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Summary

MutL and its homologs are essential for DNA mis-
match repair. Mutations in genes encoding human ho-
mologs of MutL cause multiorgan cancer susceptibil-
ity. We have determined the crystal structure of a 40
kDa N-terminal fragment of E. coli MutL that retains
all of the conserved residues in the MutL family. The
structure of MutL is homologous to that of an ATPase-
containing fragment of DNA gyrase. We have demon-
strated that MutL binds and hydrolyzes ATP to ADP
and Pi. Mutations in the MutL family that cause defi-
ciencies in DNA mismatch repair and a predisposition
to cancer mainly occur in the putative ATP-binding
site. We provide evidence that the flexible, yet con-
served, loops surrounding this ATP-binding site un-
dergo conformational changes upon ATP hydrolysis
thereby modulating interactions between MutL and
other components of the repair machinery.

Introduction

Repair of DNA base pair mismatches ensures genomic
stability in virtually all living organisms (reviewed by Mo-
drich, 1991; Kolodner, 1996). The primary sources of
mismatches are mispairing during DNA replication and
various DNA recombination events. Failure to correct
such mismatches results in an increased mutation rate
and instability of genomic DNA, such as microsatellite
instability and postmeiotic segregation (PMS). As Loeb
and Nowell suggested 20 years ago (Loeb et al., 1974;
Nowell, 1976), genetic destabilization predisposes a cell
to malignant changes. Humans and mice inheriting de-
fective genes encoding DNA mismatch repair machinery
are indeed susceptible to development of cancers in
various organs, including the colorectum, endometrium,
ovary, stomach, small intestine, kidney, and ureter, col-
lectively called hereditary nonpolyposis colorectal can-
cer (HNPCC) (Modrich and Lahue, 1996; Peltomaki and
Vasen, 1997). Microsatellite instability is also linked to
a significant fraction of sporadic tumors.

The MutS and MutL proteins comprise the best char-
acterized mismatch repair system, and homologs of
these proteins have been found in prokaryotes, archae-
bacteria, yeast, Xenopus laevis, Drosophila melanogas-
ter, and mammals (Modrich and Lahue, 1996). In vitro
reconstituted repair machinery from E. coli provides an
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example of how mismatches are repaired in a strand-
specific manner (Lahue et al., 1989). Initiation of mis-
match repair requires MutS, MutL, MutH, and ATP to
introduce an incision in the strand that is targeted for
repair (reviewed by Modrich, 1991; Modrich and Lahue,
1996). MutS recognizes a mismatched base pair as well
as an insertion or deletion of one to four nucleotides in
one strand. MutS is also an ATPase that translocates
along DNA and promotes DNA loop formation (Allen et
al., 1997). In the presence of ATP, MutS and MutL to-
gether activate MutH, which is a latent sequence- and
methylation-specific endonuclease. If the mismatch oc-
curs as a result of a replication error, MutH cleaves 5’
to the sequence d(GATC) in the newly synthesized and
unmethylated daughter strand (Lahue et al., 1989). The
template strand in wild-type E. coli is methylated and
therefore resistant to MutH cleavage. MutS and MutL
are also required in the subsequent DNA repair step to
activate UvrD helicase to unwind the DNA (Dao and
Modrich, 1998; Yamaguchi et al., 1998), making it a sub-
strate for single strand-specific exonucleases, which
remove nucleotides from the nick made by MutH to
beyond the mispaired bases (Cooper et al., 1993; Grilley
et al., 1993). MutS and MutL may also play a role in
selecting DNA polymerase Il holoenzyme to fill the gap
in the final stage of mismatch repair.

In eukaryotes, MutL homologs are designated as MLH
and PMS. The pms gene was named for the phenotype
of postmeiotic segregation before it was cloned and
found to be homologous to MutL (Kramer et al., 1989).
MutS homologs are best known as MSH proteins and
recognize heterologies in a DNA duplex, such as mis-
matches (reviewed by Kolodner, 1996; Modrich and
Lahue, 1996). Similar to the E. coli proteins, eukaryotic
MutS homologs, MLHs, and PMSs are essential for DNA
mismatch repair. Mutations in genes encoding human
MLH1 account for over 50% of the reported HNPCC
cases, followed by mutations in MSH2 (~40%), PMS1,
and PMS2 genes (Peltoméki and Vasen, 1997). Muta-
tions of MLH1 have recently been identified in human
leukemia and lymphoma cell lines as well (Hangaishi et
al., 1997). Although the linkage between cancer suscep-
tibility and DNA mismatch repair has been established,
the relationship between DNA repair proteins and tissue-
specific development of cancer is unclear. For example,
null mutation of PMS2 in mice resulted in male infertility
among other phenotypes (Baker et al., 1995); knockout
mice defective in both alleles of MSH2 are viable and
prone to lymphomas but not colon cancer (de Wind
et al., 1995). MutL homologs in eukaryotes, notably in
humans, are clearly essential for normal cell growth.
However, the exact activities of these proteins have not
been determined.

All members of the MutL family have a conserved
region of ~300 residues at their N terminus (Figure 1)
and a rather diverse C-terminal region of 300 to 500
residues. They often form homo- or heterodimers in so-
lution (Grilley et al., 1989; Pang et al., 1997). The majority
of the reported mutations with dominant mutator pheno-
types in E. coli MutL (Aronshtam and Marinus, 1996) are
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within the conserved N-terminal region; more than 50%
of missense mutations found in human MLH1 of HNPCC
(Peltoméki and Vasen, 1997) are also within the equiva-
lent conserved region. Attempts to assign simple bio-
chemical activities to MutL have been unsuccessful
even in E. coli where each component involved in DNA
mismatch repair has been identified. E. coli MutL has
been proposed to mediate the interaction between the
endonuclease MutH and the mismatch recognition pro-
tein MutS (Grilley et al., 1989; Lahue et al., 1989). MutS
and MutL were shown to be associated in heteroduplex
loop formation by electron microscopy (Allen et al.,
1997). Addition of MutL also dramatically expanded the
region protected by MutS in a DNA footprinting analysis
(Lahue et al., 1989). However, it has not been shown
whether MutL directly interacts with DNA. Alteration in
the DNA footprint could result from interactions between
MutS and MutL. Evidence of a physical interaction be-
tween MutL and UvrD has been reported recently (Hall et
al., 1998). It is unclear, however, whether MutL interacts
with MutH and how MutL switches from activating MutH
to recruitment of the helicase to a repair site.

