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Trinucleotide repeat expansions cause 17 heritable human neurological disorders. In some diseases, somatic ex-
pansions occur in non-proliferating tissues such as brain where DNA replication is limited. This finding stimulated
significant interest in replication-independent expansion mechanisms. Aberrant DNA repair is a likely source, based
in part on mouse studies showing that somatic expansions are provoked by the DNA repair protein MutSp (Msh2-Msh3
complex). Biochemical studies to date used cell-free extracts or purified DNA repair proteins to yield partial reactions
at triplet repeats. The findings included expansions on one strand but not the other, or processing of DNA hairpin
structures thought to be important intermediates in the expansion process. However, it has been difficult to recapitu-
late complete expansions in vitro, and the biochemical role of MutSp remains controversial. Here, we use a novel in
vitro assay to show that human cell-free extracts catalyze expansions and contractions of trinucleotide repeats with-
out the requirement for DNA replication. The extract promotes a size range of expansions that is similar to certain
diseases, and triplet repeat length and sequence govern expansions in vitro as in vivo. MutSp stimulates expansions
in the extract, consistent with aberrant repair of endogenous DNA damage as a source of expansions. Overall, this
biochemical system retains the key characteristics of somatic expansions in humans and mice, suggesting that this
important mutagenic process can be restored in the test tube.
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Introduction

Trinucleotide repeat (TNR) expansions cause at least 17
inherited neurological diseases, including Huntington’s
disease (HD) and myotonic dystrophy type 1 (DM1).
It is generally accepted that the TNR contributes to its
own expansion through the tendency to form non-B-
DNA structures such as hairpins and slipouts, which
arise during aberrant replication or misrepair of damage
[1-3]. These hairpins/slipouts are likely the mutagenic
precursors to the expansion itself. Thus, cellular proteins
that either help create hairpins/slipouts or process them
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further are expected to be key components of the expan-
sion process [1-3]. The mismatch recognition protein
MutSp was identified as one important causative factor
for expansions in mouse models of HD or DM1. Most
expansions, both inherited and somatic, are blocked by
knockout of Msh2 or Msh3 [4-10], which encode the
two subunits of MutSf. This evidence supports the hy-
pothesis that misrepair of DNA damage is one important
source of expansions, especially for somatic events in
non-proliferating tissues where replication is limited.
Biochemical studies of expansions have largely fo-
cused on partial reactions. In one approach [11, 12], CAG
repeats containing an 8-oxo-guanine lesion were treated
with purified Oggl glycosylase and apurinic endonu-
clease to remove the damage and leave a one-nucleotide
gap. Repair synthesis by purified DNA polymerase 3
and flap endonuclease created excess CAG repeats, thus
expanding the damaged DNA strand. Expansion of the
undamaged CTG strand was not documented, although
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it was proposed to occur through a subsequent misrepair
event [11]. Another approach [13-17] started with pre-
formed CTG hairpins or CAG slipouts and monitored
their processing in cell-free extracts. In some cases, the
excess repeats were precisely excised and repaired, con-
sistent with expansion prevention. Other substrates were
either unrepaired or misrepaired to give products retain-
ing extra repeats on one strand. A third approach used
human cell extracts to drive SV40 DNA replication of
plasmid templates with (CAG*CTG),, repeats [18]. A few
large expansions in the replicated DNA could be distin-
guished from background events. The authors suggested
that replication helps create mutagenic intermediates that
are then somehow misrepaired to give expansions [18].
The biochemistry of MutSP with respect to expansions
has been examined due to the genetic results cited above.
MutSp binds to CAG hairpins [9, 19] and it is required
for repair of short slipouts [16], but the biochemical role
of MutSp in expansions remains controversial [9, 19-21].

