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Abstract

The B-clamp is a protein hub central to DNA replication and fork management. Proteins
interacting with the B-clamp harbor a conserved clamp-binding motif that is often found in extended
regions. Therefore, clamp interactions have —almost exclusively— been studied using short peptides
recapitulating the binding motif. This approach has revealed the molecular determinants that mediate the
binding but cannot describe how proteins with clamp-binding motifs embedded in structured domains
are recognized. The mismatch repair protein MutL has an internal clamp-binding motif, but its interaction
with the B-clamp has different roles depending on the organism. In Bacillus subtilis, the interaction
stimulates the endonuclease activity of MutL and it is critical for DNA mismatch repair. Conversely,
disrupting the interaction between Escherichia coli MutL and the B-clamp only causes a mild mutator
phenotype. Here, we determined the structures of the regulatory domains of E. coli and B. subtilis MutL
bound to their respective B-clamps. The structures reveal different binding modes consistent with the
binding to the B-clamp being a two-step process. Functional characterization indicates that, within the
regulatory domain, only the clamp binding motif is required for the interaction between the two proteins.
However, additional motifs beyond the regulatory domain may stabilize the interaction. We propose a
model for the activation of the endonuclease activity of MutL in organisms lacking methyl-directed

mismatch repair.

Keywords: X-ray crystallography, weak protein-protein interactions, DNA mismatch repair, sliding -

clamp, MutL nuclease activity.
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1. INTRODUCTION

The sliding B-clamp, and its eukaryotic counterpart PCNA, are ring-shaped structures that
encircle DNA and tether their binding partners to DNA. The main role of these clamps is to increase the
processivity of DNA polymerase, but they also have critical roles regulating DNA replication,
polymerase switching, and DNA mismatch repair (1-4). Initiation of DNA mismatch repair depends on
the coordinated actions of two proteins —-MutS and MutL— both of which interact with the -clamp (5-7).
MutS recognizes mismatches and small insertion/deletion loops that have escaped DNA polymerase
proofreading, and recruits MutL to mark the newly synthesized strand for repair either directly (methyl-
independent repair) or indirectly (methyl-directed repair). Escherichia coli (E. coli) has a devoted
nuclease that recognizes transiently hemimethylated DNA and nicks the unmethylated strand, effectively
discriminating the new from the template strand. However, most prokaryotes —and all eukaryotes— lack
this gene. Instead, MutL homologs from these organisms harbor their own nuclease activity that is
stimulated by the interaction with the B-clamp or its eukaryotic counterpart PCNA (8-11). Accordingly,
disruption of the clamp-binding motif in B. subtilis MutL causes a strong mutator phenotype, whereas
disruption of this motif in £. coli MutL —which does not have nuclease activity— causes a less severe
mutator phenotype (6,10). Sliding clamps bind DNA with a defined orientation. Therefore, proteins
interacting with the B-clamp also bind DNA in a specific orientation. In the case of MutL, this asymmetry
determines the strand of the DNA duplex that gets cut (12).

All clamp-binding partners contain a conserved linear motif known as PCNA-interacting protein
(PIP) box or clamp-binding motif (CBM) that binds a hydrophobic groove on the sliding clamp (Figure
1A). PIP boxes have a strict QxxLxxFF consensus sequence, where the conserved leucine and
phenylalanine residues form a 319 helix that defines a “three-forked plug” interaction with PCNA (13).
Only one PIP-box lacking the two aromatic residues has been described to date (14), underscoring the

importance of these two residues. Clamp-binding motifs are shorter and have a general QL(D/S)LF
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consensus sequence (Supplementary Figure 1). This consensus sequence tolerates greater variability
than the PIP-box consensus, a feature that often challenges the identification of CBMs (15). PIP boxes
and CBMs are normally found in flexible terminal regions and, therefore, most structural information
comes from complexes of PCNA or the -clamp bound to short peptides derived from binding partners
(16-19). These studies have shown that all clamp-binding partners share a characteristic bidentate
interaction, where the conserved glutamine and leucine residues of the motif are bound to adjacent
pockets at the C-terminus of the B-clamp. They have also shown how the loops surrounding these two
pockets are flexible and close in to define the walls of the groove upon binding of the peptide. These
studies, however, fail to explain how the B-clamp accommodates multiple binding partners or how
additional surfaces of the B-clamp regulate partner switching (1,2). Studies with PCNA bound to longer
fragments of their respective binding partners have resulted in structures that maintain the clamp-binding
partners in locked-down, inactive conformations (16,20,21), thereby providing information about the
peptide-protein and protein-protein interactions that enable partner switching. However, structural
information of active B-clamp or PCNA complexes is still very limited (22).