MutL and its homologs have not attracted as much
scrutiny as the MutS family even though mutations in
the MutL and MutS families display similar phenotypic
defects. The primary reason for the shortage of attention
to the MutL family is due to a lack of an identified activity
of the MutL family. With little biochemical data on the
functions and no structural information, it has been diffi-
cult even to formulate questions to address. We have
determined and report here the crystal structure of the
conserved N-terminal fragment of E. coli MutL (LN40).
We show that this conserved fragment binds to DNA
and can activate MutH in DNA repair. In addition, we

Figure 1. Sequence Alignment of the MutL
Family

Structure-based sequence alignment of the
conserved N-terminal region in the MutL fam-
ily. MutL is from E. coli; HexB is from S. Pneu-
moniae; MLH and PMS from both yeast and
human are included. Secondary structures
are indicated over the sequence alignment,
rods for a helices, arrows for 8 strands, and
dashed lines for disordered loops. Conserved
hydrophobic residues are shaded in yellow,
basic in blue, acidic in red, and others in pur-
ple. The conserved residues in the ATP-bind-
ing pockets are outlined. Four ATP-binding
motifs, which are common among NgyrB,
Hps90, and MutL, are underlined in red. Four
sequence segments, which are conserved in
the MutL family but form disordered loops in
the LN40 structure, are underlined in green
dashes. Residues located at the domain in-
terface are indicated by orange balls. Mis-
sense mutations found in human MLH1 from
HNPCC family are shown initalic letters under
the sequence alignment.

demonstrate that MutL is an ATPase and that ATP bind-
ing triggers conformational changes in MutL. The ATP-
dependent conformational changes are likely to regulate
interactions of MutL with other components in the DNA
repair machinery.

Results and Discussion

LN40 Binds DNA and Can Activate MutH

E. coli MutL, a 70 kDa protein, is cleaved by thrombin
to an N-terminal 40 kDa fragment (LN40, residue 1-349)
and a C-terminal 30 kDa fragment (LC30, residues 350—
615). LN40 contains all of the conserved residues char-
acteristic of the MutL family. In contrast to intact MutL,
which forms a dimer, LN40 is monomeric in solution as
judged by size exclusion chromatography and equilib-
rium ultracentrifugation (data not shown). This finding
is consistent with reports that the C-terminal regions
mediate dimerization in both E. coli MutL (Drotschmann
et al., 1998) and its eukaryotic homologs (Pang et al.,
1997).

A 110 bp DNA heteroduplex (Mis-110) was con-
structed, which contains a G-T mismatch near one end
and an unmethylated GATC sequence near the other
(Figure 2a). A DNA mobility shift assay shows a discrete
band of LN40-DNA complex indicating that LN40 binds
to Mis-110 (Figure 2b) as do both MutS and MutH, al-
though MutS and MutH interact with Mis-110 more
strongly (data not shown). Not only is DNA binding by
MutL relatively weak, but LN40 also appears to aggre-
gate on DNA resulting in a slowly migrating DNA-protein
complex that remains close to the sample well (Figure
2b). To determine if DNA binding by LN40 is mismatch-
dependent, the DNA mobility shift assay was performed
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Figure 2. DNA Binding and Cleavage by MutL

(a) Mis-110, a 110 bp DNA heteroduplex with a G-T mismatch near
one end. Arrows mark the unmethylated GATC sequence where
MutH cleaves.

(b) DNA mobility shift by LN40. Hetero- or homoduplex DNA, (Mis-
110 and OE-72), was incubated with LN40. The molar ratios of LN40
to DNAwere 1, 3, and 5. Arrows point to the bands of DNA associated
with LN40.

(c) Stimulation of Mis-110 cleavage by MutH in the presence of ATP.
Presence of each protein is indicated by a + sign above each lane.

with a 72 bp homoduplex of sequence unrelated to Mis-
110. LN40 also forms a complex with this shorter DNA,
which migrates faster than that with Mis-110 (Figure
2b). These results indicate that LN40 binds to double-
stranded DNA in a sequence and mismatch-indepen-
dent manner. When intact MutL is mixed with DNA, both
protein and DNA are retained in the sample wells (data
not shown).

After confirming that MutS and MutL can activate
MutH to cleave both strands of Mis-110 at the GATC
sequence in the presence of ATP (Figure 2c), we find
that LN40 is able to replace MutL in activating MutH
using this assay system (Figure 2c). The level of MutH
activation using LN40 is lower compared with MutL.
Nevertheless, it indicates that the N-terminal 349 resi-
dues of MutL contain all of the elements necessary for
interacting with DNA and for activation of MutH in the
presence of MutS and ATP.

The Crystal Structure of LN40

The crystal structure of LN40 was determined by the
SIRAS method and refined at 2.9 A resolution (Table 1).
LN40 is composed of two o/ domains. The first domain
(residues 20-200) resembles a flattened rectangular box
with an eight-stranded mixed 8 sheet forming one large
flat surface and five a helices forming the opposite sur-
face (Figure 3a). The topology of this domain can be
characterized as three repeats of a helix-turn-g hairpin.
In the second repeat, however, additional helices are
found and the B hairpin folds into a Greek key configura-
tion (Figure 3b). The second domain (residues 224-331)
is an o/f barrel made of five mixed strands and two
parallel helices. This «/B barrel contains an unusual left-
handed crossover of strand-helix-strand, which has only
been observed in a few proteins (see discussion later).
Each domain in LN40 is stabilized by a hydrophobic
core. The two domains are linked by two short helices

to give LN40 an elbow-like appearance (Figure 3a). The
interface between the two domains buries ~1000 A2 of
surface area and is dominated by aromatic and aliphatic
residues (Figure 1). Most of the conserved residues,
although dispersed in the primary sequence, are clus-
tered in two exposed patches, a large region in the first
domain and a smaller region in the second domain,
facing each other inside the elbow (Figures 3a and 3c).
Including the N and C termini, there are six disordered
regions, four of which contain conserved sequences
(Figure 1).

