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Mih1 is an essential factor of mismatch repair (MMR) and meiotic recombination. It interacts through its
C-terminal region with MutL homologs and proteins involved in DNA repair and replication. In this study, we
identified the site of yeast Mlh1 critical for the interaction with Exol, Ntg2, and Sgs1 proteins, designated as
site S2 by reference to the Mlh1/Pms1 heterodimerization site S1. We show that site S2 is also involved in the
interaction between human MLH1 and EXO1 or BLM. Binding at this site involves a common motif on Mlhl
partners that we called the MIP-box for the Mlhl interacting protein box. Direct and specific interactions
between yeast Mlh1l and peptides derived from Exol, Ntg2, and Sgs1 and between human MLH1 and peptide
derived from EXO1 and BLM were measured with K, values ranging from 8.1 to 17.4 pM. In Saccharomyces
cerevisiae, a mutant of Mlh1 targeted at site S2 (M1h1-E682A) behaves as a hypomorphic form of Exol. The site
S2 in Mlhl mediates Exol recruitment in order to optimize MMR-dependent mutation avoidance. Given the
conservation of Mlhl and Exol interaction, it may readily impact Mlhl-dependent functions such as cancer

prevention in higher eukaryotes.

Mismatch repair (MMR) is a powerful, evolutionary con-
served, mutation avoidance mechanism. Inactivation of MMR
in human causes genetic instability that has been associated
with the development of hereditary nonpolyposis colorectal
cancer (HNPCC) and a fraction of sporadic tumors that occur
in a number of tissues (23). MMR corrects base-base mis-
matches and insertion/deletion loops arising during DNA rep-
lication. Thus, MMR increases the fidelity of DNA synthesis
100- to 1,000-fold. In eukaryotic cells, the MMR process begins
when a MutS-homolog recognizes and binds to a mismatch (17,
32). In the subsequent step, the mismatch bound MutSa or
MutSR recruits a MutL homolog (22). In addition to MutS and
MutL homologs, eukaryotic MMR requires several other fac-
tors, most of which are involved in DNA replication such as
EXO1, PCNA, RFC, RPA, DNA polymerases, and DNA li-
gase (17, 22, 32).

The MutLa complex, composed of Mlh1 and Pms1 proteins,
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has an essential role in the Saccharomyces cerevisiee MMR
pathway. MutLa has been proposed to act as a key molecular
matchmaker that coordinates mismatch recognition with
downstream functions in the course of the MMR process.
Recent studies revealed that MutLa also contains a latent
endonuclease activity that is activated in the presence of DNA
with a mismatch, MutSa, PCNA, RFC, and ATP (18). Muta-
tion at the endonuclease active-site motif of Pmsl (pmsI-
E707K) abolishes the activity of MutLa in vitro and confers a
strong mutator phenotype in vivo, such as pmsIA or mlhIA (9,
19). In higher eukaryotes, inactivation of MLHI results in
genetic instability and cancer predisposition; ca. 50% of mu-
tations predisposing to HNPCC in human affects MLHI (23).
In addition to its essential role in MMR, MiIhl also plays
important roles in meiotic recombination (4). MLH1-deficient
mice display a severe crossover defect, and male and female
are sterile, whereas MSH2-deficient mice are fertile (7).

In S. cerevisiae, Mlh1 has been shown to physically interact
with DNA and proteins such as Msh2, Pms1, Mlh2, Mlh3, Exol
(5'-3" exonuclease and flap endonuclease), Sgsl (DNA heli-
case of the RecQ family), Ntg2 (DNA N-glycosylase and
apurinic or apyrimidinic lyase), or PCNA (12, 15, 35, 51, 52).
Mihl interacts with DNA, MutSa and the N-terminal region of
Pmsl by its N-terminal region (15, 37, 50). In contrast, binding
to Pms1, Mlh2, and MIlh3 and to Exol, Sgs1 and Ntg2 requires
the C-terminal region of Mlhl (3, 12, 25, 35, 51, 53). It was
recently proposed that this region of Mlhl also contributes to
the interaction with PCNA (27). However, many aspects of the
interaction network involving the C-terminal region of Mlhl
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TABLE 1. Yeast strains used in this study

. Source or
Strain Relevant genotype reference
RKY3109 MATa ura3-52 leu2Al trpl A63 R. Kolodner
his3A200 lys2ABgl hom3-10
ade2Al ade8 met™
BG301 RKY3109 with mlhi1A::kanMX6 12
BG320 RKY3109 with exol A::kanMX6 12
FDB1 RKY3109 with mlhi1-R547A This study
FDB2 RKY3109 with mlhi1-E682A This study
FDB3 RKY3109 with mlhi1-R547A This study
exol A::kanMX6
FDB4 RKY3109 with mlhi1-E682A This study
exol A::kanMX6
GCY35 MATa his3A200 hom3-10 ura3-52 M. Liskay
ade2-101 trpl metl3 met4
PTY301 GCY35 with pms1-G974 M. Liskay
FDB5 GCY35 with pms1-G97A4 This study
exol A:kanMX6
FDB6 MATa ura3-52 hom3-10 pms1-G97A This study

mlhl-E682A4

remain unresolved, including the number of binding sites
present in this region, their structural characteristics, and their
functional role. Recent studies have proposed several Mlhl
positions critical for the binding to MutL homologs Pmsl,
Mlh2, and M1h3 (3, 21) or for interaction with PCNA (27).
With regard to Exol, Ntg2, and Sgs1, we previously showed
that these proteins have a common five amino acids motif
R-S-K-[Y/F]-F, called the MIP-box (for Mlh1 interacting pro-
tein box), that is critical for Exol and Ntg2 binding to Mlhl
(12). The binding sites of these three proteins on Mlh1 and the
biological function of the corresponding interactions remained
largely unknown.

To characterize Mlhl binding site(s) for Exol, Ntg2, and
Sgs1, we developed an approach coupling two-hybrid assays,
site-directed mutagenesis, molecular modeling, and biochem-
ical and biophysical methods. First, the conservation among
eukaryotes of the interaction between Mlh1 and proteins con-
taining a MIP-box was assessed by characterizing the impact of
substitutions on the MIP-box of human EXO1 on its interac-
tion with human MLH1. The subsequent conservation analysis
was used as a guide to mutate 28 positions in Mlh1 and eval-
uate their impact on Pmsl, Ntg2, and Exol interaction. Ten
positions on Mlh1 were found to be essential for the interac-
tions with Exol and Ntg2, although neutral for that with Pms1.
Molecular modeling provided a first structural representation
of the new binding site that we named S2, by reference to the
Mih1/Pms1 heterodimerization site S1. The affinities of the
different interactions between Mlh1 and its partners at site S2
was questioned by measuring the binding affinities of each MIP
box motif using isothermal titration calorimetry (ITC). Finally,
to investigate the biological impact of interactions at the S1
and S2 sites, we constructed the chromosomal mutants mlhi-
R5474 and mlh1-E682A, respectively.

