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ABSTRACT

Bloom’s syndrome (BS) is a rare genetic disorder

characterised by genomic instability and cancer

susceptibility. BLM, the gene mutated in BS, encodes

a member of the RecQ family of DNA helicases. Here,

we identify hMLH1, which is involved in mismatch

repair (MMR) and recombination, as a protein that

directly interacts with BLM both in vivo and in vitro,

and that the two proteins co-localise to discrete

nuclear foci. The interaction between BLM and

hMLH1 appears to have been evolutionarily

conserved, as Sgs1p, the Saccharomyces cerevisiae
homologue of BLM, interacts with yeast Mlh1p.

However, cell extracts derived from BS patients

show no obvious defects in MMR compared to wild-

type- and BLM-complemented BS cell extracts. We

conclude that the hMLH1–BLM interaction is not

essential for post-replicative MMR, but, more likely,

is required for some aspect of genetic recombin-

ation.

INTRODUCTION

Bloom’s syndrome (BS) is a rare autosomal recessive disorder,
characterised by growth retardation, immunodeficiency, sun
sensitivity, genome instability and markedly increased predis-
position to a wide variety of cancers (1). The gene mutated in
BS, BLM, encodes a 159 kDa protein that belongs to the RecQ
family of DNA helicases (2). This highly conserved family of
proteins includes Escherichia coli RecQ (3), Saccharomyces
cerevisiae Sgs1p (4), Schizosaccharomyces pombe Rqh1p (5)
and at least four human homologues: RECQL (6); WRN, the
gene mutated in the premature aging disorder Werner’s
syndrome (7); RECQL4, the gene mutated in Rothmund–
Thomson syndrome (8); and RECQL5 (9). Somatic cells
derived from BS patients exhibit excessive numbers of

chromosome breaks and sister chromatid exchanges (SCEs)

(10). Consistent with this, mutations in the S.cerevisiae SGS1

and S.pombe rqh1+ genes produce phenotypes that resemble

those observed in cells derived from BS patients: inactivation

of Sgs1p results in an increase in DNA recombination and

enhanced chromosome mis-segregation (11), while rqh1p

deficiency correlates with hypersensitivity to DNA damage

(5). Further evidence of a role for the RecQ family of helicases

in homologous recombination comes from the observations

that RecQ, Sgs1p, BLM and WRN all disrupt four-way junc-

tions, a structural mimic of the Holliday junction intermediate

formed as a consequence of DNA strand exchange (12–15). In

addition, both BLM and WRN can promote branch migration

of Holliday junctions (14,15). Last but not least, it was recently

shown that Sgs1p contributes to the suppression of both gross

chromosomal rearrangements and recombination between

divergent DNA sequences in a pathway that is redundant with

MMR (16).

BLM has been shown to form complexes with replication

protein A (17), topoisomerase IIIα (18) and RAD51 (19),

suggesting a role for BLM during replication and recombin-

ation. Moreover, the recent identification of BLM as part of the

BRCA1-associated genome surveillance complex (BASC)

links BLM with a number of tumour suppressor and DNA

damage repair proteins (20). The BASC complex includes

MSH2, MSH6, MLH1, ATM, BLM, the RAD50–MRE11–NBS1

complex and replication factor C. Many components of this

complex have roles in recognition and signalling of DNA

damage and unusual DNA structures, suggesting that BASC

might play the role of ‘damage sensor’.

The hypermutability of BS cells is very likely the cause of

the cancer predisposition in persons with BS. However, the

molecular basis of the genomic instability in BS is poorly

understood. To obtain further insight into the biological processes

in which BLM is involved, we performed a yeast two-hybrid

(YTH) screen to identify proteins that interact with BLM. We

now report that BLM directly interacts with hMLH1, the
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human homologue of the E.coli MutL protein, known to be

involved in MMR and recombination (21–23).

MATERIALS AND METHODS

Construction of plasmids

Various deletion mutants of BLM and hMLH1 were

constructed by PCR and restriction digests starting from the

vectors pJK1 (24) and pFastBacI-hMLH1 (25) containing

the cDNAs of BLM and hMLH1, respectively, and cloned into

the YTH vectors pBTM116, pACT2 and pGAD424. All plasmids

were verified by DNA sequencing and expression in the YTH

strain L40 was checked by western blot analysis using the

appropriate antibodies. Full-length and truncated Sgs1 and

full-length yMlh1 were amplified by PCR from yeast genomic

DNA and confirmed by sequencing. For the in vitro transcrip-

tion and translation constructs, the different fragments were

generated by restriction digests of different YTH constructs

and cloned into vectors of the pCite-4 series (Novagen).