Structural Similarity Among MutL, DNA

Gyrase, and Hsp90

It was reported recently that MutL may belong to a newly
identified ATP-binding family that is characterized by
three conserved sequence motifs and includes DNA gy-
rase, Hsp90, MutL and homologs, type Il typoisomer-
ases, and bacterial histidine kinase (Bergeratetal., 1997;
Mushegian etal., 1997). The crystal structures have been
reported for a two-domain ATPase—containing fragment
of DNA gyrase (NgyrB) complexed with ADPnP (5'-ade-
nylyl-B-y-imidotriphosphate), a single ATP/ADP-binding
domain from both yeast and human Hsp90, and the
same domain of human Hsp90 complexed with an anti-
tumor agent, geldanamycin (Prodromou et al., 1997a,
1997b; Stebbins et al., 1997). Structural similarity be-
tween gyrase and Hsp90 has been noted (Prodromou
et al., 1997a). Comparison of the structures of LN40,
NgyrB, and Hsp90 reveals extensive similarity (Figure
4a). The first domains of LN40 and NgyrB have essen-
tially the same topology as the ATP/ADP-binding do-
main of Hsp90. The three conserved sequence motifs
define an ATP-binding pocket in both NgyrB and Hsp90
(Figure 4b). This ATP-binding pocket entirely overlaps
with the region in the first domain of LN40 that is con-
served throughout the MutL family (Figure 1 and Fig-
ure 4).

The structural similarity between LN40 and NgyrB is
even more extensive. Each domain of LN40 can be su-
perimposed onto those in NgyrB with an RMS deviation
of 2.0A including all main chain atoms for over 100 pairs
of residues (Figure 4c). Interestingly, the eight-stranded
B sheet and helix E seem to be better superimposed
than helices A, B, and D (Figure 4c), which include most
of the three conserved ATP-binding sequence motifs.
The differences in helices A, B, and D probably reflect
structural flexibility of this region, which shows large
conformational changes upon ligand binding as ob-
served in NgyrB and Hsp90 (see discussion later). The
major difference between LN40 and NgyrB is the relative
orientation of the two domains, which differs by 38°
(Figure 4a). This difference could be the result of differ-
ent protein sequences, the presence or absence of ATP,
or crystal lattice contacts. The relatively small and hy-
drophobic interface between the two domains in LN40
poses little barrier for them to reorient. A structure-
based sequence alignment of LN40 and NgyrB reveals
greater than 30% similarity (Figure 4d), indicating that
they are likely to have evolved from a common ancestor.

MutL Binds ADP, ATP, and ADPnP
MutL and LN40 binding of nucleotide was determined
based on the increase of the UV absorption ratio at 260
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Table 1. Summary of Crystallographic Data

Space group

12,2,2, (two molecules per asymmetric unit)

Crystals Native 1
Unit cell (A) 87.2, 93.5, 221.2
Resolution limit* (A) 3.0 (3.1-3.0)
Completeness* (%) 91.9 (81.2)
Rinerse” (%) 7.2 (431)
Riso (F)

Phasing power
Figure-of-merit
Refinement
Protein atoms
Solvent atoms
Unique reflections
R and (f[FreeR)
RMS bond length
RMS bond angle

EMP Native 2
87.6, 94.1, 221.4 87.2,93.2, 221.7
2.7 (2.8-2.7) 2.7 (2.8-2.7)
94.8 (80.7) 96.5 (84.6)
7.2 (61.9) 7.4 (69.6)
14.1% (20.0-3.0 A)
1.32 (15.0-3.0 A)
0.319 (15.0-3.0 A)
4252
57

19961 (20-2.9 A)
24.8% (29.6%)
0.005 A

1.221°

EMP stands for ethyl mercury phosphate.
Rmerge = %[l — (IMI/2(Iy); Riso = Z||Fp| — [Fphl|X[Fpl.

Phasing power = (|[Fh|)/RMS (e), that is the mean amplitudes calculated from the heavy-atom model divided by the lack of closure error.
R = 2||Fobsl = IFcacll/2[|Fosl; TFreeR is monitored with 5% of the reflection data excluded from refinement.

*data of the last resolution bin is shown in parenthesis.

nm versus 280 nm. MutL and LN40 were incubated with
ADP, ATP, or ADPnP, then purified over a size-exclusion
column. The UV absorption ratio at 260 nm versus 280
nm increases from 0.49 for MutL to 0.81 for the MutL-
ADPnP complex and from 0.79 to 1.23 in the case of
LN40. MutL and LN40 show different increments of ab-
sorption at 260 nm depending on the ligands. The
ADPNP complexes have the highest ratio, the ATP com-
plexes slightly lower, while the ADP complexes have a
ratio between the apo-protein and the ADPnP complex.
The differences in the UV absorption ratios probably
reflect different dissociation constants of the ligands
and that triphosphate binds better than diphosphate.

Using the theoretically calculated molar extinction co-
efficient of each protein and nucleotide and assuming
that they are insensitive to the protein-nucleotide asso-
ciation, a nucleotide to protein molar ratio of 1.4:1 for the
MutL-ADPnP complex and 1.1:1 for the LN40-ADPnP
complex have been deduced from the UV absorption
ratios. These ratios, which are close to 1:1, indicate that
the nucleotide specifically binds to MutL and LN40 and
not to a minor contaminant.

ATP-Binding Site in NgyrB, Hsp90, and LN40

Four sequence motifs (I-1V) are conserved among DNA
gyrase, Hsp90, and MutL (Figure 4d). The first three
motifs, EXXXNXXD, DXGXG, and GXXGXG/A, have been
identified by sequence analyses (Bergerat et al., 1997,
Mushegian et al., 1997). We have identified a new motif,
Motif IV of Gly-Thr sequence, based on sequence, struc-
tural, and functional conservation. Motifs I, I, and IV in
LN40 are structurally homologous to those in NgyrB and
Hsp90 (Figure 4a). Most of the residues conserved in
the MutL family are found on these four motifs (Figure
1), including E29, N33, D36, and A37 on «A, D58 to 163
on B2 and the following loop, and G142 and T143 on B6
(named as in E. coli MutL) and are positioned to directly
interact with ATP when compared with NgyrB-ADPnP
complex (Figures 4b). Other conserved residues in these

motifs seem to be important for maintaining the struc-
tural integrity of the ATP-binding site, such as S112,
whose hydroxyl group makes hydrogen bonds to both
the amide nitrogen and the carbonyl oxygen of 163.