Compared to terminal CBMs, internal clamp-binding motifs within structured domains are poorly
characterized. E. coli DNA polymerase V (UmuC) has an internal CBM located between its little finger
and C-terminal domains, but since it is found within the linker connecting the two domains its interaction
with the B-clamp was studied structurally using a short peptide (17). The a catalytic and € proofreading
subunits of the E. coli DNA polymerase III also contain internal CBMs (23-25). Interaction of E. coli
Pol Illa with the B-clamp was also studied structurally using a short peptide (18). Therefore, as in
previous analyses, these structures do not provide information as to how the surrounding domains in the
partner affect its binding to the B-clamp. The clamp-binding motif of MutL is located within a structured
region of the endonuclease domain (26). Although the clamp-binding motif of MutL resides in a surface
exposed loop of the endonuclease domain, binding to the B-clamp must impose significant

4
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rearrangements to avoid steric hindrance. The interaction between MutL and the sliding B-clamp is
conserved from bacteria to humans (11,26), therefore the same binding motif mediates the interaction
with either the B-clamp and PCNA (Figure 1A). To understand how MutL homologs interact with the
B-clamp, we have determined the crystal structures of B. subtilis and E. coli B-clamp bound to the
regulatory domains of their respective MutL homologs. We find that B. subtilis MutL interacts with the
B-clamp through the characteristic bidentate interaction, whereas E. coli MutL. forms a monodentate
interaction. Comparison of the two structures reveals a trade-off between conformational changes within
the regulatory domain and the formation of a bidentate interaction with the B-clamp. We propose a model
describing how conformational changes in the regulatory domain of B. subtilis MutL upon binding to the
B-clamp align the nuclease site with the central cavity of the B-clamp. This model unveils the role of the

conserved GQ motif found in MutL. homologues with endonuclease activity.

2. MATERIALS AND METHODS

2.1. Design of the clamp-MutL fusion proteins

The fragment of E. coli MutL encoding residues 471-574 (regulatory domain, MutLRSP) was subcloned
in a modified pET15b expression vector containing an N-terminal Hise-tag removable with tobacco etch
virus (TEV) protease site using the BamHI/Blpl restriction sites (pAG8902). Full-length E. coli B-clamp
was subsequently subcloned using the Ndel/BamHI restriction sites to create the E. coli clamp-MutLREP
fusion (pAG8903). A Sall restriction site was engineered between the two protein fragments to introduce
a glycine/serine-rich linker (SGASG). Oligonucleotides encoding the linker flanked by Sall/BamHI sites
were purchased from Integrated DNA Technologies and ligated into to generate the final clamp-SGASG-
MutLRSP fusion expression plasmid (pAG8918). The B. subtilis fusion expression plasmid (pAG9021)

was generated analogously and included full-length B-clamp and residues 482-574 from B. subtilis MutL.



114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

(MutLRSP) corresponding to its regulatory domain joined by a three-amino acid linker (VDS). The

identity of all plasmids was confirmed by DNA sequencing (MOBIX, McMaster University).

2.2. Protein expression and purification

The E. coli and B. subtilis clamp-MutLRSP fusions were produced in BL21 (DE3) cells supplemented
with a plasmid encoding rare tRNAs. Cells were grown in Luria-Bertani media to an ODgoo ~ 0.7 and
protein expression was induced by addition of 1.5 mM isopropyl B-D-1-thiogalactopyranoside (IPTG).
Cells were harvested by centrifugation (1,000 x g for 15 min) after overnight incubation at 16 °C. Cell
pellets were re-suspended in 20 mM TRIS-HCI pH 8, 500 mM NaCl, 1.4 mM B-mercaptoethanol, 5 %
glycerol and lysed by sonication. Lysates were clarified by centrifugation at 39,000 x g for 40 minutes.
The supernatant was loaded onto a Nickel-chelating affinity column (GE Healthcare) pre-equilibrated
with 20 mM TRIS-HCI pH &, 500 mM NacCl, 1.4 mM B-mercaptoethanol, 5 % glycerol. The column was
washed with 63 mM imidazole and the His-tag fusions were eluted with 195 mM imidazole. The fractions
containing protein were pooled, and the salt concentration was adjusted to 150 mM NacCl prior to loading
them onto a Q-Sepharose ion exchange column (GE Healthcare) equilibrated with 20 mM TRIS-HCI pH
7.5, 150 mM NaCl, 1.4 mM B-mercaptoethanol, 5% glycerol. The protein was eluted off the column
using a linear gradient to 500 mM NaCl (clamp-MutLRSP fusions elute at ~350 mM NaCl). The protein
was further purified through size exclusion chromatography using a Superdex200 (S200) 10/300 GL
size-exclusion column (GE Healthcare) equilibrated with 20 mM TRIS-HCI pH 7.5, 150 mM NaCl, 1.4
mM B-mercaptoethanol, 5% glycerol. The eluted samples were concentrated to 20 mg/mL and protein
concentration was calculated using the Beer-Lambert equation with an extinction coefficient of 29,450