Sequences of all plasmids and construction schemes are available

upon request.

Yeast two-hybrid screen

The screen was performed essentially as described (26). The

yeast strain L40 [MATa trp1 leu2 his3 LYS2::lexA-HIS3

URA3::lexA-lacZ] was sequentially transformed with the bait

pBTM116-BLM (amino acids 770–1417) and a random

primed human peripheral blood cDNA library cloned into the

BglII sites of pACT (Clonetech) using the lithium acetate

method. Among over 3 × 106 transformants tested for histidine

prototrophy and positive β-galactosidase staining, 13 inde-

pendent positive clones were found.

Co-immunoprecipitation of BLM with anti-hMLH1

antibody

Aliquots of 200 µg nuclear extracts of TK6 and HCT116

(prepared as described in Holmes et al.; 27) were incubated for

1 h at 4°C in a total volume of 100 µl of mismatch repair buffer

(20 mM Tris–HCl pH 7.6, 40 mM KCl, 5 mM MgCl2, 1 mM

PMSF, 1 mM glutathione, 0.1 mM dNTPs, 50 µg/ml BSA,

1.5 mM ATP), supplemented with 10% sucrose and

1× protease inhibitor cocktail, EDTA-free (Roche). The effec-

tive salt concentration was adjusted to 110 mM KCl. Aliquots

of 2 µg of the monoclonal anti-hMLH1 antibody G168-728

(Pharmingen) were added and the incubation continued for a

further 2 h. Samples of 30 µl of Pan Mouse IgG Dynabeads

(Dynal) were added to the solution and the incubation was

continued for a further 1.5 h before the matrix-bound proteins

were isolated following the instructions of the manufacturer.

The beads were washed four times with 200 µl of incubation

buffer (110 mM KCl) before elution. The eluted proteins were

subjected to western blot analysis using the monoclonal anti-

hMLH1 antibody G168-15 (Pharmingen) and the polyclonal

anti-BLM antibody IHIC33 (18). Detection was performed

using ECL (Amersham Pharmacia Biotech) following the

manufacturer’s instructions.

Co-immunoprecipitation of hMLH1 with anti-BLM
antibody

Aliquots of 200 µg nuclear extracts from BJAB (prepared as
described in 28) were incubated for 1 h in the incubation buffer
(20 mM HEPES–KOH pH 7.5, 60 mM KCl, 2 mM MgCl2,
0.1% NP-40, protease inhibitors) at 4°C in a total volume of
200 µl. Aliquots of 2 µl of the anti-BLM antibody ab476
(Abcam) and 1 µg contol IgG were added and incubated for a
further 2.5 h. Samples of 15 mg equilibrated protein A–Sepharose
CL-4B beads (Amersham Pharmacia Biotech) were added and
the incubation was continued for a further 1.5 h. The beads
were then washed five times with 0.5 ml of incubation buffer
prior to elution. The membranes were hybridised with the anti-
bodies mentioned above.

Far western analysis

This assay was performed essentially as described previously
(18). Briefly, 1 µg purified proteins was subjected to SDS–PAGE
and transferred to nitrocellulose filters. After renaturation and
blocking, the filters were incubated for 60 min in BLM (1 µg/ml)
or MutLα (0.5 µg/ml) in TBS (25 mM Tris–HCl pH 7.4,
140 mM NaCl, 2.5 mM KCl) supplemented with 0.25% milk,
0.3% Tween 20, 1 mM DTT and 1 mM PMSF. After extensive
washing, conventional western analyses using the indicated
antibodies were performed to detect the presence of BLM,
hMLH1 and hPMS2.