Motif Il and residues preceding it show many struc-
tural variations. In NgyrB, this region assumes an ex-
tended conformation and forms extensive interactions
with ADPnP. Based on its location and function, this
loop has been referred to as the lid of the ATP pocket.
The conserved Gly residues of Motif Il (GXXGXG/A)
make hydrogen bonds to the phosphate-moiety of
ADPNP. Lys-103 and Tyr-109 in NgyrB also located on
this ATP lid and make direct hydrogen bonds to the
B-phosphate and N3 of adenine, respectively. The corre-
sponding region in the ATP/ADP-binding domain of
Hsp90 also forms a loop, but it is oriented differently
(Figure 4a) and interacts with the nucleotide less exten-
sively than thatin NgyrB. This loop undergoes conforma-
tional changes in apo- versus ATP/ADP-bound forms
in yeast Hsp90 (Prodromou et al., 1997a, 1997b). Its
conformation also depends on ligands as well as crystal
environment in both DNA gyrase (Lewis et al., 1996) and
Hsp90 (Prodromou et al., 1997a, 1997b; Stebbins et al.,
1997). The equivalent region in LN40 (residues 74-98)
is partially disordered without ligand and points away
from the ATP-binding pocket (Figures 4a and 4c). Motif
I1l'in LN40 (residues 93-98) assumes a helical conforma-
tion (the N-terminal half of aD) and blocks the ATP-
binding site with the conserved R95 occupying the
pocket for the adenine base (Figure 4b). Thus, helix D
must undergo conformational changes in order to make
the ATP-binding site available for the nucleotide.

In the NgyrB-ADPnP complex, the y-phosphate is sta-
bilized by residues Q335 and K337 from the second
domain. The ATP/ADP-binding domain of Hsp90 lacks
the second domain, and the y-phosphate in the crystal
structure is disordered. This ATP/ADP-binding fragment
of Hsp90 has no ATPase activity. There is no conserved
QXK sequence in the second domain of LN40. However,
N302 and K307, which are conserved in the MutL family,
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are in the equivalent loop to where QXK is in NgyrB
and may play a role in stabilizing the y-phosphate.
In addition, the second domain of LN40 contains an
NGR sequence (residues 259-261), which is conserved
throughout the MutL family. R261 of the conserved NGR
motif extends toward the ATP pocket in the first domain
(Figure 2a). Mutation of the R261 equivalent in human
MLH1 from Arg to His results in HNPCC (Peltomaki and
Vasen, 1997). It is inviting to speculate that R261 may
be the Arg that stabilizes the y-phosphate in NTP binding
(Vale, 1996).

MutL, DNA Gyrase, and EF-G Share an Unusual
Left-Handed Bap Fold

The program DALI (Holm and Sander, 1993) was used to
search the Brookhaven Protein Database for structures
similar to that of LN40 and indicated that the second
domain of LN40 resembles a domain in elongation factor
G protein (EF-G) (Avarsson et al., 1994; Czworkowski
etal., 1994), as does the second domain of NgyrB (Figure

Figure 3. Crystal Structure of LN40

(a) Orthogonal views of LN40 in ribbon dia-
gram. B strands are shown as green arrows,
« and 3y, helices as red coils, and loops as
yellow lines. In one of the views, conserved
residues in the putative ATP-binding sites are
shown in ball-and-stick. The disordered, yet
conserved, loops are illustrated as green dot-
ted lines.

(b) Topology of LN40. Secondary structures
are labeled. Four internal disordered loops
are shown as dashed lines.

(c) Molecular surface of LN40 shows the two
solvent-exposed patches of conserved resi-
dues. The color scheme for conserved resi-
dues matches that in Figure 1. The green
patches represent the ends of disordered yet
conserved loops.

5). EF-G comprises five domains and is a GTP-depen-
dent ribosomal translocase. The overall structure of
EF-G mimics the EF-Tu and tRNA complex. The domain
in EF-G that is similar to LN40 interacts with the same
portion of the ribosome as the anticodon loop of a tRNA.
The similar domain in NgyrB contributes to ATP binding
and directly interacts with the y-phosphate. This do-
main, common among LN40, EF-G, and gyrase, has a
rather unusual Bap topology with a left-handed cross-
over connection (811, B13, and aH in LN40) (Figure 5).

A recently determined crystal structure of RNase P
protein (Stams et al., 1998) has a similar fold as found
in EF-G, MutL, and DNA gyrase. Based on the limited
finding that RNaseP, EF-G, and a ribosomal protein S5
share this peculiar topology, this domain has been sug-
gested to be evolved from a common RNA-binding an-
cestor in the primordial translational apparatus (Stams
et al., 1998). MutL and DNA gyrase are clearly not in-
volved in protein biosynthesis, and this unusual fold is
thus not specific for RNA binding only.
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Figure 4. Structural Comparison of LN40, NgyrB, and Hsp90
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(a) Ribbon diagrams of NgyrB, LN40, and human Hsp90 (PDB accession number: 1YET). The four conserved ATP-binding motifs are highlighted

in red.

(b) Structural elements that form the ATP-binding site in NgyrB and LN40. Helices are represented as cylinders, strands as arrows. The four
ATP-binding motifs are labeled in NgyrB. ADPnP, side chains that contributed to ADPnP binding in NgyrB, and their counterparts in LN40

are shown in ball-and-stick.

(c) Orthogonal views of overlay of the Ca traces of LN40 and NgyrB. Residues at the N and C termini of NgyrB are omitted for clarity. The
regions in NgyrB that are equivalent to the L2 and L3 loops in LN40 are labeled.

(d) Structure-based sequence alignment of MutL and NgyrB. Identical sequences are outlined in red; conserved changed are outlined in
yellow. The four ATP-binding motifs from human HSP90 are also included. The secondary structures of LN40 are shown above the sequence

alignment.