MATERIALS AND METHODS

A hiol

Yeast strains, pl and micr gical methods. S. cerevisiae strains and
plasmids used in the present study are listed in Table 1 (see also Table S1 in the
supplemental material). Yeast strains were grown at 30°C in YPD medium (1%
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yeast extract, 1% Bacto peptone, and 2% glucose, with 2% agar for the plates)
or YNBD medium (0.17% yeast nitrogen base without amino acids and 2%
glucose, with 2% agar for the plates) supplemented with appropriate amino acids
and bases. Strains were obtained after genetic crossing and tetrad analysis.
Presporulation and sporulation procedures were performed as previously de-
scribed (39). Micromanipulation and dissection of asci were performed using a
Singer MSM system (45). Gene deletions were performed by a PCR-mediated
one-step replacement technique (5, 28). Point mutations were performed by
PCR-mediated mutagenesis (QuikChange site-directed mutagenesis kit; Stra-
tagene, La Jolla, CA) using relevant plasmids and specific primers. For glutathi-
one S-transferase (GST) pull-down assays, plasmid pcDNA3.1A(—)-hEXO1b
expressing a COOH-terminal His-Myc-tagged hEXO1 protein was used as a
template to construct hEXO1b-S504A, hEXO1b-F506A, hEXO1b-F507A, and
hEXO1b-FF506AA. The wild-type hEXO1 allele used in the present study has
been described previously (16, 29, 34, 38, 40). Mutations in hEXO1 were intro-
duced by using a QuikChange site-directed mutagenesis kit. The entire coding
region of the constructs containing hEXO1 was verified by DNA sequencing
(Macrogen, Korea). Target plasmids and mutants are listed in Table S1 in the
supplemental material.

Mutations in the chromosomal MLHI were obtained by the pop-in/pop-out
method using the integrative pRS306 (URA3) plasmid harboring a mutant ver-
sion of the MLHI gene. Yeast transformation assays were performed using the
polyethylene glycol-lithium chloride method (13). Bacterial strains XL-10,
DH5a, and JM105 were used for plasmid construction, preparation, and mu-
tagenesis (30). Gene disruptions and mutations were confirmed by PCR on
genomic or plasmid DNA and sequencing analysis. Details of strains, plasmids,
and primers are available upon request.

GST pull-down assays. The GST-hMLH1 and GST-hMSH2 fusion proteins
were purified as described previously (16). A total of 1 ug of GST-hMLHI1 (110
wg/ml) or 1 pg of GST-hMSH2 (90 pg/ml) was bound to 20 wl of GST beads
(glutathione-Sepharose 4B; GE Healthcare) prepared in a 50% slurry with bind-
ing buffer (20 mM Tris-HCI [pH 7.5], 10% glycerol, 300 mM NaCl, 5 mM EDTA,
1 mM dithiothreitol, 0.1% Tween 20, 0.75 mg of bovine serum albumin/ml, and
protease inhibitors [Complete; Roche Diagnostics]) by incubation for 2 h at 4°C
on a rocking platform. The protein-bound beads were washed three times with
500 wl of binding buffer. Samples were diluted with binding buffer to 83 wl of
GST beads/ml, followed by incubation for 30 min at 4°C on a rocking platform.
In vitro transcription/translation (IVTT) protein products were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and quantified using
software VisionWorksLS (UVP). Equal amounts of each IVTT protein were
added (10 pl of hREXO1-WT) to the reaction mixture, followed by incubation for
2 h at 4°C on a rocking platform. Samples were washed four times with binding
buffer, resolved on 7.5% sodium dodecyl sulfate-polyacrylamide gels (Lonza),
and visualized using phosphorimaging (Storm 840; GE Healthcare). Band inten-
sities from pull-down experiments were quantified by using software Vision-
WorksLS.

Yeast two-hybrid assay. Yeast two-hybrid assays were performed in S. cerevi-
siae strain Y190 [MATa gal4 gal80 his3 trpl ade2 ura3 leu2 URA3::GALI::lacZ
LYS2:GAL4(UAS)::HIS3 cyh®]. The yeast two-hybrid plasmid vectors were
pGBT9 (2u pADHIA GAL4-BD TRP1 AR; Stratagene) and pAS2AA (2
pADH1 GAL4-BD TRP1 AR) (11) for bait constructs and pACT2 (2-p
pPADHIA GAL4-AD LEU2 AR; Stratagene) for prey constructs (12). Y190 was
transformed by a pair of plasmids expressing Gal4-BD-fusion TRP1 (bait)/Gal4-
AD-fusion LEU?2 (prey), plated onto selective media for 3 to 4 days at 30°C, and
tested for B-galactosidase production in an overlay plate assay (12).

3D modeling of the C-terminal region of yeast Mlh1. The amino acid sequence
of the C-terminal region of Escherichia coli MutL (residues 428 to 615) was used
as a query to search the nonredundant database (nr70) using PSI-BLAST (1).
After four iterations, Pms1 from S. cerevisiae was found with an E-value of 10~2*
within 376 homologous sequences. Realignment of these sequences was carried
out using MUSCLE (8). In parallel, PSI-BLAST allowed to retrieve about 50
eukaryotic Mlh1 and Pmsl sequences using S. cerevisiae Mlhl and Pmsl se-
quences as input. The Mlh1 and Pms1 homologs were independently realigned
using MUSCLE. The resulting alignments were used to predict the secondary
structures of the C-terminal regions of S. cerevisiae Pmsl and MIhl using
PSIPRED (31) and to identify evolutionary conserved positions in Mlh1l and
Pms1 using CONSURF (24). The Mlhl sequences were aligned to the Pmsl
sequences by matching (i) the secondary structure elements predicted by
PSIPRED for Mlhl and Pmsl and observed in the three-dimensional (3D)
structure for MutL (14) and (ii) the conserved hydrophobic residues within these
secondary structure elements, as deduced from the Mlhl and Pmsl multiple
alignments. The resulting MIh1/Pms1 alignment is similar to that proposed by
Kosinski et al. (21) (see Fig. S2 in the supplemental material). This alignment
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was used to build a model of the C-terminal region of Mlh1 (from E528 to R768)
on the basis of the X-ray structure of E. coli MutL C-terminal domain with
Modeler program (10). The region of yeast Mlh1 from amino acids 483 to 527
present in two-hybrid assays was not modeled since the corresponding region in
E. coli was not crystallized (14). This model together with the Mlh1 alignments
were submitted to Consurf server version 3.0 (24) in order to obtain a normalized
evolutionary rate for each position of the alignment: low rates of divergence
correspond to high sequence conservation.

Protein and peptide preparation. The sequences coding for the C-terminal
region of wild-type Mlh1l, mutant R547A, and mutant E682A of MIlhl were
cloned into vectors pETM30 (G. Stier, EMBL, Heidelberg, Germany) with a
His,-GST tag in the N terminus and a tobacco etch virus (TEV) protease site.
Proteins were expressed in E. coli, Rosetta (DE3)/pLysS. Cells were grown at
37°C until reaching an optical density at 600 nm of 1.0 and induced with 0.5 mM
IPTG (isopropyl-B-p-thiogalactopyranoside) overnight at 20°C. The cells were
lysed by sonication in buffer (50 mM Tris-HCI [pH 8], 300 mM NacCl, 0.5 mM
phenylmethylsulfonyl fluoride [PMSF], 10 mM B-mercaptoethanol), 60 U of
Benzonase (Novagen) was added per ml of lysate, and MgCl, was added to a final
concentration of 10 mM. After centrifugation, the supernatant fraction was
applied to glutathione-Sepharose FF (GE Healthcare) equilibrated with lysis
buffer. The Sepharose was washed with lysis buffer, the quantity of fusion protein
bound was estimated by the Bradford assay, and 1% (wt/wt) TEV protease was
added directly to the Sepharose resuspended with 15 ml of buffer overnight at
4°C. Mlh1 was collected in the flowthrough, concentrated, and applied to a
HiLoad 16/60 Superdex (GE Healthcare) size exclusion chromatography col-
umn. The same protocol was used to purify the C-terminal region of human
MLH1 (amino acids 486 to 756). The synthetic peptides used in the present study
were purchased from Genecust at 95% purity.