In vitro binding assay

Different amounts of recombinant BLM, MutLα and BSA
were dotted on a nitrocellulose membrane (MSI NitroBind).
After blocking for 1 h at room temperature using TBS supple-
mented with 5% milk and 0.05% Tween, the membrane was
incubated for 3 h at 4°C with different proteins that were
35S-labelled using the TNT T7 quick coupled transcription/
translation system (Promega) in 1 ml of TBS with 0.1% BSA
and 0.05% Tween. Aliquots of 20 or 40 µl of the in vitro tran-
scription and translation reactions were used for each incubation.
After extensive washes with TBS containing 0.05% Tween, the
membranes were dried and exposed either to a PhosphorImager
(Molecular Dynamics) or X-ray film (Super RX; Fujifilm).

Indirect immunofluorescence analysis

These experiments were performed as described (18) with the
following changes. The primary antibodies used were the
IHIC33 anti-BLM rabbit polyclonal antibody (18) and the anti-
hMLH1 mouse monoclonal antibody G168-728 (Pharmingen),
which were both used at a 1:100 dilution. The secondary anti-
bodies were fluorescein isothiocyanate-conjugated anti-rabbit
and Cy3 anti-mouse antibodies (both from Sigma) used at
1:200 and 1:800 dilution, respectively.

In vitro MMR assay

Nuclear extracts were prepared from exponentially growing
TK6, HCT116, MRC5-SV40, GM08505 and PSNF5 (SV40-
immortalized GM08505 BLM) fibroblasts and the two immor-
talized lymphoblasts GM09960 and GM03403 (Coriell Cell
Repository) as described previously (27) with minor modifica-
tions. Nuclei were isolated and resuspended in cold extraction
buffer (50 mM HEPES–KOH pH 7.5, 10% sucrose, 1 mM
PMSF, 0.5 mM DTT, 1 µg/ml leupeptin) in the smallest
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volume possible and 0.031 vol of 5 M NaCl were added. The

mixture was then rotated for 1 h at 4°C. Nuclear debris was

pelleted at 14 500 g for 20 min at 4°C. The supernatant was

dialysed for 2 h at 4°C against dialysis buffer (25 mM HEPES–

KOH pH 7.6, 50 mM KCl, 0.1 mM EDTA, 10% sucrose, 0.1%

PMSF, 2 mM DTT, 1 µg/ml leupeptin) and clarified by centri-

fugation at 20 000 g for 15 min at 4°C. The assays were carried

out as described (27,29) with some modifications. The reaction

mixtures (20 µl) contained mismatch repair buffer, 75 µg

nuclear cell extract and 75 ng heteroduplex DNA pGemG·T,

containing a G·T mismatch in the BglII restriction site located

369 bp downstream from the nick, that was essentially

constructed as described previously (27,29,30). All the reac-

tion mixtures were adjusted to 110 mM KCl, incubated at 37°C

for 30 min and the repair reactions terminated by addition of

30 µl of stop solution (25 mM EDTA, 0.67% SDS, 50 µg/ml

proteinase K) for 15 min at 37°C. The repair reaction converts

the G·T heteroduplex to an A·T homoduplex and thus restores

the BglII site, such that the repair efficiency can be estimated
from the amount of phagemid DNA cleaved by BglII.

RESULTS

Two-hybrid screen for BLM-interacting proteins

A YTH screen was performed to search for human proteins
capable of interacting with the C-terminal 647 amino acids of
BLM as a bait among >3 000 000 yeast transformants (Fig. 1A).
Thirteen independent clones specifically interacting with the
bait were isolated from a random-primed human peripheral
blood cDNA library, among which a truncation (amino acids
198–756) of the human MMR protein MLH1 was found. The
specificity of this interaction was also confirmed with full-
length hMLH1 (amino acids 1–756) and by switching the
hybrid partners: a fusion of hMLH1 to the LexA DNA-binding
domain (LexAdbd) interacted with full-length BLM fused to
the Gal4 activation domain (Gal4ad) (Fig. 1B).

Sgs1p, the S.cerevisiae RecQ homologue, interacts with
yMlh1p

Since both RecQ helicases and MLH1 have been conserved
throughout evolution, and given that RecQ helicase mutants in
yeast and humans affect genomic stability, we asked whether

Figure 1. YTH interactions. (A) Schematic representation of BLM. The two

acidic domains (striped), the helicase domain (black), the HRDC domain

(stippled) and the two putative nuclear localisation signals (arrow) are indi-

cated. The portion of BLM used as bait in the YTH screen is shown below.