MutL Is an ATPase

Before the crystal structure of LN40 was determined
and MutL was found to be similar to NgyrB and Hsp90,
we were surprised by the observation that MutL alone
could activate MutH to cleave Mis-110in an ATP-depen-
dent manner (Figure 2c). No stimulation of DNA cleavage
by MutL was observed under similar conditions without
ATP (data not shown). We thus suspected that MutL
might be an ATPase and assayed its ATPase activity.
Incubation of a-*?P-labeled ATP with MutL resulted in
the hydrolysis of ATP to ADP and Pi (Figure 6a). LN40
has no detectable ATPase activity (Figure 6a) despite
the overall structural similarity to NgyrB and its ability
to bind ATP. We suspect that the C-terminal region of
MutL, either directly or by promoting dimer formation,
provides additional elements for ATP hydrolysis. The
C-terminal region may also help to reorient the two do-
mains in LN40 to a conformation competent for ATP
hydrolysis. Using ATP as a substrate, the Km of MutL
is ~90 wM and kcat is 0.4/min at pH 8.0 and 37°C (Figure
6b). The slow ATP hydrolysis rate allowed the detection
of ATP binding as shown earlier.

The ATPase activity of MutL is consistent with the
structural similarity of LN40 to NgyrB and Hsp90. We
further tested the functional similarity of the ATPase
active site using a gyrase inhibitor, novobiocin. Novobio-
cin is an antibiotic derived from coumarins that specifi-
cally inhibits the ATPase activity of DNA gyrase at nano-
molar concentrations. The crystal structure of the first
domain of NgyrB complexed with novobiocin shows that
novobiocin inhibits the ATPase activity of DNA gyrase
by partially occupying the ATP-binding site (Lewis et al.,
1996). We found that novobiocin can inhibit the ATPase
activity of MutL with a Ki of ~0.25 mM (Figure 6¢). Activa-
tion of MutH by MutL is also inhibited by novobiocin
with a similar Ki (data not shown). Binding of novobiocin
to MutL is much weaker than to DNA gyrase, which is
probably due to the >60% sequence difference between
the two proteins. Nevertheless, this novobiocin inhibi-
tion strengthens the notion that MutL is an authentic
ATPase.

It was reported previously that trace amounts of
ATPase activity associated with MutL (98% pure) re-
sulted from contamination with DNA helicase Il (Grilley



Crystal Structure and Functions of MutL

Interacting with Y—phosphate of ATP

et al., 1989; Yamaguchi et al., 1998). We have purified
a His-tagged MutL to >99% purity and find that the
ATPase activity repeatedly coelutes with MutL from a
Sephadex-200 gel filtration column. If present, the 82
kDa helicase Il should be separated from the 140 kDa
MutL over the Sephadex-200 column unless they are
associated specifically. Another potential source of con-
tamination could be MutS, an ATPase known to be asso-
ciated with MutL. However, the ATPase activities of
MutL and MutS respond differently to heteroduplex
DNA. Addition of Mis-110 at a DNA to protein molar ratio
of 1:3 increases the ATP hydrolysis rate by MutS, but
does not alter the ATPase activity of MutL (Figure 6a).
The ATPase activity of MutL can be stimulated only at
a DNA to protein ratio higher than 2:1 (data not shown).
This difference helps to rule out the possibility of MutS
contamination.

To prove that the detected ATPase activity is intrinsic
to MutL, a point mutation in MutL designed to eliminate
ATP hydrolysis was made. Based on structural homol-
ogy between NgyrB and LN40, Glu-29 of MutL is likely
to serve as a general base and activate the attacking
water molecule to hydrolyze ATP. A MutL mutant, E29A,
was constructed and purified in the same way as the
native protein (manuscript in preparation). Based on UV
absorption of purified protein-nucleotide complex, the
E29A MutL can bind ATP and the ratio of nucleotide to
proteinis 0.6:1, similar to that of the ADP-MutL complex.
As predicted, the E29A MutL is completely inactive in
ATP hydrolysis (data not shown).

Combining the evidence presented, we conclude that
MutL is an authentic ATPase. It is quite possible that
the ATPase activity of MutL is regulated by other factors
or proteins. There is also a slight chance that the pres-
ence of a histidine tag may enhance MutL ATPase activ-
ity. Conclusions concerning whether MutL functions as
an independent ATPase in vivo and what may influence
the ATPase activity await future experiments.

MutH Activation by MutL Depends on ATP Binding

The observation that in the presence of ATP MutL alone
can activate the endonuclease activity of MutH (Figure
2c) seems difficult to reconcile with the fact that all
three proteins, MutS, MutL, and MutH, are required for
initiation of DNA mismatch repair (Lahue et al., 1989; Au

Interacti

Figure 5. Ribbon Diagram of a Structurally
Similar Domain in MutL, DNA Gyrase, and
EF-G

z with RNA

et al., 1992). However, in previous studies the require-
ment of both MutS and MutL for MutH activation was
determined in assays of mismatch repair, in which a
mismatch site was ~1000 base pairs away from the
MutH cleavage site (GATC sequence) on a ~6 kb DNA
substrate (Au et al., 1992). To activate MutH, MutS and
MutL therefore had to translocate over a long distance
on the DNA. Itis also reported (Au et al., 1992) that MutH
activation is dependent on the distance between the
mismatch and GATC sites, on whether the DNA sub-
strate is circular or linear, and on the disposition of the
mismatch and GATC sites relative to the DNA ends. In
our assay, many of these problems are minimized by
using a 110 bp DNA substrate in which the mismatch
and GATC sites are separated by 63 bp so that little or
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Figure 6. ATPase Activity of MutL

(a) ATPase assay of LN40, MutL, and MutS analyzed on a PEI-TLC
plate. Addition of Mis-110 is indicated.

(b) A Lineweaver-Burk plot of the MutL ATPase activity. Three inde-
pendent measurements of ATP hydrolysis at each ATP concentra-
tion (from 0.025 to 1 mM) are shown.

(c) Novobiocin inhibition of MutL ATPase activity. Three independent
measurements are shown at each novobiocin concentration.

(d) Effect of ADPNP on MutH activation by LN40, MutL, and MutS.
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Figure 7. ADPnP-Induced Conformational
Changes in LN40 and MutL

(a) Elution profiles from a Sephadex-200 col-
umn of LN40 and LN40 incubated with ADP
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no DNA translocation is needed. By using a ~50 times
shorter DNA substrate, we greatly increase the effective
substrate concentration. In addition, we increased both
the protein and DNA concentrations in the reaction by
~1000-fold compared with Au et al. (1992). The fact that
MutH activation by MutL is detected only at the higher
concentrations of both DNA and proteins indicates weak
interactions and possibly a high Km. The low concentra-
tion of MutL in vivo ensures that MutH will only be acti-
vated when MutS detects a mismatch.