Circular dichroism spectroscopy. The purified C-terminal regions of Mlhl
were dialyzed against buffer (25 mM Tris-SO, [pH 8], 75 mM NaF, 0.5 mM
PMSF) to minimize chloride anion signal. Circular dichroism experiments were
performed on a JASCO J-815 spectrometer equipped with a Peltier temperature
control unit. Far-UV spectra were recorded between 180 and 250 nm, at 20°C,
using 1-mm quartz cells. The spectra were acquired as average of 10 scans, with
a scan speed of 50 nm/min and a response time of 1 s. Temperature denaturation
curves were recorded between 5 and 95°C, with a temperature increase rate of
1°C/min.

ITC. The binding between C-terminal regions of Mlh1 and different peptides
was measured by using VP-ITC and isothermal titration calorimeters (Microcal,
Northampton, MA). Prior to the measurements, all of the solutions were de-
gassed under vacuum for elimination of bubbles. The reaction cell was loaded
with 10 pM Mlh1 protein, and the syringe contained 150 to 200 pM peptide
solutions. Thirty 10-pl injections of were made at 210-s intervals. To correct for
the heat effects of dilution, control experiments were performed at the same
concentration of peptides with buffer in the cell. The thermodynamic parameters
AH (enthalpy change), n (stoichiometry), and K, (association constant) were
obtained by nonlinear least-squares fitting of the experimental data using the
single set of independent binding sites model of the Origin software provided
with the instrument. The free energy of binding (AG) and entropy (AS) were
obtained by using the classical thermodynamic formulae AG = —RT X In K, and
AG = AH — TAS, where R is the gas constant, and 7 is the absolute temperature
in kelvins. The experiments were performed at 303 K. The titrations were carried
out in 50 mM phosphate (pH 7.7)-300 mM NaCl-0.5 mM PMSF-10 mM B-mer-
captoethanol. Titrations were made with 150 mM NaCl for h(MLH1 and peptides
derived from EXO1 and BLM.

Spontaneous mutation rates. Yeast strains were grown at 30°C in YPD or
YNBD medium supplemented with the appropriate bases and amino acids. For each
strain, 11 independent cultures of 2 ml each were inoculated with about 5 X 10 cells
and grown at 30°C for 2 to 3 days. Cell density was measured by plating dilutions on
YPD or YNBD plates and counting the colonies after 2 to 3 days at 30°C. The
quantification of canavanin-resistant mutants (Can") was determined after plating
aliquots of each culture onto YNBD plates containing 60 mg of L-canavanin (Sigma)/
liter. The quantification of Hom™ revertants was determined after plating onto
supplemented YNBD without threonine. Colonies were counted after 4 to 5 days at
30°C. All experiments were carried out independently two to five times. The Can"
mutation assay detects all kinds of mutation that inactivates the CAN1 gene. The
hom3-10 reversion assay detects mutations that revert a +1 frameshift mutation in
the HOM3 gene. Mutation rates were determined from the number of Can" colonies
by the method of the median (26).
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A Sgs1 Sgs1 Sgs1 Sgs1
(WT) (S1383A)  (F1385A) (F1386A)

yMih1 -

B Sgs1 Sgs1 Sgs1 Sgs1
(WT) (S1383A)  (F1385A)  (F1386A)

hMLH1 ’
Exo1 Exo1 Exo1 Exo1
(WT) (S445A) (F447A) (F448A)
hMLH1
Ntg2 Ntg2 Ntg2 Ntg2
(WT) (S24A) (Y26A) (F27A)
hMLH1

FIG. 1. Sgsl, Exol, and Ntg2 interact with yeast and human Mlh1
through their MIP-box. Yeast two-hybrid assays were performed using
either pGBT9-Ntg2(1-380), pAS2AA-Ex01(400-702), or pAS2AA-
Sgs1(785-1447) as baits. The MIP-box of Sgs1, Exol, and Ntg2 proteins
were mutated at critical amino acids in the motif (Ser, Tyr/Phe, and
Phe) toward Ala on the bait constructs. Preys were pACT2-yMlh1(1-
769) or pACT2-hMLH1(1-756). Transformants were tested for the
production of B-galactosidase in an overlay plate assay. (A) Two-
hybrid assays with yeast Mlhl; (B) two-hybrid assays with human
MLHI. A representative patch is shown. Yeast two-hybrid assays with
bait alone or prey alone were realized and gave white patches.

RESULTS

The interaction between the C-terminal region of Mlh1 and
proteins containing a MIP-box is conserved in human pro-
teins. We previously identified a five-amino-acid motif, R-S-
K-[Y/F]-F, common to Exol and Ntg2, whose serine and the
two aromatic residues are essential for interaction with Mlh1 in
S. cerevisiae (12). A motif, K-S-K-F-F, was also found in posi-
tion 1382 of Sgs1, another protein known to interact with Mlh1
in yeast (35). Figure 1A shows that Ser1383, F1385, and F1386
of Sgsl1, substituted in alanine in the present study, were also
required for interaction with yeast Mlhl. Thus, the ([R/K]-S-
K-[Y/F]-F)-motif shared by three proteins—Exol, Ntg2, and
Sgsl—appears as a pivotal element, allowing physical interac-
tion with Mlhl in S. cerevisiae. We refer to this motif as the
MIP-box for the Mlh1 interacting protein box. Sequences anal-
ysis revealed that the MIP-box in Exol is conserved among
most eukaryotes (Fig. 2 and see Fig. S1A in the supplemental
material). The MIP-box is not conserved in all Sgs1 homologs,
although it is present in different yeasts and metazoans, includ-
ing human BLM protein (see Fig. S1B in the supplemental
material). Interestingly, in the Ntg2 family, the MIP-box is only
observed in a subset of yeasts closely related to S. cerevisiae
(see Fig. S1C in the supplemental material). The evolutionary
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FIG. 2. Histogram indicating sequence conservation of Exol MIP-box among eukaryotic sequences. The height of the amino acid symbols
within a stack indicates the relative frequency of each residue. The figure was generated with the logo HMM program (42) with 27 Exol sequences
taken from various eukaryotic phyla. This histogram illustrates the high conservation of the MIP-box motif in a region of Exol proteins with little
overall conservation (see also Fig. S1A in the supplemental material for sequence alignments).

conservation of the MIP-box in Exol and Sgs1 prompted us to
analyze interactions between yeast proteins containing a MIP-
box and human MLHI1 protein. Figure 1B shows that yeast
Sgs1, Exol, and Ntg2 interact with human MLH1. The MIP-
box is critical for these interactions since Ala mutation at
conserved Ser, Tyr/Phe, and Phe sites abolishes binding to
human MLHI.

Human EXO1 interacts with human MLH1 C-terminal re-
gion and with MSH2 (38, 41). EXO1 presents a MIP-box
(R-S-R-F-F) in a region important for its interaction with
hMLH1. GST pull-down assays showed that substitutions on
the MIP-box (S504A, F506A, F507A, and FF506AA) signifi-
cantly weakened the interaction with MLH1 and have no im-
pact on the interaction with MSH2 proteins (Fig. 3). This result
suggests that the MIP-box present in EXO1 contribute signif-
icantly to the interaction with MLH1, although we could not
exclude some additional contributions of other EXO1 regions
to the interaction with MLH1.

The C-terminal part of the human BLM also interacts with
yeast and human Mlh1 (25, 35). BLM possesses a degenerated
MIP-box (S-S-H-Y-F) at its C terminus, with the canonical
serine being separated from the two aromatic residues by a
basic amino acid. The C-terminal part of BLM(1034-1378)
interacted with both yeast and human Mlh1 proteins (see Fig.
S3 in the supplemental material). The two aromatic residues
(Y1325 and F1326) in the MIP-box of BLM were required for
interactions with yeast and human Mlh1 proteins. The identi-
fication of functional MIP-boxes in yeast Exol, Sgs1, and Ntg2
and in human EXO1 and BLM proteins and their capacity to
bind both human and yeast Mlh1 proteins point to the pres-
ence of a highly conserved binding site on the C-terminal
region of Mlhl.