The aim of the current study was to establish an in vit-
ro system for generating the complete expansion process.
As described below, human cell-free extracts catalyze
expansions in a manner consistent with the key genetic
characteristics from in vivo studies in humans and mice,
including MutSP stimulation of expansions. This extract

system provides the ability to assess directly the roles of
DNA replication, repair and transcription in driving ex-
pansions.

Results

Expansions occur in vitro

Our objective was to recapitulate the complete expan-
sion reaction in vitro. A novel but simple cell-free system
that generates expansions was developed. A 22-repeat
plasmid is incubated with human cell extract to gener-
ate expansions in the test tube. Expansions are detected
following DNA recovery and transformation into yeast
(Figure 1A). Control samples without extract indicate the
background level of expansions, such as any arising from
pre-existing expansions in the substrate preparation or
expansion after transformation into yeast. Most experi-
ments used HelLa extracts, which support many DNA
metabolic processes in vitro, such as replication, repair
and transcription. Furthermore, use of HeLa allows com-
parison with previous studies of TNR hairpin processing
in vitro [13-17]. Using yeast as a biosensor improves the
sensitivity for detecting expansions compared with most
biochemical methods. The assay is also quantitative, and
PCR is employed to verify expansions and to measure
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Figure 1 Key features of the in vitro assay for expansions. (A) Assay procedure. A 22-repeat shuttle vector was incubated
with cell-free extract, then recovered and transformed into yeast. Plasmids containing an expanded (= 26) repeat confer
canavanine resistance. The repeat region is amplified by PCR and the expansion is confirmed on polyacrylamide gels. (B)
Expansion selection [22]. At 22 repeats, CAN1 is expressed, causing canavanine sensitivity. Expansions adding = 4 repeats
cause a change in the transcriptional start site, such that an out-of-frame initiator codon is incorporated into the mRNA.
Translation from this initiator codon is out-of-frame with respect to the CAN7 structural gene, causing canavanine resistance
[22]. (C) Shuttle vectors. Plasmids are based on those used by Claassen and Lahue [35], modified with CAN1 selection cas-
sette [22]. Briefly, each plasmid is a three-way shuttle vector capable of replicating in Saccharomyces cerevisiae, E. coli, and
human cells or cell-free extracts supplemented with SV40 large T antigen. The TNR is usually (CTG),,, although other se-
quences can be substituted. P, adh? promoter for expression in yeast.
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their sizes. A drug resistance assay is used to detect TNR
expansions to final lengths of > 26 repeats [22] (Figure
1B). The plasmid substrates are amenable to insertion of
different TNR lengths and sequences (Figure 1C). In ad-
dition, plasmids either contain the SV40 origin of DNA
replication (ori’) or not (ori’) to assess whether replica-
tion is required for any expansions observed (Figure 1C).
The extract can be supplemented as desired with SV40
large T antigen (Tag). Experiments with the ori” plasmid
and the omission of Tag therefore preclude nearly all
DNA replication.

If expansions are generated in vitro, they should ac-
cumulate in an extract-dependent manner. Expansions
clearly increased with addition of HeLa whole-cell ex-
tract (Figure 2A). The majority of expansions, typically
80% or more, were extract dependent compared with the
no extract control. The reaction is reasonably effective,
catalyzing expansion at frequencies that approach 1%.
Expansions did not require DNA replication; unexpect-
edly, more expansions were observed when replication
was blocked (-Tag, ori’) than when it was permitted
(+Tag, ori’; Figure 2A). There was an atypical trend in
Figure 2A towards more expansions when replication
was blocked; in most experiments there was no negative
or positive effect of replication on expansion frequencies
(see below). Expansions were also dependent on reaction
time (Figure 2B), consistent with the prediction that the
extract processed more DNA molecules over time and
therefore should generate more expansions. In further
support of this prediction, expansions required supple-
mentation of the reaction with Mg’", creatine kinase
and dNTPs (Figure 2C). The dependence on dNTPs is
consistent with the requirement for DNA repair synthe-
sis to increase the length of the TNR tract. The partial
dependence on ATP is presumably due to ATP from the
extract or from the regenerating system. Expansions also
occurred at similar levels in HeLa nuclear extract, and
preventing DNA replication did not alter the frequency
of expansions (Figure 2D). In summary, these data indi-
cate that expansions are catalyzed in vitro by HeLa cell-
free extracts, with no detectable requirement for DNA
replication.