The ATP-dependent MutH activation by MutL or by
MutL and MutS was further tested with a nonhydrolyz-
able ATP analog, ADPnP. ADPnP can support MutL to
activate MutH as well as or even better than ATP (Figure
6d). However, addition of MutS in the presence of
ADPNP reduces the MutH activation (Figure 6d) rather
than further stimulating it as observed in the presence
of ATP (Figure 2c). We conclude that there are two ATP-
dependent processes in mismatch-dependent activa-
tion of MutH. ATP binding, but not hydrolysis, is required
for MutL to activate MutH. ATP hydrolysis, however, is
required for full mismatch-dependent activation of MutH
mediated by MutS and MutL, perhaps for MutS and
MutL to translocate along DNA to the MutH cleavage
site.

Conformational Changes Induced by ATP Binding
ATP and GTP are utilized in many biological systems.
A common theme among these ATP- or GTP-dependent

proteins is that they undergo conformational changes
upon nucleotide binding and hydrolysis. These confor-
mation changes, either directly or indirectly, switch on
and off interactions with “effector” molecules (Vale,
1996). MutL, in addition to interacting with DNA, MutH,
and MutS, has recently been shown to interact with
helicase and VSR endonuclease (Drotschmann et al.,
1998; Hall et al., 1998). The state of nucleotide that is
associated with MutL may direct these protein—protein
interactions.

Binding of ADPnP to LN40 induces a transition of LN40
from monomer to dimer as judged by size-exclusion
chromatography and protein cross-linking assays (Fig-
ures 7a and 7b). Binding of ADPnP to the dimeric full-
length MutL, however, results in a shift of elution profile
of MutL from a Sephadex-200 column toward an appar-
ently lower molecular weight (Figure 7c). The dimeric
form of MutL has previously been established by its
sedimentation coefficient (Grilley et al., 1989). While the
molecular weight of dimeric MutL is less than 150 kDa,
its elution profile from a size-exclusion column matches
that of a 300 kDa globular protein, indicating that the
MutL dimer is nonglobular. MutL complexed with ADPnP
elutes from the Sephadex-200 at the same position as
a globular protein of MW ~180 kDa. In addition, the
MutL-ADPnP complex seems to be more stable in solu-
tion than MutL alone, which tends to aggregate. Results
from protein cross-linking analyses show that incuba-
tion with ADPnP does not change the multimerization
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state of MutL (Figure 7d). We, therefore, interpret this
change in the elution profile of MutL from the size-exclu-
sion column to be the result of a nucleotide-induced
interaction of the N-terminal region (Figure 7c).

The ADPnP-induced conformational changes in MutL
occur within minutes at protein concentrations between
0.3 to 2 mg/ml, while it takes hours for LN40 to fully
dimerize at a similar concentration (data not shown).
The MutL-ADPnP complex is exceedingly stable and
can withstand 5 mM EDTA, whereas the LN40-ADPnP
complex gradually dissociates and LN40 becomes mono-
meric (data not shown). These differences are likely due
to MutL already being dimerized at the C-terminal re-
gion. After incubation with ADP, neither LN40 nor MutL
show detectable change in their elution profiles from
the sizing column (Figure 7), indicating dimerization and
other conformational changes are specifically induced
by ATP binding.

The ADPnP-induced dimerization of LN40 and confor-
mational change of MutL are supported by the MutH
activation assay. Purified LN40-ADPnP complex can ac-
tivate MutH to cleave Mis-110, as does purified MutL-
ADPnP complex (Figure 7e). Thus, we conclude that
ADPNP induces similar conformational changes in LN40
and MutL and that such conformational changes are
sufficient to activate MutH. ATP-dependent activation
of MutH by MutL is likely due to the direct interactions
between MutH and MutL and not due to non-sequence-
specific and ATP-independent DNA binding by MutL.
Cross-linking of MutH and LN40-ADPnP complex in the
presence of Mis-110 DNA at a molar ratio of 1:1:1 gives
rise to new protein bands in SDS gels, which are not
observed when either MutH or LN40-ADPNP is cross-
linked in the presence of the same DNA (Figure 7f). The
cross-linking results support that the dimeric form of
LN40 and MutH physically interact.

A dimer of LN40 has been observed in the crystal
structure. Two LN40 molecules were packed in each
asymmetric unit with the eight-stranded B sheet back-
to-back and ATP-binding pockets facing opposite. Al-
though similar packing was also observed in yeast
Hsp90 (Prodromou et al., 1997a), there is no indication
of functional relevance for this crystallographic dimer of
LN40. Interestingly, NgyrB undergoes a transition from
monomer to dimer when incubated with ADPnP. The
two subunits of the NgyrB-ADPnP complex exchange
their N-terminal peptides, where the first 16 residues
extend from one subunit to the next and contact the
ADPNP bound to the second subunit (Wigley etal., 1991).
In the absence of ATP or ATP analog, the same fragment
of DNA gyrase remains monomeric.

Three disordered loops in addition to the ATP lid in
LN40 are populated with conserved residues (Figure 1)
and may play roles as conformational switches. The first
loop (L1) consists of the N-terminal 19 residues. Studies
of an LN40 mutant with the first 13 residues deleted
show that L1 affects DNA binding, ADPnP-induced di-
merization, and MutH activation (unpublished data). The
results from the N-terminal deletion of LN40 and the
overall similarity between MutL and DNA gyrase suggest
the possibility that the dimer of LN40 induced by ADPnP
is similar to that of NgyrB. The second flexible yet con-
served loop (L2) is formed between strand 6 and helix

E and is adjacent to L1. The third such loop (L3) is
between strand B13 and helix | and is structurally equiva-
lent to the loop that interacts with the y-phosphate in
NgyrB. The conformational changes in LN40 and MutL
induced by ADPnP correlate well with their functions in
activating MutH. We therefore postulate that the lid of
the ATP pocket and L3 loop may be primary switches
that directly interact with both the nucleotide and other
repair proteins. L1 and L2 loops may become ordered
and serve as contacting surfaces after primary confor-
mational changes, such as dimerization of LN40 or rela-
tive rotation of the first and second domains, triggered
by a bound ATP.