M-'em™and 24,710 M-'ecm! for the E. coli and B. subtilis clamp-MutLRSP fusions, respectively.

2.3. Crystallization and structure determination
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Crystals of the E. coli clamp-MutLRP fusion grew in 100 mM BIS-TRIS pH 5.5, and 2 M ammonium
sulfate and were cryo-protected by addition of 8 % glycerol to the mother liquor. Crystals of the B.
subtilis clamp-MutLRSP fusion grew in 100 mM HEPES pH 7.5, 25 % PEG 3350 (v/v), and 0.2 M
ammonium sulfate, were cryo-protected by addition of 12 % ethylene glycol. Complete data sets were
collected at the O8ID-1 and O8B1-1 beam lines of the Canadian Light Source and were processed with
XDS (Table 1) (27). The structures were determined by molecular replacement using the structures of
the individual components as search models (PDBs: 4K3M and 1X9Z for the E. coli fusion and PDBs:
4TR6 and 3KDK for the B. subtilis fusion). The initial models were refined by iterative cycles of manual
model building in Coot and refinement in PHENIX (28,29). Quantitative analysis of the interfaces of
both structures was done using the online PISA server (30). Figures showing molecular structures were

generated using PyMOL.

2.4. Analysis of the mutation frequency of E. coli MutL variants

E. coli strains MG1655 and JW4128-1 were obtained from the E. coli Genetic Stock Center. The
AmutL720::kan allele from strain JW4128-1 was transduced into MG1655 using P1vir (31), resulting in
strain MKS108. Cultures of strain MKS108 bearing either pET15b or a pET15b derivative expressing
the indicated MutL protein were grown at 37° for 12 hours with aeration in LB medium (10 g/l Difco
tryptone, 5 g/l Difco yeast extract, 10 g/l NaCl) supplemented with ampicillin (150 pg/ml) and kanamycin
(40 pg/ml). Saturated cultures were serially diluted in 0.8% saline and 100 pl of the 107 dilution (n>15)
was spread onto LB agar plates to determine culture titers. Three-hundred pl of the same undiluted
cultures (n=20) were spread onto LB agar plates supplemented with rifampicin (50 pg/ml) to identify
spontaneous mutations. Plates were incubated at 37° for 12 h prior to counting colonies and the
spontaneous mutation frequency of each strain was determined by dividing the number of colony forming
units on plates containing rifampicin by the average number of colony forming units on LB lacking

rifampicin (10,32). The 95% confidence intervals were calculated as described (32).
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2.5. Analysis of the mutation frequency of B. subtilis mutL variants

Each strain was created by integration of each mutL mutant into the amyFE locus of the AmutL strain of
B. subtilis for ectopic expression with IPTG. A stock for each strain was frozen and stored at -80°C. The
wild type PY79 and isogenic AmutL strains were struck out on LB agar; while the mutL*, mutL"X,
mutL“®M were struck on LB agar supplemented with spectinomycin (100 ug/ml) and IPTG (1 mM) for
overnight growth. Both plates were incubated overnight at 30°C. The following day, individual colonies
were picked and cultured in 2 ml LB and 200 uM IPTG rotating at 37°C for 2-3 hours to ODgoo of 1-1.2.
One ml from each tube was also pelleted at 11,000 x g and the supernatant was removed. This pellet was
resuspended in 100 pl of 0.85% saline solution and 100 pl was plated on LB agar supplemented with
rifampicin (100 ug/ml). The cell suspension was then diluted 10 and 100 pl of each strain was plated
on LB agar to determine the total number of viable cells. Plates were then incubated at 30°C and each
plate was scored for colony forming units. LB plates were scored if they contained at least 70 colonies.
Mutation frequency analysis was conducted as described previously (33). In total, 11-15 independent
cultures were used per strain. The mutation frequency given is relative to wild type PY79 and is consistent

with prior studies (26,34).