The size of expansions in vitro and the sequence require-
ments for generating them accurately reflect in vivo ex-
pansions

A crucial test of in vitro expansions is whether they
are consistent with known characteristics from genetic
studies. We first examined expansion sizes as one indi-
cator of disease relevance. PCR analysis showed that
expansions catalyzed by extracts occurred as jumps
rather than recurrent small gains (Figure 3A). The size

www.cell-research.com | Cell Research

Jennifer R Stevens et al. @

A B
“"9 104 M +Tag, ori* * 2101
%8' D -Tag, ori- ;8'
c ) .
S 6 T 6 A
g o
L|L: 44 La:_: 4
= = ®
_% 2 4 % 2 -
% =)
S 0- 3o
w 0 10 20 3 d o0 2 4
S10 Extract (g protein) Time (hr)
C D
14 B +Tag, ori*
121 129[] -Tag, ori-

*

_
o
1

Expansion Frequency x 10°

o N b (o) o o]
1

Expansion Frequency x 10°

[
I
[
¥

0 25
Nuclear Extract
(ug protein)

Reaction conditions

Figure 2 Expansions require extract, time and cofactors. The
(CTG),, starting plasmid was tested in all panels. (A) Extract-de-
pendent expansion frequencies for ori* and ori~ plasmids incu-
bated with HeLa whole-cell extract for 4 h. +Tag, supplemented
with 2 ng SV40 large T antigen. (B) Time course of expansions
for ori* plasmid treated with 30 ug whole-cell extract plus 2 pg
SV40 T-antigen. (C) Cofactor requirements for expansions of
ori- plasmid in 30 pg whole-cell extract for 4 h. CK, creatine
kinase. (D) Expansion frequencies for ori* and ori~ plasmids in
HelLa nuclear extract for 4 h. In all panels, error bars are + SEM
except panel C, error bars = range. *P < 0.05 compared with
0 extract control in panels (A and D), or compared with 0 time
control in panel (C).

distribution of expansions in HeLa whole-cell extracts
ranged from +4 to +18 repeats, with no detectable differ-
ence regardless of whether replication was permitted or
not (Figure 3B). Expansions catalyzed by HeLa nuclear
extracts gave a similar size distribution, with the addi-
tion of one expansion each of +20 and +21 to final repeat
lengths of 42 and 43 (Figure 3C). Both the single jumps
and the size range results are consistent with expansions
seen in male germline from HD individuals [23, 24]. The
largest expansions seen in vitro, up to a final length of
40-43 repeats, correspond to disease-causing alleles of a
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Figure 3 Analysis of expansion sizes. (A) Representative poly-
acrylamide gel showing PCR product from starting repeat (22
repeats; lane 1), three confirmed expansions (lanes 2-4) and
one false positive (lane 5). Sizes are expressed as TNR length.
(B) Expansion spectrum showing final repeat sizes from (CTG),,
ori* and ori” plasmids in 30 ug whole-cell extract. n, 64 for +Tag
ori*; 49 for —Tag ori". (C) Expansions of (CTG),, treated for 4 h
with HelLa nuclear extract. Spectra are pooled from experiments
using either 25, 50 or 100 ug extract. +Tag, ori’, extract supple-
mented with 2 nug large T antigen, substrate contained SV40 ori-
gin, n = 62; —Tag, ori’, no large T antigen was added, substrate
without SV40 origin, n = 56.

number of polyglutamine diseases including HD [25] and
SCA1 [26]. In summary, expansions occurring in cell-
free extracts overlap in size with those seen in a number
of TNR expansion diseases.