(B) Interactions of BLM and hMLH1 in the YTH assay. The L40 yeast strain

was co-transformed with plasmids encoding the indicated proteins, and three

independent colonies were grown on Trp–Leu–His– selective plates prior to

assessment of β-galactosidase activity. hMLH1(198–756) is the prey found in

the YTH screen. Bait dependency is shown with a non-cognate protein

(S.cerevisiae Rer2p) fused to LexAdbd. (C) YTH interactions of Sgs1p and

yMlh1p as well as interspecies interactions. β-Galactosidase filter assay dem-

onstrating the interaction of yMlh1p with a deletion mutant of Sgs1p (amino acids

784–1447) as well as with full-length Sgs1p and BLM and of Sgs1p (amino

acids 784–1447) with hMlh1p. Also shown are two negative controls, the

empty bait (LexAdbd) vector co-transformed with yMlh1 and and the empty

prey (Gal4ad) vector together with the Sgs1 deletion mutant.

Figure 2. BLM and hMLH exist as a complex in human cells. (A) Co-immuno-

precipitation of BLM with hMLH1. BLM could be immunoprecipitated with

an anti-hMLH1 antibody from 200 µg nuclear extract of TK6 (wt) cells (lane 4),

but not from HCT116 (BLM+ hMLH1–) nuclear extract (lane 3). Immuno-

precipitated proteins were visualised by western blot analysis with antibodies

against hMLH1 (upper) or BLM (lower). (B) Co-immunoprecipitation of

hMLH1 with BLM. hMLH1 was immunoprecipitated from 200 µg nuclear

extract of BJAB cells with an anti-BLM antibody, but not with IgG. The immuno-

precipitated proteins were detected with antibodies against BLM (upper) or

hMLH1 (lower).
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Sgs1p, the S.cerevisiae homologue of BLM, interacts with
yeast Mlh1p (yMlh1p) in the two-hybrid system. Although the
C-terminal domains of Sgs1p and BLM share little sequence
homology, the C-terminal domain (amino acids 784–1447) of
Sgs1p was found to specifically interact with yMlh1p. Analogous
to the BLM–hMLH1 interaction, the YTH interaction between
Sgs1p and yMlh1p was confirmed for full-length yMlh1p and
Sgs1p (Fig. 1C).

Different studies have shown that expression of the BLM
gene can partially complement both the hyper-recombination
phenotype (31) and the reduced lifespan of sgs1 mutants (32).
We wondered whether there is an interspecies interaction
between BLM and MLH1, i.e. whether Sgs1p interacts with
hMlh1p and BLM with yMlh1p. As shown in Figure 1C, we
were able to detect an interspecies interaction via YTH
between Sgs1p (amino acids 784–1447) and hMLH1 as well as
between yMlh1 and BLM (Fig. 1C). The result was also
confirmed for full-length Sgs1p after switching the hybrid
partners (data not shown).

BLM and hMLH1 exist as a complex in human cells

Given that BLM and hMLH1 interact in the YTH assay, we
wanted to test if BLM forms a complex with hMLH1 in human
cells in vivo. To this end, co-immunoprecipitation experiments
were performed, where an anti-MLH1 monoclonal antibody
was used to precipitate its cognate protein from human nuclear
cell extracts (Fig. 2A). BLM could be immunoprecipitated
with hMLH1 from extracts of the MMR-proficient TK6 cells
(lane 4), but not from extracts of hMLH1-deficient HCT116
cells (lane 3). In addition, the inverse co-immunoprecipitation
experiment was carried out, in which an anti-BLM polyclonal
antibody was used to immunoprecipitate hMLH1 from nuclear
extracts of the human BJAB cell line. As seen in the Figure 2B,
hMLH1 could be specifically co-immunoprecipitated with
anti-BLM (lane 3), but not with the control IgG antibody (lane 2).