Identification of Mlh1 residues involved in the interaction
with the MIP-box motif. To define the limits of the Mlh1 site(s)
involved in the interaction with Exol, Ntg2, and Sgs1, we first
performed a deletion mapping study on the Mlhl fragment
from amino acids 483 to 769. Figure 4 shows that the deletion
of amino acids from 483 to 527 did not affect the binding to
Pms1 but abolished the binding to Exol and Ntg2. In contrast,

deletion of amino acids from 483 to 559 abolished binding to
both classes of partner proteins (Fig. 4). Deletion of amino
acids 749 to 769 on the C-terminal side show that all binding is
disrupted simultaneously. The possibility to dissociate Pmsl
and Exo1/Ntg2 binding using M1h1(528-769) suggests two in-
dependent binding sites on the C-terminal region of Mlh1. It
should be noted that none of the deletions used in the present
study was able to dissociate the binding sites for Exol and
Ntg2. Thus, we propose that the C-terminal region of Mlhl
exhibits a binding site S1 for MutL homologs and a binding site
S2 for MIP-box proteins.

To identify critical amino acids involved in the formation of
the S2 site, we undertook an extensive site-directed mutagen-
esis analysis of the conserved positions in Mlhl C-terminal
region. We monitored with two-hybrid assays the remaining
interaction with Pms1, Exol, and Ntg2. Since the interaction
Mhl1/MIP box is conserved in yeast and humans, we hypoth-
esized that residues of Mlh1 required for a functional site S2
would be conserved among eukaryotic sequences. Twenty-
eight point mutated variants of M1h1(483-769) were tested by
two-hybrid assay for their interaction with Ntg2, Exol, and
Pms1 (Table 2). For all of the mutants, at least one type of
interaction was observed, suggesting that these mutations did
not significantly impair the production nor disrupt the 3D
structure of the C-terminal region of Mlhl (Table 2). Seven
variants on positions S513, F578, M626, E629, Y630, E682, and
1689 exhibited no detectable two-hybrid signal with Exol
and/or Ntg2 but still normally responded in assays with Pms1
(Table 2). Three additional substitutions—D577A, N580A,
and Y631A—exhibited weak two-hybrid signal with Exol
and/or Ntg2 and wild-type signal with Pmsl (Table 2). For
comparison, we also constructed a point mutation that specif-
ically impaired interactions at site S1. We generated the
R547A mutation, since R547 is part of a cluster of five charged
amino acids whose simultaneous substitution was reported to
disrupt the interaction with Pms1 (3). Our results showed that
Mih1-R547A efficiently interacted with Exol and Ntg2 but not
with Pms1 (Table 2). The positions critical for the interactions
with Exol and Ntg2 are distributed within four separate Mlh1l



VoL. 29, 2009

(A) GST-MLH1 / IVTT hEXO1
123 4 5 6 7 8 9

(8)
150 -
125 -
100 -
75 1

ZEHWFWW

v v
$& S N N ol
& < <& Q@Q’
<
(C) GST-hMLH2 / IVTT hEXO1
1 2 345 6 7 8 9
(D)
150 -
125 -
100 1
75 |
50 1
25 |
0 ; ; ; ; ;
3 s 5 \s g
N Na & S ¥
%° & <& (3@6

FIG. 3. Interaction between hEXO1 MIP-box mutants and
hMLH1 or hMSH2. (A) GST pull-down results between hMLH1 and
hEXOI. Lane 1, beads and IVTT hEXO1-WT; lane 2, GST and IVTT
hEXO1-WT; lane 3, GST-hMLH1 and IVTT from pcDNA3.1A(—);
lane 4, GST-hPMS2 and IVTT hEXO1-WT; lane 5, GST-hMLH1 and
IVIT hEXO1-WT; lane 6, GST-hMLH1 and IVTT hEXO1-S504A;
lane 7, GST-hMLH1 and IVTT hEXO1-F506A; lane 8, GST-hMLH1
and IVTT hEXO1-F507A; lane 9, GST-hMLH1 and IVTT hEXO1-
FF506AA. (B) Band intensities were analyzed with software Vision-
WorksLS, where the band intensity for each mutant protein was de-
termined relative to the intensity of hEXOI1-WT. The relative
interactions between GST-hMLH1 and hEXO1 MIP-box mutants
shown in panel B were determined from four independent experi-
ments. (C) GST pull-down results between hMLH1 and hMSH2. Lane
1, beads and IVTT hEXO1-WT; lane 2, GST and IVIT hEXO1-WT;
lane 3, GST-hMSH2 and IVTT from pcDNA3.1A(—); lane 4, GST-
hPMS2 and IVTT hEXOI1-WT; lane 5, GST-hMSH2 and IVTT
hEXO1-WT; lane 6, GST-hMSH2 and IVTT hEXO1-S504A; lane 7,
GST-hMSH2 and IVTT hEXO1-F506A; lane 8, GST-hMSH2 and
IVIT hEXO1-F507A; lane 9, GST-hMSH2 and IVIT hEXO1-
FF500AA. (D) The band intensities in panel C were analyzed with
software VisionWorksLS, where the band intensity for each mutant
protein was determined relative to the intensity of hEXO1-WT. The
relative interaction between GST-hMSH2 and hEXO1 MIP-box mu-
tants shown in panel 3C was determined from two independent exper-
iments, except for data regarding hEXO1-FF506AA, which is based on
three independent experiments.
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FIG. 4. Deletion mapping of yeast Mlh1 protein domains required
for binding of Exol, Ntg2, or Pmsl. Yeast two-hybrid assays were
performed with either pGBT9-Ntg2(1-380), pAS2AA-Ex01(400-702),
or pAS2AA-Pms1(661-873) as baits. Preys are pACT2-M1h1(483-769)
or deletion mutants as indicated. The results of two-hybrid assays are
reported with “+” for blue colonies and “—” for white colonies after
24 h at 30°C. Expression of the various truncated Mlh1 proteins was
monitored using an antibody against HA epitope of the GAL4-AD-
fusion proteins. All proteins were similarly expressed (data not shown).

sequence regions (Fig. S5A). These positions are remote from
residues proposed as involved in the heterodimerization site S1
(Fig. 5A, magenta star) (21).

A 3D model of the C-terminal region of Mlh1 was built with
the program Modeler (10) from the alignment of S. cerevisiae
Mlhl C-terminal sequence with different eukaryotes and E.
coli sequences (see Fig. SID and S2 in the supplemental ma-
terial) and from the X-ray structure of E. coli MutL (14).
Interestingly, 9 of 10 positions that disrupt or weaken the
two-hybrid signal with Exol and Ntg2 are clustering in a spe-
cific region at the surface of the model. These positions are
contiguous and define the so-called binding site S2 (Fig. 5B).
The tenth position, S513 corresponds to an E. coli position
located upstream the crystallized MutL C-terminal region (N
terminus of our model is E528, Fig. 5A) (14). It plays an
important role in agreement with our results obtained with
deletion constructs of Mlh1 that underline the critical role of
the region spanning residues 483 to 518 for the interaction with
Exol and Ntg2 (Fig. 4).