Disease-causing expansions in humans and mice oc-

cur in CNG repeats, where N denotes any nucleotide,
with the sole exception of a GAA repeat that is unstable
in Friedreich’s ataxia [1-3]. Additional sequence features
that favor expansions include longer repeats and the
absence of any base pair changes within the tract (‘in-
terruptions’). We utilized the versatility of our plasmid
substrates to examine to what extent in vitro expansions
mimic the in vivo sequence requirements (Figure 4A).
Compared with the (CTG),, reference plasmid, expan-
sions of (CAQ),, substrates under replication-permissive
conditions occurred about 30% as efficiently. Thus both
CTG and CAG repeats expand in vitro. The non-struc-
ture-forming sequence (CTA),, [27] gave no detectable
expansions, suggesting the structure-forming capacity of
the TNR is important for reactivity. Shortening the CTG
tract from 22 to 16 repeats reduced expansions by two-
thirds relative to (CTG),, (Figure 4A) and also showed a
more constrained size distribution of +6 to +14 repeats.
The inclusion of two ATG interruptions within the CTG
tract stabilized the repeat to the point where no expan-
sions were detected (Figure 4A). Together, this analysis
supports the hypothesis that DNA elements of the TNR
govern expansions similarly in vitro and in vivo.

Stimulation of in vitro expansions by MutSf

In mouse models of HD and DM1, most expansions
require the presence of MutSP (Msh2-Msh3 complex) [4-
9]. To test whether MutSp is required for expansions in
vitro, extracts were prepared from human HCT116 cells
complemented with chromosome 3 (‘HCT116+chr3’).
HCT116 cells are defective in both Mlh1 and Msh3 [28],
the latter causing a deficiency in MutSp. Stable comple-
mentation with chromosome 3 corrects the MLH1 defect
but not MSH3, making HCT116+chr3 cells proficient
for mismatch repair [28, 29] but still deficient in MutSf
[28]. Immunoblot analysis (Figure 4C) verified that
HCT116+chr3 cells were deficient in Msh3, whereas
HeLa cells expressed Msh3. Both cell lines expressed
Msh?2 at similar levels. Expansions were measured in 30-
40 pg extract from HCT116+chr3 cells, with or without
addition of purified MutSp (Figure 4B). The addition of
MutSp stimulated expansions by about two-fold, sug-
gesting that about one-half of the expansions are depen-
dent on MutSp under these conditions. The enhancement
in expansion activity upon addition of MutSp achieved
statistical significance with 40 pg extract. To our knowl-
edge, this is the first biochemical demonstration that
MutSp facilitates expansions.

Contractions of triplet repeats are also catalyzed by hu-

man cell-free extracts
In addition to expansions, triplet repeats in humans
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Figure 4 DNA and protein requirements for expansions. (A) Ex-
pansion frequencies for plasmid substrates incubated with 30 pug
whole-cell extract for 4 h. All plasmids were identical except for
the indicated changes to TNR tract and the presence or absence
of SV40 origin. Zero extract control values were subtracted out.
<, upper limits, as PCR analysis showed all false positives. *P
< 0.05 with extract versus zero extract. Additional details are
provided in Supplementary information, Table S1. (B) Expansion
frequencies for (CTG),, ori* plasmid with HCT116+chr3 whole-
cell extract with or without 400 ng MutSp for 4 h. Error bars are +
1 SEM; *P < 0.05 versus zero extract. P is also < 0.05 compar-
ing 40 pg extract with MutSp to 40 pg extract without MutSp. (C)
Immunoblot for Msh3, Msh2 and actin (loading control) of 30 pg
of protein from HeLa, HCT116 or HCT116+chr3 extracts.