BLM and hMLH1 interact directly in vitro

We next wanted to determine whether the interaction between
BLM and hMLH1 was direct, rather than being mediated via

an accessory protein. Far western analysis was therefore
performed to determine whether purified recombinant BLM
and hMLH1 could interact directly in vitro. To this end, full-
length recombinant BLM protein (24) was immobilised on a
nitrocellulose filter, which was then incubated either with puri-
fied MutLα, a heterodimer of hMLH1 and hPMS2, or with
extracts of Sf9 cells expressing either hMLH1 or hPMS2 (25).
The filter was then washed to remove the unbound proteins and
the presence of BLM was detected using conventional western
blotting with anti-hMLH1 and/or anti-hPMS2 antibodies. As
controls, the membrane also contained BSA and BLM alone.
Figure 3 shows that BLM protein could be detected with anti-
bodies against both hMLH1 (lane 2) and hPMS2 (lane 3) after
incubation with the purified MutLα complex, but only hMLH1
alone (lane 5), and not hPMS2 (lane 7), could bind to BLM.
The interaction between hMLH1 and BLM appeared to be
specific, because MutLα and hMLH1 failed to bind the control
protein, BSA (lanes 4 and 6), which was loaded on the same
blot. To re-confirm these data, the reciprocal far western experi-
ment was carried out, wherein human BLM protein was used to
probe nitrocellulose-bound hMLH1. In this experiment, the
anti-BLM antibody revealed a specific band at ∼80 kDa, the
position of migration of hMLH1 (lane 12). This band was due
to BLM binding to hMLH1, as its position was identical to the
specific hMLH1 band detected when purified MutLα complex
was probed with anti-hMLH1 antibody (lane 9), and not to the
band specific for PMS2 (lane 10). Again, the interaction
between BLM and hMLH1 was specific, because no signal
was detected with the control BSA protein (lane 11). We
conclude that purified recombinant BLM and hMLH1 interact
directly in vitro and that BLM interaction with PMS2 is mediated
via hMLH1.

Mapping of the BLM and hMLH1 interaction domains

To investigate which region of BLM protein was responsible
for mediating the interaction with hMLH1, a series of BLM
deletion mutants was generated and tested for their ability to
interact with full-length hMLH1 in the YTH assay. As nega-
tive controls, the empty vector and a fragment of hMLH1

Figure 3. BLM and hMLH interact directly. (A) Purified human MutLα complex (1.5 µg), BSA (1 µg) and BLM (1 µg) were subjected to SDS–PAGE and stained

with Coomassie blue. (B) Far western analysis. The proteins were transferred to a nitrocellulose membrane, renatured and incubated with purified MutLα complex

(0.5 µg/ml), total Sf9 extracts expressing either hMLH1 or hPMS2, or purified recombinant BLM (1 µg/ml). Western blotting using anti-hMLH1, anti-hPMS2 (Ab-1;

Calbiochem) and anti-BLM antibodies was used to detect the presence of the latter proteins on the membrane. The faster running bands in lane 10 are degradation

products of hPMS2.
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(amino acids 1–388) that did not bind to BLM were included.
The results of these experiments indicated the presence of
three independent hMLH1-interacting regions in BLM
comprising residues 1–131, 448–572 and 1034–1417 (Fig. 4A).

A similar approach was used to map the BLM interaction
domain of hMLH1. A series of N- and C-terminal deletions of
hMLH1 was generated and tested for interaction with full-
length BLM (Fig. 4B). The results clearly indicated that the
N-terminus of hMLH1 was dispensable for interaction with
BLM, while the C-terminus (amino acids 396–756), a region
similar to that involved in the interaction with hMLH3, hPMS1
and hPMS2 (33), was essential. A deletion of as little as
60 amino acids from the C-terminus of hMLH1 was sufficient
to destroy the interaction with BLM (Fig. 4B).

In addition, the YTH interaction domain mapping of both
proteins was further confirmed using an in vitro binding
approach, in which one of the interacting proteins was immo-
bilised on a nitrocellulose membrane and probed with several
35S-labelled in vitro transcribed and translated deletion mutants
of the other protein. Different in vitro transcribed and trans-
lated BLM fragments were incubated with membrane-bound
purified recombinant MutLα heterodimer and BSA, included
as a negative control (Fig. 4C). The weak binding of the BLM
fragments might be due to the low accessibility of hMLH1 due
to its heterodimerisation with hPMS2. Nevertheless, all the
fragments containing one of the three domains identified in the
YTH screen were able to bind to MutLα, but not to BSA, thus
confirming the YTH mapping. Moreover, we could further
narrow down the C-terminal interacting domain to a region
between amino acids 1109 and 1378, as both C-terminal frag-
ments tested clearly interacted with MutLα. In vitro tran-
scribed and translated full-length hMLH1 as well as different
deletions thereof were incubated with immobilised purified
recombinant BLM and BSA (Fig. 4D). While the N-terminal
half of the protein did not interact with BLM, the C-terminal
half bound to BLM as strongly as the full-length protein. This
interaction was completely abolished when the C-terminal half
was further divided. Additionally, in vitro transcribed
and translated hMLH1 was shown to bind to immobilised
N-terminally truncated purified BLM protein (amino acids
212–1417; data not shown).