Figure 5C shows the distribution of conserved residues on
the surface of Mlh1 model. Interestingly, site S2 of Mlh1 co-
incides with one of the two most conserved patches proposed
by Consurf program (24). Remarkably, sequence alignment of
30 Mlh1 eukaryotic sequences show that all residues critical for
site S2 are highly conserved or changed for conservative amino
acid substitutions (see Fig. S1D in the supplemental material).
The second conserved patch corresponds to the N terminus
region (positions 537 to 564) and the C terminus region (po-
sitions 752 to 766) proposed to be involved in Mlhl het-
erodimerization (Fig. 5A) (21). Taken together, these data
point to a structure-function conservation of site S2 among
eukaryotic Mlhl proteins. To challenge this hypothesis, we
generated two mutants of the human MLHI (Y625A and
E669A), the human counterparts of essential yeast positions
(Y630 and E682), respectively. Table 3 shows that hMLHI1-
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TABLE 2. Site-directed mutagenesis on the C-terminal region of
yeast Mlh1 and two-hybrid assays for interaction with Ntg2,
Exol, and Pmsl

Interaction”

Mih14
Exol Pmsl

z

=
ag

)

WT
S513A
Y538A
R547A
Q552A
F558A
C566S
Y571A
Q572A
I573E
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F578A
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F581A
MO626A
E629A
Y630A
Y631A
S632A
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“ pACT2-M1h1(483-769) (either wild type [WT] or mutant as indicated) was
used as the prey construct.

 For Ntg2, Exol, and Pms1, pGBT9-Ntg2(1-380), pAS2AA-Exo1(400-702),
and pAS2AA-Pms1(661-873), respectively, were used as the bait constructs. Re-
sults are expressed as follows: +, blue colonies; +/—, light-blue colonies; —,
white colonies; ND, not determined. The expression of the MIhl variants
(R547A, F578A, Y630A, and E682A) was monitored by using an antibody
against yeast MIh1(483-769) and proved to be similarly expressed (data not
shown).

Y625A and hMLH1-E669A did not interact with Ntg2, Sgsl
and BLM and interacted weakly with Exol, although they
efficiently bound human PMS2. In conclusion, our results de-
lineate a new, highly conserved site S2 in the C-terminal region
of Mlh1 essential for interactions with Exol, Ntg2, Sgsl, or
BLM that is distinct from the site S1 that mediates interactions
with Pms1 or PMS2.

The C-terminal region of yeast and human Mlh1 interacts
directly and specifically with the Exol/Ntg2/Sgs1 and EXO1/
BLM peptides, respectively, containing the MIP-box. To eval-
uate the strength of the interactions between the different
proteins that target Mlh1 at site S2, we characterized the rel-
ative affinity of their MIP-box motif at Mlh1 site S2 with direct
biophysical methods. We produced the C-terminal regions of
yeast Mlhl (amino acids 485 to 769) and of human MLH1
(amino acids 486 to 756). We also produced two mutants of the
C-terminal region of yeast Mlh1: a mutant from site 2, Mlh1-
E682A, that presents no interaction with Exol or Ntg2 (Table
2) and a mutant from site 1, Mlh1-R547A, that interacts with
Exol or Ntg2 but not with Pms1. These fragments were puri-
fied to homogeneity, and their secondary structure content and
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thermal stability were analyzed by circular dichroism (see Fig.
S4 in the supplemental material). The wild-type and mutant
Mih1 fragments present spectra with two minima at 208 and
222 nm that are characteristic of a+@ proteins in agreement
with the X-ray structure of E. coli MutL C-terminal region
used to build our model (14). The stability of the variant
MIh1-E682A was estimated by thermal denaturation; it pre-
sented a cooperative denaturation profile and a melting tem-
perature close that of the wild-type fragment. These results
indicate that the wild-type and variants Mlh1 fragments used in
the present study have an overall correct 3D structure, al-
though we cannot exclude for the variants some local rear-
rangements introduced by the mutation.

To have access to the thermodynamic parameters that char-
acterize interactions at site S2, we performed ITC studies. We
measured the interactions of purified wild-type and mutant
versions of yeast Mlhl with peptides (10- to 14-mer) derived
from Exol, Ntg2, Sgs1, and BLM proteins. All of the peptides
used contain a MIP-box either wild type or modified (Table 4).
The binding reactions with peptides Exol, Ntg2, Sgsl, and
BLM gave exothermic heat exchange (negative enthalpy). In-
tegrated thermograms were fitted to a one-site binding model
and gave similar micromolar dissociation constants (K, =
1/K,) for pExol, pNtg2, and pSgsl peptides between 8.1 and
9.3 uM (Table 4 and Fig. 6A to C). We analyzed the interac-
tion between the C-terminal region of hMLH1 with peptides
derived from human EXO1 and BLM proteins and also ob-
served micromolar dissociation constants for between 9.0 and
17.4 uM (Table 4, Fig. 6D, and see Fig. SS5F in the supplemen-
tal material).

The interaction for Ntg2 peptide was also measured in the
presence of lower salt (100 mM NaCl instead of 300 mM for all
other interactions). In this case, the affinity was significantly
enhanced, suggesting the contribution of electrostatic interac-
tion to the binding (Table 4). We also analyzed by ITC the
interactions with a peptide substituted at both aromatics in the
MIP-box of Exol (FF447AA). This peptide showed no inter-
action, in agreement with a recent work that revealed that this
double mutation on whole Exol protein was deleterious for the
interaction with Mlh1 (49) (Table 4 and Fig. 6E). These results
highlight the specificity of the interactions measured with the
MIP-box peptides and confirm the major role suggested by
two-hybrid assays for residues F447 and F448 in the Exol-
Mlh1 interaction (12). A similar result was obtained with two
Ntg2 peptides containing Ala substitutions in the MIP-box:
peptides S24A and Y26A. The peptide variants show no inter-
action (Table 4). A peptide containing a phosphoryl group on
S24 was tested by ITC, and neither bind the C-terminal region
of Mlh1 (Table 4). These results confirm by a direct method
the critical role of the serine and of both aromatic residues in
the MIP-box in Exol1-Mlhl or Ntg2-Mlhl interactions and
highlight the conservation of this interaction in humans.

Finally, two Mlh1 variants (R547A and E682A) were puri-
fied and titrated with the Ntg2 peptide. Mlh1-R547A interacts
with Exol or Ntg2 but not with Pmsl in two-hybrid assay
(Table 2). ITC analysis shows that Mlh1-R547A interacts with
Ntg2, as did the wild type (Table 4). On the other hand,
MI1h1-E682A, which does not interact with Exol or Ntg2 in the
two-hybrid assay, also does not interact with the Ntg2 peptide
in the ITC assay (Table 4 and Fig. 6F). In conclusion, ITC
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FIG. 5. Localization of heterodimerization site S1 and Exol/Ntg2 interaction site S2 in the C-terminal region of Mlhl from S. cerevisiae.
(A) The 28 positions mutated on Mlh1 and tested for interaction with Exo1/Ntg2 are schematically represented over the Mlh1 sequence. Mutations
that disrupt or weaken MIh1 interactions with Exo1/Ntg2 and not with Pms1 are, respectively, in blue or light blue. Mutation R547A that disrupts
MIh1 interaction with Pms1 and not with Exo1/Ntg2 is in magenta. Mutations with no effect on both interactions are in gray. Magenta stars indicate
residues proposed to be involved in heterodimerization site S1 (21). Dashed lines represent MutL regions that are not crystallized (14). (B) Surface
representation of the Mlhl model colored according to site-directed mutagenesis results with the same color code as in panel A. (C) Surface
representation of the Mlh1 model colored according to the sequence conservation from low (red) to high (blue) conservation. This representation
shows two conserved patches that coincide with regions proposed for heterodimerization site S1 (21) and Exo1/Ntg2 interaction site S2 (the present
study). (See Fig. S2 in the supplemental material for ribbon representations of the model.)

results show a direct interaction between the C-terminal region
of Mlh1l and peptides containing the MIP-box with a similar
affinity in the micromolar range. Calorimetry data also confirm
the role of amino acids from the MIP-box and the role of Mlh1
position E682 as an essential component of the site S2, as
proposed by two-hybrid and modeling analysis.