and mice occasionally contract (shorten). Although infre-
quent in most TNR expansion families, contractions are
beneficial mutations that can reduce the risk of disease
or delay its onset [2]. We modified the in vitro assay
slightly to start with tract lengths of (CTG),; and (CAG)s;
and then measured contractions of 5 repeats or more
(Figure 5A). HeLa whole-cell extracts also catalyzed
contractions of both sequences (Figure 5B). Contraction
frequencies were roughly two-fold higher than expan-
sion frequencies for CTG tracts, and ~10-fold greater for
CAG repeats (compare Figure SB with Figures 2A and
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4A). The higher frequency of contractions could be due
to the longer starting tract for contractions than expan-
sions, 33 versus 22 repeats. Similar to what was seen
for expansions, preventing DNA replication did not alter
contraction frequencies in vitro (Figure 5B). The results
presented here show that human cell-free extracts are
active in catalyzing both expansions and contractions of
triplet repeats.

Discussion

The biochemical system described here retains the
key characteristics of somatic expansions from non-
proliferating tissues in humans and mice. There is no
requirement for DNA replication, expansion frequencies
are governed by the TNR length, sequence and purity,
expansion sizes overlap with those seen in polyglutamine
diseases such as HD, and MutSp stimulates expansions.
Transcription-mediated instability is unlikely in our
system as there is no obvious human promoter in the
substrate plasmid (Figure 1C), and addition of the tran-
scription inhibitor o-amanitin showed no effect on ex-
pansion frequencies (data not shown). As expansions are
replication independent and can be stimulated by MutSp,
we postulate that expansions occur through misrepair of
endogenous DNA damage in this system. Human cell-
free extracts also catalyzed contractions in a replication-
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Figure 5 Contractions catalyzed by HelLa cell extract. (A) Over-
view of contractions based on published work [34]. Plasmids
with 33 repeats do not express the reporter gene URA3 due to
a block in translation (red X), thus yeast cells require uracil for
growth (Ura™). ATNR contraction removing 5 or more repeats al-
lows expression of URA3 in yeast, thus providing a Ura" pheno-
type. Subsequent PCR analysis of the repeat region verifies the
contraction. (B) Contraction frequencies of (CTG),; and (CAG)g;
ori* plasmids incubated for 4 h with 30 ug HelLa whole-cell ex-
tract with or without supplementation with 2 ug SV40 large T
antigen. (CTG)g, results are from two independent experiments;
error bars display the range of frequency values. (CAG),; results
are from three independent experiments; error bars are + SEM,
*P < 0.05 versus no extract control.
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independent manner. The most likely mechanism of
contraction is also misrepair, consistent with a previous
observation that contractions are the predominant in
vitro event after repair of a double-strand break within a
CTGeCTG tract [30].

This in vitro expansion system has the virtues of sim-
plicity, sensitivity and versatility, but its efficiency of
~1% is lower than in vivo. One major difference is the
TNR length. We start with 22 repeats and monitor ex-
pansions that approach and sometimes cross the crucial
threshold of ~30-40 repeats where instability becomes
apparent in humans [1, 3, 31] and where diseases such as
HD and SCA1 first express a phenotype [25, 26]. The ex-
pansion efficiency seen in vitro for 22-repeat substrates
is in line with in vivo results. In sperm from normal and
HD individuals, expansions first become apparent for
starting alleles between 30 and 36 repeats, and expan-
sion frequencies exceed 90% for TNR lengths of 38-
51 repeats [23]. Overall, the in vitro system generates
expansions that mirror disease-initiating mutations and at
frequencies in line with expectations.

MutSp stimulates expansions by about two-fold in vit-
ro, suggesting that MutSp functions on short, threshold-
length TNR tracts. This is consistent with recent work in
cultured human astrocytes showing that MutSp promotes
most expansions of (CTG),, tracts, and that both Msh2
and Msh3 are specifically enriched at the TNR, com-
pared with a randomized control sequence [32]. Togeth-
er, these findings extend the range of repeat lengths at
which MutSp stimulates expansions down to 22 repeats
in both extracts and cell culture. Previous studies in mice
showed that MutSp is required for most inherited and
somatic expansions of long TNR tracts from 84 to > 300
repeat units in length [4-10]. Thus MutSp promotes ex-
pansions over more than a 10-fold range in repeat length.
Although the precise mechanism by which MutSp func-
tions remains to be solved, this protein exhibits its effects
over an impressive range of TNR sizes.

