the Materials and Methods. The DNA and DNA–MutSβ complexes

were then analyzed as described in the Materials and Methods. Note that while

some MutSβ binding to duplex DNA, a poor MMR substrate, can be seen (upper

left panel), this binding is relatively inefficient as evidenced by the large

fraction of unbound (free) probe.
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Materials and Methods
Mouse maintenance

The generation of the FXD PM mice was described previously (2).
TheMsh3+/−micewere generated previously (57,58), and cryopre-
served embryos were obtained from the NCI Mouse Repository
(Frederick, MD). Live born pups were generated from these em-
bryos by implantation into the oviduct of pseudopregnant recipi-
ents using standard procedures. Multiple breeding pairs were set
up from Msh3 heterozygous parents to generate the appropriate
genotypes. Msh3+/+ littermates from these crosses were used as
controls. Mice were maintained in accordance with the guide-
lines of the NIDDK Animal Care and Use Committee and with
the Guide for the Care and Use of Laboratory Animals (NIH publica-
tion no. 85-23, revised 1996).

Genotyping and analysis of repeat number

Genomic DNA frommouse tails was extracted using KAPA Mouse
Genotyping Kit (KAPA Biosystems, Wilmington, MA). Genomic
DNA from other tissues was extracted using a Maxwell®16 Mouse
tail DNA purification kit (Promega, Madison, WI) according to the
manufacturer’s instructions. Msh3 genotyping was carried out
as described elsewhere (http://mouse.ncifcrf.gov/protocols.asp?
ID=01XA3&p_allele=Msh3%3Ctm1Rak%3E&prot_no=1). The pres-
ence of the PM allele and its repeat number were determined
using a fluorescent PCR assay and FraxM4 and FraxM5 primer
pair as described previously (3). The somatic instability index
(SII) was calculated from the GeneMapper profiles of DNA from

different organs as previously described (3,35) and used to eva-
luate the extent of somatic expansion in adult mice. Fisher’s
exact test and the calculationof 95%confidence intervalswere car-
ried out using the GraphPad QuickCalcs website (http://www.
graphpad.com/quickcalcs). Hartigans′ dip test was implemented
using the dip.test command in the R diptest library.

Purification of human MutSβ

Human MutSβ was purified as described previously (45). Briefly,
bacmids containing a region coding for His8-MBP-tagged human
MSH2 andMSH3were transfected into SF-9 cells in Grace’s Insect
Cell Medium using Cellfectin II (Life Technologies, Grand Island,
NY) according to the manufacturer’s instructions. MSH2 and
MSH3 were then co-expressed by infecting Hi5 insect cells with
both of the viruses. The cells were harvested at 48 h after infec-
tion, lysed in Buffer A [25 mM Hepes pH 8.0, 1 M NaCl, 30 m

imidazole, 10% (v/v) glycerol and 1 m Tris (2-carboxyethyl)
phosphine hydrochloride (TCEP) and MutSβ affinity purified
using a Ni2+ affinity column (GE Healthcare, Piscataway, NJ)].
The proteins were eluted with a step gradient of 30% (v/v) Buffer
B (Buffer A+300 m imidazole). The (His)8-MBP tags were cleaved
off using PreScission protease (GE Healthcare) and removed by
passage over Amylose resin. The proteins were further purified
using Heparin, Mono Q (GE Healthcare) and Superdex-200 col-
umns. Proteins were stored in a buffer containing 25 m HEPES
pH 8.0, 100 m KCl, 5 m MgCl2, 0.1 m EDTA, 5–30% (v/v) gly-
cerol and 1 m TCEP at −20°C. The purity of the preparation
was checked by SDS–PAGE gel electrophoresis of the Mono Q
and Superdex-200 fractions. No contaminating proteins were
seen in the MutSβ preparation, and equivalent amounts of
MSH2 and MSH3 are present (Supplementary Material, Fig. S1).