TABLE 3. Interspecies conservation of interactions at site

S2 of Mlhl
Interaction”
Construct yMIh1  hMLH1  hMLH1 hMLH1

(WT) (WT) (Y625A)  (E669A)
pGBT9-Ntg2(1-380) + + - -
PAS2-Ex01(400-702) + + +/- +/—
PAS2-Sgs1(785-1447) + + - -
PAS2-Pms1(661-873) + - - -
pAS2-hBLM(1034-1378) + + - -
pGBT9-hPMS2(637-862)  ND + + +

“For yMIh1(WT) and hMLH1(WT), full-length pACT2-yMIh1(1-769) or
pACT2-hMLH1(1-756) were use as prey partner constructs in two-hybrid assays.
For hMLH1(Y625A) and hMLH1(E669A), full-length pACT2-hMLH1(1-756)
with an alanine substitution at Y625 or E669, respectively, the counterparts of
the yeast Y630 or E682 mutations that are essential for interactions at S2, were
used. Bait partner constructs are indicated. Results are expressed as follows: +,
blue; +/—, light blue; —, white; ND, not done.

Site S2 impacts on MMR-dependent mutation avoidance.
The evolutionary conservation of interactions between Mlhl
and proteins containing a MIP-box suggests important biolog-
ical function(s). Since Mlhl is an essential component of the
MMR-dependent mutation avoidance process, the alteration
of interaction between Mlh1l and MIP-box partner proteins
could impact on mutation rates. Spontaneous mutation rates
were determined by using two assays: (i) the Can® forward
mutation assay and (ii) the hom3-10 reversion (Hom™) assay.
Hom™ essentially detects a (—1) frameshift in a run of seven
A-T base pairs; therefore, it can be used as an indicator of
MMR-dependent mutagenesis (47, 49). To investigate the im-
pact of mutations at site S2, we could measure mutation rates
in mlhiA cells hosting plasmids that express wild-type and
mutant versions of Mlhl. However, the mutator phenotype
caused by nonphysiological levels of wild-type Mlh1 level dic-
tates the use of chromosomal mutations at the MLHI locus to
measure the impact of interactions at S2 on the mutation rates
in S. cerevisiae (43, 44). Thus, we generated two mutants of
Mihl, mlhi-R547A and mihl-E682A, which are affected in
their binding properties at sites S1 and S2, respectively. The
results show that mlhI-R547A exhibited enhanced mutation
rates for both Can* (2.8-fold) and Hom™ (30-fold) compared
to the wild type. This result was expected since the R547A
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TABLE 4. ITC analysis of yeast Mlh1l C-terminal region binding to Ntg2, Exol, Sgs1, EXO1, and BLM peptides

iy . AHP K, AG® —TAS?
Protein Peptide Sequence” (keal/mol) (10° M1 Ka (M) cal/mol)  (keal/mol)
Milhl WT pNtg2 -0 VEVRSKYFKKNER —-205+ 1.5 1.11 = 0.08 9.0 = 0.6 -7.0 +13.5
Mihl WT pExol +./KDTRSKFENKPS 226+07 107+034  93+29  -70 —44
Mihl WT pSgsl 1377QSTGTKSKFFGAN —6.5+0.9 1.24 = 0.21 8.1*x14 —7.05 —0.55
Milhl WT pBLM 1317 VSSHYFASKT -22+02 1.20 = 0.14 83+1.0 —7.05 —4.85
hMLH1 pEXO1 408 VVPGTRSRFFCSSDST —85+0.2 0.57 = 0.03 17.4 = 0.9 —6.6 +1.9
hMLH1* pBLM 1317VSSHYFASKT —210+13 L11+007 90+12  —70 +14.0
Mih1l WT (LS)* pNtg2 -305+04 2.9 +0.11 34 *0.1 —7.55 +22.95
Milh1l R547A% pNtg2 —-188 + 1.5 1.9 £0.20 53+0.5 -7.3 +11.5
Mih1 E682A pNtg2 NI¢ NI NI NI NI
MIhl WT pExol(FF447AA)  KDTRSKAANKPS NI NI NI NI NI
Mlhl WT* pNtg2(S24A) VEVRAKYFKKNER NI NI NI NI NI
MIhl WT* pNtg2(S24[P]) VEVRS®KYFKKNER NI NI NI NI NI
Mlhl WT* pNtg2(Y26A) VEVRSKAFKKNER NI NI NI NI NI

¢, thermograms for these experiments are reported in Fig. S4 in the supplemental material. WT, wild type.
> Numbers before peptide sequences correspond to the position in the protein sequence of the first amino acid of the peptide. The MIP-box is underscored. Modified

amino acids are in boldface.

¢ No interaction (NI) indicates weak and/or constant signal under the condition used (15 pM protein and 150 wM peptide).

mutation affects the interaction between MIlhl and Pmsl to
form MutLa, which is required for functional MMR-depen-
dent mutation avoidance.

On the other hand, mlh1-E682A4 exhibited only a weakly
enhanced mutation rate for Hom™ (5.3-fold) compared to the
wild type, like an exol/ A mutant (Table 5). However, exol A but
not mlh1-E682A presented significant increase in Can" events
(6.7-fold), which is primarily due to the inactivation of a sub-
pathway in the course of postreplication repair (47, 49). We
also measured mutation rates in mlh1-R547A exol A and mlhli-
E6824 exolA double mutants. The results show that milhl-
R547A synergistically interacted with exolA, yielding high Can”
and Hom™ mutation rates, whereas mlh1-E682A did not (Ta-
ble 5). These results clearly show that mihi1-R5474 and milhl-
E682A delineate two different classes of mutants of MLHI in S.
cerevisiae. These two classes differ in their capacity to syner-
gistically interact with exolA and in their capacity to physically
interact with Exol or Pms1 proteins.

Our results suggest that mlh1-E6824 mimics a hypomorphic
allele of Exol at least partially deficient in its MMR-dependent
mutation avoidance function. In S. cerevisiae, the impact of
Exol on MMR-dependent mutagenesis is more readily appre-
ciated in combination with hypomorphic alleles of pmsI or
mihl (2, 49). Therefore, our hypothesis predicts a synergistic
interaction between mlhl-E682A and a hypomorphic allele of
pmsl for MMR-dependent mutagenesis. We chose to use
pmsI-G97A, which is mutated in the ATP binding motif of
Pms]1 and that exhibits a moderate (15-fold) increase in Hom™
mutagenesis (50, 51) (Table 5). (Amino acids of Pmsl are
numbered according to the SGD database [http://db.yeast
genome.org]; in previous studies, the Pms1 G97A mutant was
G128A due to a wrong estimation of the start codon position.)
Table 5 confirms that pmsI-G97A synergized for Hom ™ mu-
tagenesis (360-fold) when combined with exo/A (51). Table 5
also shows that pmsI-G97A4 also synergized for Hom™ (169-
fold) when combined with mlhi-E682A. Importantly, the
Hom™ mutation rate in the pmsI-G974 mlhl-E682A double
mutant was significantly lower than that in the pmsI-G974
exol A mutant. This last result indicates that the suppression of
the physical interaction between Mlhl and Exol in the mlhli-

E682A4 mutant significantly reduces, but does not abolish, the
impact of Exol on MMR-dependent mutation avoidance.
Therefore, the properties of mlh1-E682A4 strongly suggest that
one of the biological functions of S2 is to recruit Exol to
optimize MMR-dependent mutation avoidance.