Materials and Methods

Shuttle vectors

CANI shuttle vector plasmids were created by modification of
pBL245-based shuttle vectors described previously [33-35]. These
are pRS313-based plasmids [36] containing the SV40 origin of
replication cloned into the Apal site. To create the plasmids used
in this study, the promoter-TNR-URA3 region of pBL252 [35] was
removed by BamHI and Xhol digestion, and the backbone was
religated with a BamHI-Xhol promoter-TNR-CAN! fragment. To
create the derivatives lacking the SV40 origin of replication, XAol
digestion was followed by partial Kpnl digestion to remove the
SV40 sequences, the ends were then blunted with Klenow frag-
ment and ligated together. For all plasmids, the named repeat (e.g.,
(CTG),,) refers to a plasmid where the CTG repeats are on the

non-coding strand relative to the reporter gene CANI or URA3.

Preparation of human cell extracts

Frozen HeLa cells were obtained from Cilbiotech (Mons,
Belgium). HCT116 and HCT116+chr3 cells were a gift from Dr
Alan Clark (National Institute of Environmental Health Sciences,
Research Park, NC, USA). Whole-cell S10 extracts were prepared,
essentially, according to Li and Kelly [37]. Frozen cell pellets
were thawed on ice, and resuspended in an equal volume of chilled
hypotonic lysis buffer and sucrose. Cells were pelleted at 1 000%
g for 10 min at 4 °C and supernatant was removed. Cells were
resuspended in an equal volume of chilled hypotonic lysis buffer,
pelleted at 1 000x g for 10 min at 4 °C, and supernatant was re-
moved. Cell pellet was resuspended in an equal volume of chilled
hypotonic lysis buffer (including DTT, PMSF, protease inhibitors
and phosphatase inhibitors), and incubated for 10 min on ice. Cell
suspension was transferred into prechilled Dounce homogenizer
and cells were lysed on ice by 20-30 strokes using a loose-fitting
pestle. Extract was incubated on ice for 30 min, inverting tube oc-
casionally to mix, then centrifuged at 10 000x g for 30 min at 4 °C.
5 M NaCl was added to the supernatant to a final concentration of
0.1 M NaCl, and then centrifuged at 10 000x g for 30 min at 4 °C.
The supernatant was aliquoted and stored at —80 °C.

HeLa cell nuclear extracts were prepared essentially as de-
scribed [38]. Cells (2-3 x 10°) were harvested at 4 000x g for 5
min and nuclei were obtained from lysed cells by centrifugation
(9 000% g for 5 min). Nuclear pellets were resuspended in extrac-
tion buffer (50 mM Hepes, pH 7.5, 0.5 mM DTT, 0.1% PMSF,
10% (w/v) sucrose, 150 mM NaCl), and incubated with shaking
at 4 °C for 1 h. After centrifugation (15 000x g for 20 min), the
supernatant was concentrated by ammonium sulfate precipitation
(0.42 g/ml). The ammonium sulfate pellet was then dialyzed in a
buffer containing 25 mM Hepes-KOH (pH 7.5), 0.1 mM EDTA
and 50 mM KCI. After clarification by centrifugation, the resulting
nuclear extract was frozen in small aliquots in liquid nitrogen and
stored at —80 °C.