EMSA analysis of MutSβ binding to CGG, CCG, CTG and
CAG-repeats

The oligonucleotides used for this study are listed in Table 1 and
were annealed as described previously (41). The bottom strand

Figure 5. Binding of CGG- and CCG-repeats affects the kinetics of ATP hydrolysis by MutSβ. Steady-state ATP hydrolysis was measured using a TLC-based assay as

described in the Materials and Methods section. MutSβ without any added DNA was used as a negative control. A oligonucleotide containing a (CA)3 loop-out that

elicits efficient ATP hydrolysis by MutSβ (45) was used as a positive control. Duplex is a fully Watson-Crick base-paired oligonucleotide, i.e. containing no mismatches.

Its sequence corresponds to the duplex regions of the repeat-containing oligonucleotides (including (CA)3) and serves as a control forMutSβ binding to the free ends of the

duplex regions.

Table 2. Comparison of the free energy (ΔG) at 37°C and enthalpy (ΔH)
required to denature the secondary structure formed by CCG-repeats

Protein ΔG (37°C) kcal/mol ΔHm kcal/mol

BSA 1.88 ± 0.08 28.4 ± 0.9
MutSβ 3.48 ± 0.18 52.4 ± 4.1
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oligonucleotide in each case (DuplexBS) was labeled at the 5′
end with biotin (Integrated DNA Technology, Coralville, IA). The
binding reactions were carried out using the Gelshift™ chemilu-
minescent EMSA kit (Active Motif, Carlsbad, CA) according to
the manufacturer’s instructions. Briefly, purified human MutSβ
(0–4 n) was incubated with 2 fmoles of the duplexed oligonu-
cleotides in a buffer containing 25 m HEPES pH 8.0, 100 m

NaCl, 5 m MgCl2, 0.1 m EDTA, 4% (v/v) glycerol, 2 m TCEP
and 0.2 mg/ml BSAand incubated for 10min at room temperature.
The complexes were resolved on a 6% (w/v) DNA-Retardation gel
(Life Technologies) in 0.5× TBE at 4°C. The DNA and the DNA–
protein complexes were transferred to a nylon membrane, UV
cross-linked using a Stratalinker (formerly Stratagene, now Agi-
lent Technologies, Santa Clara, CA). The membrane was then
blocked, incubated with Streptavidin-HRP conjugate and the
DNA detected as per the kit protocol.

MutSβ ATPase assay

The MutSβ ATPase activity was assayed in 15 µl of a buffer con-
taining 25 m HEPES (pH 8.0), 100 m KCl, 2 m TCEP, 5%
glycerol, 5 m MgCl2, and 100 n or 200 n human MutSβ and
400 n or 300 n of the indicated oligonucleotide substrates. Ki-
netic data were obtained by varying the ATP concentration from
10 to 80 μM containing 50 fmol of α-32P-ATP (PerkinElmer, Wal-
tham, MA) in each reaction. The reaction was incubated at 37°C
for 15–30 min and terminated by addition of an equal volume
of 50 m EDTA. One microliter of each reaction mix was spotted
on a PEI-cellulose TLC plate (Grace Davison Discovery Sciences,
Albany, OR). Labeled ATP and ADP were separated by developing
the TLC plate in 0.75 M KH2PO4 and visualized by storage phos-
phor autoradiography in a Typhoon TRIO Imager (GEHealthcare).
ImageQuant TL software (GE Healthcare) was used to quantify
the products, and GraphPad Prism (GraphPad Software, La Jolla,
CA) was used to plot the graphs and calculate Km and kcat values.

Thermal analysis of the CCG-repeats in the presence of
MutSβ

Fluorescently labeled (CCG)10 oligonucleotide was resuspended
in a buffer containing 25 m HEPES at pH 7.3, 25 m KCl, 1 m

MgCl2, 0.1 m EDTA, 4% (v/v) glycerol, 2 m TCEP and 0.2 mg/ml
BSA. The oligonucleotide (90 n) was heated to 95°C for 5 min
and then allowed to cool to room temperature to permit hairpin
formation. Human MutSβ or BSA was added to a concentration
of 360 n as indicated. Thermal denaturation was monitored
by measuring the change in ROX™ fluorescence at 608 nm in a
StepOnePlus™ real-time PCR machine (Applied Biosystems,
Carlsbad, CA) with a heating rate of 0.6°C/min. The data reported
represent the average of three replicates. The thermodynamic
parameters were derived from the melting curve using a two-
state model (closed and open states).

Supplementary Material
Supplementary Material is available at HMG online.
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