BLM and hMLH1 co-localise in the nucleus

The co-immunoprecipitation of BLM and hMLH1 from human
cell extracts, as well as the evidence of a direct interaction
between BLM and hMLH1, is consistent with these proteins
forming a complex in vivo and in vitro. To provide additional
evidence for the existence of this interaction, we wanted to see
whether BLM and hMLH1 co-localise within the nucleus of
intact human cells. Indirect immunofluorescence of exponentially
growing human WI-38/VA-13 cells, using either anti-BLM or
anti-hMLH1 antibodies, revealed BLM and hMLH1 to localise

to prominent nuclear foci (Fig. 5). Merging the fluorescent
signals for BLM and hMLH1 showed a clear concordance in
their localisation, thus strengthening the notion that the two
proteins may function in a common biochemical pathway. A
similar co-localisation pattern was obtained following aphidi-
colin treatment of the cells (data not shown).

BS cell lines are MMR proficient

No DNA helicase activities have so far been found to be associ-
ated with the MMR process. To address the question whether
BLM is acting together with hMLH1 in MMR, the MMR
proficiency of extracts of two lymphoblastoid (GM03403 and
GM09960) and one fibroblast (GM08505) cell lines derived
from BS patients were analysed. The absence of BLM protein
in nuclear extracts of the BS cell lines was confirmed by
western blot analysis, using antibodies raised against both the
N- and C-termini of BLM (Fig. 6A and data not shown).
Extracts derived from the lymphoblastoid TK6 and fibro-
blastoid MRC5 cells, HCT116 cells, and PSNF5 cells
(GM08505 containing the BLM cDNA) were used as controls.
As indicated in Figure 6B, all BS-derived nuclear extracts were
MMR proficient using a substrate containing a single G·T
mismatch and a strand discrimination signal (a nick) upstream
(5′) from the mispair. The lower repair efficiency of the
nuclear extract derived from the two lymphoblastoid cell lines
GM03403 and GM09960, as compared to the MMR-proficient
TK6 cells, is due to their high genomic instability and conse-
quently to their reduced viability. Addition of recombinant
purified BLM to the GM03403 or GM09960 cell extracts
failed to influence the efficiency of MMR (Fig. 6B), which
implies that the extracts had an intrinsically lower MMR
capacity rather than being MMR deficient due to lack of BLM.
Similar results were obtained using cytoplasmic extracts of the
BLM cell lines and a template with the nick downstream (3′)
from the mismatch (data not shown).

DISCUSSION

Defects in the BLM gene product result in severe physiological
consequences in humans, the most prominent of which is
premature death due to cancer. Although a great deal of genetic
and biochemical data are available on BLM, the molecular
defects resulting in BS remain elusive. In this study, we
performed a YTH screen using the C-terminal portion of BLM
as bait and a human peripheral blood cDNA library as a source
of potential partners. One of the isolated BLM-interacting
factors was hMLH1, a protein known to be involved in MMR
and recombination. We now present several lines of evidence
that BLM interacts directly with hMLH1 via three separate
sites on BLM. Deletion of these three sites located in the
N-terminal, central and C-terminal domains of BLM, was
found to completely abolish the ability of BLM to interact with

Figure 4. (Opposite) Interaction domain mapping of BLM and hMLH1. (A and B) Yeast two-hybrid assays. The sequence boundaries of the deletion mutants tested

in a β-galactosidase filter assay are shown with the corresponding amino acid positions indicated on the left. The black bars indicate positive and striped bars

negative interactions. (C and D) In vitro binding assays. (C) Aliquots of 0, 0.625, 1.25 and 2.5 pmol recombinant MutLα and BSA were spotted onto a nitrocellu-

lose membrane and probed with 20 (*) or 40 µl (**), respectively, of the reaction mixture containing the indicated in vitro transcribed and translated BLM proteins.