Molecular Basis for Defective E. coli MutL

and Human MLH1

Based on the functional importance of the ATPase activ-
ity in the MutL family, it is not surprising to find that the
majority of the defective mutations in E. coli MutL and
in human MLH1 affect the ATP-binding site. Eleven out
of eighteen mutations in the N-terminal region that ren-
der MutL a dominant mutator (Aronshtam and Marinus,
1996) occur among the conserved residues in the ATP-
binding motifs. They are E29K, E32K, A37T, D58N, G60S,
G93D, R95C, G96S, G96D, and S112L. Four of the re-
maining seven mutations, A16T, Al6V, P305L, and
H308Y, are on the L1 and L3 loops surrounding the ATP-
binding site, and G238D probably disrupts the interface
between the two domains in LN40. The last two muta-
tions, S106F and A271V, may indirectly affect the ATP
binding by altering the MutL structure. Most of the muta-
tions in the C-terminal region of MutL that display domi-
nant mutator phenotype are various truncations (Aron-
shtam and Marinus, 1996). While the N-terminal region
is sufficient for MutL to interact with DNA, MutS, and
MutH, the level of MutH activation by MutL may depend
on the C-terminal region as discussed earlier. The
C-terminal region has also been shown to physically
interact with UvrD (Hall et al., 1998).

In the case of human MLH1, 9 out of 14 missense
mutations found in the conserved N-terminal region in
reported HNPCC cases (Peltomaki and Vasen, 1997) are
located in and around the ATP-binding pocket (Figure
1). These mutations are P28L, M35R, S44F, G67R, 168N,
1107R, T117R, T117M, and R265H. Two other mutations,
V185G and G244D, are located on the domain interface,
as is the G238D mutation of E. coli MutL. Some of these
mutations probably directly affect ATP binding and hy-
drolysis, while the others are likely to alter the structure
of the ATP-binding site.

Conclusions

It is intriguing that both MutS and MutL are ATPases.
With a rather slow hydrolysis rate of ATP, MutL may
be a molecular timer that allows orderly recruitment of
endonuclease, single-strand binding protein and heli-
case to the repair machinery. It is also possible that
MutL is a secondary motor protein that assists MutS to
translocate along supercoiled DNA until a GATC site is
found. The crystal structure of LN40 and the discovery
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of the ATPase activity of MutL start to unveil the func-
tions of the MutL family. In addition, we have shown that
binding of ATP induces interactions of the N-terminal
region of MutL and such conformational changes are
sufficient for MutL or LN40 to activate MutH. Based on
these findings, we propose that MutL utilizes ATP to
regulate interactions among MutS, MutH, and UvrD and
to coordinate stepwise events in DNA mismatch repair.
The ATP-binding pocket in both DNA gyrase and Hsp90
also provides the binding sites for antibiotics and antitu-
mor agents. The structural similarity among MutL, DNA
gyrase, and Hsp90 provides a note of caution. Antibiot-
ics that are intended for DNA gyrase or Hsp90 may also
bind to MutL and its homologs and therefore may hinder
DNA repair as a side effect. The differential binding of
novobiocin to DNA gyrase and MutL, however, is an
example that specific inhibition can be accomplished.
The results of structural and functional studies reported
here provide a glimpse of the operation of DNA repair
machinery. Ultimately, information obtained from MutL
and future studies on human homologs will contribute
to the understanding of mutagenesis and prevention of
cancers.

Experimental Procedures

Protein Purification and Crystallization

His-tagged E. coli MutL was overexpressed in BL21 cells containing
plasmid pTX418 and purified over a Ni column as described (Feng
and Winkler, 1995). When treated with thrombin to remove the His-
tag, MutL was cleaved to a 40 kDa (LN40) and a 30 kDa (L30)
fragments. These two fragments were isolated with a mono-Q col-
umn. LN40 was further purified with a Superdex-75 column and
concentrated to 7 mg/ml in 20 mM Tris (pH 8.4), 150 mM KCI, 1 mM
EDTA, 1 mM DTT, and 5% glycerol. N-terminal sequencing of each
fragment indicated that LN40 contains residues 1-349 with three
additional residues left from the His-tag and LC30 contains residues
350-615. Size-exclusion chromatography, dynamic light scattering,
and equilibrium ultracentrifugation showed that LN40 was mono-
meric in solution.

Crystals of LN40 were grown at 20°C using the hanging drop
diffusion method. The precipitant buffer contained 100 mM bis-Tris
propane (pH 6.6), 100 MM Mg acetate, 100 mM MgSO,, 2 mM DTT,
and 20% PEG 8000. Crystals appeared over a period of 3-4 days
and reached the maximum size of 0.1 X 0.1 X 0.3 mm in 2 weeks.
These crystals belonged to space group 12,2,2;, (Table 1). There
were two molecules in each asymmetric unit and 57% (v/v) solvent.
LN40 crystals were stabilized in the mother liquor with final concen-
tration of PEG 8000 at 35% and an addition of 5% ethylene glycol
as cryo-solvent. A mercury derivative was obtained by soaking LN40
crystals in the stabilization solution with 0.6 mM ethyl-mercury phos-
phate (EMP) for a day. Immediately before flash freezing, LN40 crys-
tals were successively transferred to stabilization buffers with 10%
and 20% ethylene glycol.