The capacity of Mlh1l to bind multiple partners at sites S1
and S2 may result in the formation of a variety of binary and
ternary complexes, whose biological impact must be diverse. In
order to modify the equilibrium between Mlhl-containing
complexes, we overproduced Ntg2 in yeast cells that express
either wild-type or mutant Mlh1. Table 6 shows that the over-
expression of Ntg2 moderately enhanced Can" and Hom " mu-
tation rates in a wild-type background (Table 6). In an mihl-
R547A4 background, Ntg2 overexpression greatly enhanced
Can" (10-fold) and Hom™ (523-fold) mutation rates. In con-
trast, the overexpression of Ntg2 did not modify spontaneous
mutation rates in the mlh1-E682A context (Table 6). These
results suggest that through an overexpression of Ntg2, the site
S2 is saturated by Ntg2 preventing the formation of Mlh1-Exol
complex on this site. These results are in agreement with the
previous hypothesis that links enhanced MMR-dependent mu-
tagenesis and disruption of the Exol recruitment process at S2
site in combination with hypomorphic alleles of pmsl or mihl
(Table 5).

DISCUSSION

The Mlh1 protein interacts with numerous partners to form
complexes presumably involved in a variety of biological trans-
actions (12, 17, 32, 35, 51, 52). Interactions involve both the
N-terminal and the C-terminal parts of Mlhl. In the present
study, we focused on interactions that occur at the C-terminal
part of Mlh1 that spans amino acids 483 to 769 in S. cerevisiae.
At least two independent binding sites are present in the C-
terminal region of the Mlhl protein: (i) site S1, which binds
Pmsl, Mlh2, or Mlh3 and (ii) site S2, characterized in the
present study, that binds Exol, Ntg2, and Sgs1. Interactions of
Exol, Ntg2, and Sgs1 with yeast and human Mlh1 at site S2
involve a common motif ([R/K]-S-K-[Y/F]-F). This motif,
which we named the MIP-box, is highly conserved in the C-
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FIG. 6. Physical interactions between the C-terminal region of yeast and human Mlhl and different peptides containing a MIP-box. The
thermograms and binding isotherms of the calorimetric titrations of wild-type or mutant Mlhl by peptides at 303 K are presented. The
corresponding thermodynamic parameters are reported in Table 4. (A) MIh1(WT) and pNtg2; (B) MIh1(WT) and pSgsl; (C) Mlh1(WT) and
pExol; (D) hMLH1(WT) and pEXO1; (E) MIh1(WT) with peptide Exol mutant on the MIP-box, pExol (FF447AA); (F) Mlh1l mutant on the

critical position E682 of site S2 and pNtg2.

terminal part of most eukaryotic homologs of Exol in a region
with little overall conservation (Fig. 2). Multiple sequence
alignments of Sgs1 and Ntg2 underline that the MIP-box is less
conserved among eukaryotic homologs of these two proteins
(see Fig. S1B and C in the supplemental material). We found
this motif in the C-terminal region of numerous yeast and
metazoan Sgsl homologs. Interactions assays realized in the
present study between human helicase BLM, a homolog of
Sgsl, and yeast and human MIhl show that the MIP-box
present in BLM is required for its interaction with Mlhl. In
Ntg2 protein, the MIP-box is located in the N-terminal region
of the protein and is not conserved among eukaryotic members
of Endo III family, whereas the catalytic site and the DNA-
binding motif are highly conserved. Only four yeasts, closely
related to S. cerevisiae, contain a MIP-box surrounded by non-
conserved positions. Some of these yeasts have diverged after
a common genome duplication event and may have acquired
the MIP-box for a function that remains to be elucidated.
Recently, Tap-Tag and immunoaffinity approaches have iden-
tified new partners for human MLHI (6, 36). Some of these

proteins present a potential MIP-box in their sequence that
could contribute to their interaction with Mlhl. For example,
FancJ has an SRHF motif in position 105 inside the region
from amino acids 1 to 145 required for its interaction with
MLHI1 (36), and angiomentin has an SQYF motif in its N-
terminal region in position 116 (6). It will be interesting to
evaluate whether these motifs are functional and thus are crit-
ical for their interaction with MLHI.

Characteristics of the MIP-box are reminiscent of the prop-
erties reported for another well-characterized motif, the PIP-
box (named for the PCNA interacting protein) (33). It is also
constituted of a small number of amino acids comprising two
consecutive aromatics; the motif is “Qxxhxaa,” with “h” rep-
resenting a hydrophobic residue and “a” representing an aro-
matic residue. The PIP-box mediates PCNA interaction with
various partners, and binding of these factors to PCNA is often
competitive (33). The common features observed for the MIP-
box and PIP-box may correspond to properties that facilitate
interactions with multiple partners (20).

In the present study, we characterized the S2 binding site of
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TABLE 5. Spontaneous mutation rates in m/hl mutants affected in interactions at the S1 and S2 sites in S. cerevisiae“

Can" mutants
Relevant genotype

Hom™ revertants

No. of mutations/107 (95% CI) Ratio No. of mutations/107 (95% CI) Ratio
Wild type 1.6 (1.2-2.1) 1.0 0.08 (0.07-0.12) 1.0
mih1-R547A 4.4 (3.2-7.6) 2.8 2.40 (1.93-4.22) 30.0
mih1-R547A4 exolA 34.7 (21.6-73.8) 21.7 29.60* (17.21-44.86) 370
milh1-E682A4 2.2(1.4-2.8) 1.4 0.42 (0.25-0.51) 53
mih1-E682A4 exolA 8.3 (5.6-11.1) 5.2 0.51 (0.45-0.89) 6.4
pms1-G97A 2.6 (2.1-3.3) 1.6 1.2 (0.8-1.6) 15
pmsI-G97A exol A 15.8 (10.6-22.8) 9.9 28.5% (19.0-38.1) 360
pms1-G974 mlhI1-E682A 6.4 (4.5-10.1) 4.0 13.9* (8.8-18.1) 169
exolA 10.7 (8.1-11.7) 6.7 0.40 (0.32-0.53) 5.0
milhiA 34.3 (26.6-44.3) 214 49.28 (40.36-62.29) 616

“ Mutation rates per cell division were determined from the number of Can” mutants and Hom* revertants by the method of the median (26). Each value represents
=22 independent cultures. The numbers in parentheses indicate the low and high values for the 95% confidence interval (CI) for each rate. The ratios represent the
fold induction relative to the wild-type strain. Asterisks indicate the occurrence of synergistic interactions for Hom™ revertants (MMR-dependent mutagenesis).