The autoradiogram of the gel shows 2 µl of the radiolabelled proteins used in the assay. (D) The same approach as in (C), but with immobilised full-length BLM

and BSA on the membrane and the indicated in vitro transcribed and translated hMLH1 deletion mutants as probes.
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hMLH1. In addition, we have shown that the C-terminal 360

residues of hMLH1 are sufficient to interact with BLM.

Furthermore, we have shown that the interaction between

BLM and hMLH1 is highly conserved throughout evolution,

since Sgs1p, the yeast homologue of BLM, interacts with

yMlh1p. We have also shown that this interaction occurs

between species: Sgs1p interacted with hMLH1 and BLM

interacted with yMlh1p. This evolutionary conservation of an

interaction between Sgs1p and yMLH1, together with the

interspecies interactions, suggests that these two proteins

together perform a fundamentally important role during DNA

metabolism.

What could be the functional significance of the BLM–

hMLH1 interaction? To address this question, we investigated

the role of BLM helicase in mismatch repair. Post-replicative

mismatch repair is evolutionarily highly conserved, from

Figure 5. Co-localisation of BLM and hMLH1 in the nucleus of WI-38/VA-13 cells. Indirect immunofluorescence of BLM (green) and hMLH1 (red) is shown in

WI-38/VA-13 cells. The yellow colour results from overlap of the red and green foci. Nuclear DNA was revealed by staining with Hoechst 33258.

Figure 6. In vitro MMR efficiency of BS cell lines. (A) Western blot showing the absence of BLM protein in the BS cell lines. Aliquots of 25 µg of the indicated

nuclear extracts were probed with anti-BLM antibody (IHIC33) and anti-XPB antibody [TFIIH p89 (S-19); Santa Cruz Biotechnology] as control. (B) MMR

efficiency of the BLM-negative human fibroblast GM08505 and of the human lymphoblasts GM09960 and GM03403. The MMR-proficient MRC5 SV40 fibro-

blasts, TK6 lymphoblasts, PSNF5 cells (GM08505 stably transfected with BLM cDNA) and the MMR-deficient hMLH1–/– colon cancer cell line HCT116 were

used as controls. The MMR efficiencies of the two BS lymphoblasts complemented with purified recombinant BLM protein are also shown. The repair efficiency

is expressed as fmol phagemid DNA cleaved by BglII in 30 min.
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E.coli to humans, and is postulated to consist of three principal

steps: mismatch recognition and assembly of the ‘repairosome’,

degradation of the error-containing strand, and DNA repair

synthesis (34). This implies the existence of other proteins

involved in the steps following mismatch recognition. Some of

these proteins have already been characterized and their

involvement in MMR has been documented. They include

DNA polymerase δ (35), PCNA (36), RP-A (37) and exonu-

clease EXOI (38; for a recent review see 22). However, some

members of the MMR repairosome, such as the putative DNA

helicase, remain to be identified.

Our functional experiments indicate that BLM helicase

doesn’t play an essential role in MMR, as three different cell

extracts form BS cells were shown to be MMR proficient.

However, we cannot exclude the possibility that the helicase

function in MMR is redundant and that the lack of only one

helicase might result in a qualitatively ‘normal’ phenotype.

The elevated sister chromatid exchange and hyper-

recombination associated with BS suggest a defect in recombin-

ation. BLM helicase (and other RecQ family helicases) have

been proposed to play important roles in overcoming structural

abnormalities that arise during replication, thus preventing ille-

gitimate recombination events occurring in regions prone to

chromosomal rearrangements (14,19). Interestingly, recent

findings show that the Msh2, Msh6 and Mlh1–Mlh3 proteins

bind not only to mismatched DNA, but also to Holliday junc-

tions in yeast (23,39,40). We therefore suggest that the BLM–

hMLH1 complex may act as a potential sensor of recombina-

tion and replication fork damage. In the light of the available

evidence, we are currently investigating the potential role of

BLM and Sgs1p in these processes.

NOTE ADDED IN PROOF

Langland et al. (41) have also identified an interaction between

BLM and hMLH1 protein.
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