Data Collection and Structure Determination

Diffraction data were collected at 90°K on an R axis IPIl detector
mounted on a Rigaku RU200 generator and processed using
DENZO, SCALEPACK, and CCP4 (CCP4, 1994; Otwinowski and Mi-
nor, 1997). Although cell constants did not change very much (Table
1), LN4O crystals were nevertheless not isomorphous even among
native ones. We had to screen a number of complete datasets based
on R, and Patterson map in order to get an isomorphous pair of
native and derivative data. Two Hg sites were readily located in
Harker sections. SHELX (Sheldrick and Schneider, 1997) was used
to determine the origin because the cross vectors were very close
to 0.25 along each of three axes. Successive rounds of Difference
Fourier search led to three more minor sites of Hg. These five Hg
sites were refined using MLPHARE (CCP4, 1994). The calculated

electron density map showed a clear solvent boundary. After solvent
flattening by DM (CCP4, 1994), many helices and B strands were
obvious. The map was further improved by noncrystallographic
2-fold averaging using MAMA (Kleywegt and Jones, 1994) and DM.
The resulting map showed a clear trace of the polypeptide chain.
However, there were a number of breaks along the main chain and
part of the first domain had very weak densities for side chain
atoms, which made the sequence assignment difficult. Using phase
combination after partial structure refinement and common sense
of protein chemistry, residues 20 to 331 excluding four disordered
loops (residues 74 to 79, 126 to 131, 150 to 162, and 300 to 312)
were confidently traced using O (Jones et al., 1991). The current
model is refined to 2.9 A with noncrystallographic restraint using
X-PLOR (Brunger, 1992) (Table 1). All residues but one (99.7%) are
in the “most favorable” and “additional allowed” regions in a Rama-
chandran plot. The one exceptional residue is in a “generously al-
lowed” region. Analysis by PROCHECK ranks the structure to be
as goog as or better than the average quality of structures refined
at 2.9 A.

DNA Cleavage Assay

E. coli MutS, MutL, and MutH were separately expressed as de-
scribed (Feng and Winkler, 1995). Each protein was purified over a
Ni column. MutL was further purified over a monoQ and a Superdex-
200 column. MutH was purified as described (Ban and Yang, 1998).
Each of the proteins was exchanged into Buffer B (20 mM Tris, 300
mM KCI, 0.1 mM EDTA, 1 mM DTT, and 5% glycerol) over a small
desalting column and concentrated to 100-200 pM. The 110 bp
DNA heteroduplex (Mis-110) was annealed from two chemically syn-
thesized oligonucleotides, which were purified by reverse-phase
chromatography. DNA was stored in Tris-EDTA buffer at 80 pM
concentration. Immediately prior to cleavage assays, each protein
was diluted to 4 pM in buffer A (20 mM Tris, 30 mM KCI, 5 mM
MgCl,, 1 mM DTT) with no additives, 1 mM ATP or 1 mM ADPnP,
and DNA was diluted to 2 wM in the same buffer. Eight picomoles
each of MutH and MutS, 12 pmol of MutL or LN40, and 2 pmol of
the heteroduplex DNA were mixed with the dilution buffer to a final
volume of 15 pl. Cleavage reactions were incubated at 20°C for 3
hr and stopped by addition of 0.17% SDS. Cleavage products were
analyzed on a 10% polyacrylamide gel by electrophoresis in TBE
buffer at 180 V for 40 min. DNA was stained with SYBR-green.

DNA Mobility Shift Assay

Hetero- or homoduplex DNA (4 pmol) was incubated with 4, 12, and
20 pmol of LN40 in 15 pl buffer A for 2 hr. The reaction mix (12 pl)
was analyzed on a 6% polyacrylamide gel by electrophoresis in
TBE buffer at 80 V for 2 hr. Gels were stained in SYBR-green and
photographed. A 72 bp homoduplex with blunt ends, OE-72, is
cleaved from plasmids produced in vivo.

Nucleotide-Binding Assay
LN40 or MutL (1-2 mg/ml) in buffer B plus 5 mM MgCl, was incubated
with ImM ADP, ATP, or ADPnP at room temperature for 1 hr and
then 4°C overnight. The protein-nucleotide mixture (100 wl) was
injected into a preequilibrated Sephadex-200 column (Pharmacia-
LKB) and eluted at a flow rate of 0.5 ml/min with the same buffer.
The nucleotide to protein ratio (x:1) is obtained using the formula
x = (k*Ep280 — Ep260) / (En260 — k*En280), in which k is the UV
absorption ratio of the protein-nucleotide complex at 260 nm versus
280 nm; Ep280 and Ep260 are the molar extinction coefficients of
protein (54,200 and 27,100 for MutL; 26,500 and 20,900 for LN40);
En280 and En260 are of the nucleotides (2,200 and 13,600, respec-
tively).

ATPase Assay

MutS or MutL (12 pmol) were incubated with 750 pmol of a-%P-
labeled ATP in 15 pl solution of buffer A at 37°C for 30 min. The
effect of heteroduplex DNA on ATPase activity was assayed by
addition of 4 pmol of DNA in the reaction mix. One microliter of
each reaction mix was spotted on a PEI-TLC plate. Labeled ATP
and ADP were separated by developing the TLC plate in 1 M formic
acid and 0.4 M LiCl, and detected on a phosphor imaging plate.
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Kinetic data of ATP hydrolysis were obtained at three MutL concen-
trations (0.7, 1.2, and 2 pM) with ATP concentrations varying from
25 pM to 1 mM. Km and kcat were derived from a double reciprocal
Lineweaver-Burk plot. Novobiocin inhibition was tested with novo-
biocin concentrations varying from 0.1 to 2 mM in the reaction
mixture of 1.2 uM MutL and 80 uM of a-*?P-labeled ATP.

Protein Cross-Linking by BS®

LN40, LN40-ADPnP complex (LN40*), MutL, and MutL-ADPnP com-
plex (MutL*) at 10 wm concentrations were incubated with 0.11,
0.33, and 1 mM BS?® (Bis-sulfosuccinimidyl suberate) in buffer A and
100 mM KCI for 1 hr at 22°C. Ten microliters of each cross-linked
sample was mixed with SDS sample buffer and analyzed by electro-
phoresis on 4%-12% or 4%-20% SDS gels. Cross-linking of MutH
and LN40* was carried out in the presence of Mis-110 DNA. MutH,
LN40* (12 pM) or MutH and LN40* (12 nM each) were mixed with
12 pM Mis-110 in buffer A and cross-linked by 0.11, 0.33, and 1
mM BS?® at 22°C for 1 hr. Cross-linked samples were analyzed by
eletrophoresis on a 4%-12% SDS gel and stained with Coomassie
blue.

Sequence and Structure Comparisons

Sequences of the MutL family were aligned based on the LN40
structure. Structures of NgyrB, Hsp90, and LN40 were superim-
posed manually; the superposition was then best fitted using the
least-square method. Structural figures were generated using RIB-
BONS (Carson, 1987) except Figure 3c, which was generated using
GRASP (Nicholls et al., 1991).
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