Mih1 through an approach coupling two-hybrid assay, site-
directed mutagenesis, molecular modeling, and biochemical
and biophysical methods. We identified 10 amino acids impor-
tant for the interaction with Exol and Ntg2 but not for the
interaction with Pms1. These positions are distributed in four
regions of Mlh1l C-terminal sequence (positions 483 to 769)
(Fig. 5A and see Fig. S1D and 2B in the supplemental mate-
rial). (i) A first position, S513, conserved in 29 over 30 eukary-
otic sequences aligned, is located in a region (positions 483 to
518) shown to be important by two-hybrid assay (Fig. 4). The
first position observed in the X-ray structure of E. coli MutL
C-terminal region (14) corresponds to position E528 in the
yeast Mlh1 model. The distance between E528 and site S2 (23
A) suggests that the S513 position could be located in close
proximity to site S2 since a 14-amino-acid linker separates
these two positions. (ii) Next, positions D577, F578, and N580
would be located according to the model at the hinge between
the external and internal domains in the E. coli MutL struc-
ture. The model suggests that these positions are exposed on
the surface Mlh1 (Fig. 5B). (iii) Four positions—M626, E629,
Y630, and Y631—are located in a region predicted as a helix
in the middle of the internal domain of MutL C-terminal
region. In our model, the E629 residue is solvent exposed and
M626, Y630, and Y631 are more buried. (iv) Finally, E682 and
1689 are also located in the internal domain and in a region
predicted as a helix with E682 exposed at the surface of Mlhl.
From our model, we conclude that the positions identified

define the structurally consistent site S2, which is composed of
a contiguous patch on the surface of Mlh1 with two aromatic
(F578 and Y630) and two hydrophobic residues (M626 and
1689) that are good candidates to interact with the two aro-
matic amino acids of the MIP-box. E629 and E682 residues
could contribute to electrostatic interactions at the interface, in
agreement with the ITC measurements that showed salt-de-
pendent interaction probably accounted for an electrostatic
contribution (Table 4). Interestingly, the model reveals two
main conserved patches on the surface of Mlh1 (Fig. 5C). In
this model, site S2 is, apart from the heterodimerization region
(S1), proposed from the X-ray structure of E. coli MutL ho-
modimer and biochemical studies (21). Site S1 was proposed to
be located in the external domain of E. coli structure and to
involve positions inside two segments in the N terminus (po-
sitions 537 to 564) and C terminus (positions 752 to 766) of the
Mlhl C-terminal region (Fig. 5A). These segments are apart
from the 10 positions identified in the present study for site S2.
The separate positions of sites S1 and S2 are also consistent
with the possibility of making a ternary complex with these
proteins as reported for Exol, Mlhl, and Pms1 (51). Interest-
ingly, position F578 from S2 site was also proposed to be
involved, with the two other Mlh1 positions Q574 and L576, in
the interaction between S. cerevisiae Mlhl and PCNA (27).
Substitution of the QLF motif significantly reduces the inter-
action with PCNA and causes a strong mutator phenotype.

TABLE 6. Impact of Ntg2 protein overexpression on spontaneous mutation rates in m/il mutants affected in interaction at sites
S1 or S2 in S. cerevisiae“

Can" mutants

Hom™ revertants

Relevant genotype

No. of mutations/107 (95% CI) Ratio No. of mutations/107 (95% CI) Ratio
WT/pAS2 2.7 (1.7-3.5) 1.0 0.09 (0.06-0.13) 1.0
WT/pAS2-NTG2 4.6 (2.9-6.3) 1.7 4.3% (3.2-5.6) 47.8
mihI-R547A/pAS2 43 (3.5-5.0) 1.6 15.1 (13.7-19.5) 167.8
mlh1-R547A/pAS2-NTG2 26.9 (18.8-33.6) 10.0 47.1* (38.8-54.1) 5233
mih1-E682A/pAS2 1.8 (1.4-4.1) 0.7 0.5 (0.3-0.6) 5.6
mlh1-E682A/pAS2-NTG2 2.0 (1.5-3.8) 0.7 0.4 (0.2-0.7) 4.4
mlh1D/pAS2 53.6 (42.8-65.4) 19.9 82.6 (65.4-102.3) 917.8

“ Mutation rates per cell division were determined from the number of Can” mutants and Hom* revertants by the method of the median (26). Each value represents
=22 independent cultures. The numbers in parentheses indicate the low and high values for the 95% confidence interval (CI) for each rate. The ratios represent the
fold induction relative to the wild-type (WT) strain. Asterisks indicate the occurrence of synergistic interactions for Hom™ revertants (MMR-dependent mutagenesis).
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This result suggests that PCNA may interact in a competitive
manner with protein containing an MIP-box.

To investigate the biological impact of interactions at sites
S1 and S2, we isolated mutants of Mlh1 specifically affected in
either of these two sites. We measured the impact of these
mutations upon one of the functions that requires Mlhl in S.
cerevisiae, the mitotic MMR-dependent mutation avoidance
pathway. First, we isolated mlhiI-R547A that specifically im-
pairs interactions between Mlhl and Pmsl at site S1. This
mutant exhibits significantly enhanced mutation rates, Can"
and Hom™, and synergizes with exolA. Thus, mlh1-R547A4 be-
haves in the same way as an already-described class of mutants
such as mlhl-E31A4 or mlh1-R547K (2, 49). However, mlhl-
R547A provides novel information, since it is the first mutant of
that class where a measured alteration in the physical interac-
tion between Mlhl and Pmsl is associated with an MMR
defect. Second, we isolated mlhI-E682A that is the prototype
of a novel class of Mlh1 mutants deficient in their capacity to
bind Mlhl partners containing an MIP-box. Our results
showed that mlh1-E6824 mutants, like exol A mutants, exhib-
ited a small deficiency in MMR-dependent mutation avoid-
ance. Furthermore, mlh1-E682A did not present synergy with
exol A for MMR-dependent mutagenesis. Finally, the combi-
nation of mlh1-E682A4 with pms1-G97A4, a hypomorphic allele
of pmsl, resulted in a synergistic increase in Hom™ mutagen-
esis, as in a pmsI-G97A exol A double mutant (Table 5). Taken
together, these results lead us to propose that mlhil-E682A
behaves as a hypomorphic allele of Exol for MMR-dependent
mutagenesis. This hypothesis is in agreement with the fact that
the contribution of Exol to MMR in yeast is modest in phys-
iological conditions; however, it becomes extremely important
in pathological conditions such as the alteration of the 3’ to 5’
proofreading activity of DNA polymerase 3 or € (48) or the
functional alteration of MMR compounds such as Mlh1, Pmsl,
Msh2, Msh6, or PCNA (2, 51). According to this hypothesis,
mutations affecting site S2 in Mlh1 should be isolated by using
weak pms] mutators and screening for hypermutators. Indeed,
using pmsI-A99V, two mutations that affect the C terminus of
Mlhl (mlhi1-L511F and mlh1-M623[) were isolated, and these
positions are close to residues critical for site S2 (S513 and
M626, respectively) (2). Moreover, the exol-FF4474A allele,
with alanine substitutions on the two aromatic residues of the
MIP-box, is partially defective in the MMR-dependent muta-
tion avoidance in the presence of the hypomorphic alleles of
pmsl or mlhl (49). In conclusion, we propose that one of the
biological roles of Mlh1 site S2 is to allow the physical associ-
ation with Exol and to optimize MMR-dependent mutation
avoidance. One must note that the impact of mutations such as
mlh1-E682A becomes dramatic in situations that weaken or
overload MMR in S. cerevisiae.

In a recent functional analysis, 101 human MLH] variants
that covered most of HNPCC missense mutations were exam-
ined for dominant mutator effects and in an in vitro MMR
assay (46). We identified six MLH]I variants that are close to
yeast site S2 and to human site S2 positions Y625 and E669
shown to be critical for interaction with BLM. These variants
are V500A (close to yeast S513 position from site S2), IS65F
and L574P (close to yF578), K618T and L622H (close to
yM626), and L676R (corresponds to yI689) (see Fig. S1D in
the supplemental material). It will be interesting to determine
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whether these variants are affected in their interactions with
EXO1 and/or BLM proteins.

In higher eukaryotes, the biological impact of Exol is much
more pronounced than in yeast, since Exol™/~ mice show
major defects in MMR with an increase in the mutation rate at
the Aprt locus, microsatellite instability, increased cancer sus-
ceptibility, and male and female sterility (54). Since the inter-
actions between Mlh1 and Exol described here are evolution-
arily conserved, the impact of mutations that affect site S2 may
have major consequences in mice or humans.
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