Immunoblot

30 pg of protein extract from HeLa, HCT116 or HCT116+chr3
cells was separated by denaturing polyacrylamide gel electropho-
resis and transferred to Immobilon membrane (Millipore). Primary
antibodies were against Msh2 (Calbiochem #NA26), Msh3 (Pro-
fessor Glenn Morris, Wolfson Centre for inherited Neuromuscular
Disease, UK; [39]) or the loading control, actin (Sigma A2066).
Horseradish peroxidase-conjugated secondary antibodies from
Jackson ImmunoResearch Labs were anti-rabbit 711-035-152 for
Msh2 and 115-035-003 for Msh3. Visualization was achieved with
Western Lightning Plus-ECL (Perkin Elmer).

Cell-free assay to measure triplet repeat expansions
Assays were performed essentially as described [18]. Each 100

ul reaction contained 300 ng of plasmid template, 20 pl 5x buf-
fer (500 uM each dATP, dCTP, dGTP and dTTP, 1 mM each CTP,
GTP and UTP, 20 mM ATP, 200 mM creatine phosphate, 35 mM
magnesium acetate, 150 mM HEPES pH 7.8, 2.5 mM DTT), 16 ul
creatine kinase (6 pg/ml), and 10-100 pg protein extract (S10 or
nuclear). dNTPs, INTPs and magnesium were included to replace
any cofactors lost or diluted during extract preparation. Some
reactions contained 2 pug SV40 large T-antigen (CHIMERx, Mil-
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waukee, WI, USA), or as described [40]. Assays were incubated
at 37 °C for 4 h, except where otherwise noted. Reactions were
terminated with 100 pl stop solution (2 mg/ml proteinase K, 2%
SDS, 50 mM EDTA pH 8.0) at 37 °C for 30 min. Plasmid DNA
was then purified using a Qiagen miniprep kit, and eluted in 80 pl
buffer EB.

Genetic assays and analysis of expanded TNR alleles

Contraction assays using the URA3 reporter have been de-
scribed previously [33]. Triplet repeat expansion assays using the
CANI reporter were performed as described [22] with the fol-
lowing modifications. Recovered plasmids were transformed into
yeast; 1/40 of the total was plated on a SC-His (synthetic complete
media lacking histidine) plate to assess total plasmid population
and the remainder was plated on a separate SC-His plate. After
two days, the large-volume plates were replica-plated to SC-His-
Arg+Can (synthetic complete media lacking histidine and arginine
and supplemented with 120 pg/ml canavanine) to assess growth
for potential expansions. All expansions were verified by single-
colony PCR across the repeat tract followed by analysis on high-
resolution polyacrylamide gels [22]. Expansion frequencies are
expressed as (Can® colonies/total colonies) x (% authentic expan-
sions), where expansions are authenticated by PCR as in Figure
2A. For some TNR sequences, no authentic expansions were de-
tected out of at least 30 Can" colonies tested by PCR. These data
are presented as upper limits, denoted by “<” symbol.

Recombinant MutSp protein production

Recombinant human MutSP was purified from insect cells us-
ing the baculovirus expression system as described [41]. Briefly,
insect cells (HighFive) co-infected with MSH2- and MSH3-bacu-
loviruses were lysed in buffer A (25 mM HEPES, pH 7.6, 150 mM
NaCl, 4 mM B-mercaptoethanol, 100 mM PMSE, 190 mM benz-
amidine, 0.05 pg/ml protease inhibitors (pepstatin A, leupeptin and
antipain). After centrifugation, the supernatant was used for MutSf
purification through three columns (GE Healthcare), a HisTrap HP
column, a Mono S column, and a Superdex 200 column. MutSf
was eluted in the HisTrap HP column and the Mono S column
with a 50-ml imidazole gradient (from 20 mM to 300 mM) and a
NaCl gradient (150 mM to 500 mM) in buffer A, respectively. The
Superdex 200™ column was developed with buffer A containing
150 mM NaCl. The protein eluted from the last column was near
homogeneity (~99% pure), and was aliquoted, quickly frozen in
liquid nitrogen and stored at —80 °C.
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