2.6. Cysteine-crosslinking complex formation

Variants of B. subtilis MutL and B-clamp were generated as described earlier (10). In brief, the B. subtilis
B-clamp does not have any surface exposed cysteine residues, therefore we added a Ser379—Cys380
dipeptide at the extreme C-terminus of the protein (pAG 8807). The single-Cys variant of the
endonuclease domain MutL ™ (pAG 8803; residues 433-627) included point mutations E485C, C5318S,
C573S and C604S. Both variants were produced and purified as described earlier (10). The single-Cys

variant of the regulatory domain of MutL (pAG9148; MutLRSP-E485C/ C531S/C573S) was generated
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by site-directed mutagenesis and produced as described elsewhere (6). To form the complexes between
the B-clamp and the endonuclease or regulatory domains of B. subtilis MutL, the 3-clamp was incubated

with either the endonuclease or the regulatory domain at a 1:1 ratio to a final concentration of 20 uM.

The samples (1-2 ml) were dialyzed in 20 mM Tris pH 7.6, 150 mM KCI, 10 mM DTT, 10% glycerol

for 2 hours at 4°C. The mixture was then dialyzed into buffer supplemented with 5 mM DTT for 1 h,
followed by 1 h in dialysis buffer without DTT. The sample was then left in dialysis buffer without DTT.
Complex formation was monitored by resolving samples collected at different time points on denaturing
polyacrylamide gradient gels stained with Coomassie Brilliant Blue. We quantified the intensities of the
crosslinked clamp+CTD and clamp+RGD species in ImageJ and normalized the values using the
intensity of the band corresponding to free clamp on each experiment to account for loading differences
between lanes. The ratio I(clamp+RGD)/I(clamp) was 0.9+0.01 across all time points. The ratio
I(clamp+CTD)/I(clamp) was 1.0 at day 1, increased to 1.18+0.1 at day 2 and stayed the same at day 3,
indicating that the reaction was complete by day 2.

CTD complex has been previously characterized by small angle

The Cys-crosslinked clamp-MutL
X-ray scattering (10). To assess whether the conformational changes predicted in our model resemble

the structure of the B. subtilis Cys-crosslinked clamp-MutL¢™ complex in solution, we calculated the

theoretical scattering profiles for the two potential conformations of the complex using CRYSOL (35).

2.7. Nuclease assays

Nuclease assays were performed as described previously with minor modifications (10). A 195 base pairs
DNA substrate was amplified from pUC19 (nucleotides 378-572) wusing primers
Sd(AGTTAGCTCACTCATTAGGCACCCCAGGC) and 6-carboxyfluorescein->d(TGTAAAACGA
CGGCCAGTGAATTCGAGCTCGG). MutL¢™ variants carrying point mutations in the endonuclease

motif (E468K), the *3GQ motif (G443K and Q444E), and the clamp-binding motif (*’QEMIV#*! >
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BTAEMAA*!) were generated by side-directed mutagenesis. All the variants were purified as described
elsewhere (10). Each MutL¢™ variant (1.2 uM) was then incubated with the 195 bp linear DNA substrate
(10 nM) in the absence and presence of equimolar amounts of the B-clamp in reaction buffer (20 mM
Tris pH 7.6, 30 mM KCI, 1 mM MnCl,, 1 mM MgCl,, 152 pM Zn(O,CCHz),, 0.05 mg/mL BSA, 4%
glycerol). The reactions were incubated at 37°C for 2 hours and quenched by the addition of 25 mM
EDTA and 1mg/mL proteinase K followed by incubation at 55°C for 20 min. The digestion products
were resolved by gel electrophoresis in 8% denaturing polyacrylamide gels. Gels were visualized using

a Typhoon Trio+ (GE Healthcare).

3. RESULTS
3.1. Stabilization of the MutL-clamp complex

E. coli and B. subtilis MutL form weak, yet specific, interactions with their respective sliding 3-
clamps (6,10). The dimerization domain of MutL is organized into two independently folded regions
connected by an a-helix that, in the case of B. subtilis MutL, harbors the endonuclease motif (26). The
N- and C-terminal ends of the domain of MutL define the dimerization interface of the protein and the
intervening region defines an independently folded subdomain (Figure 1). This subdomain is often
referred to as the regulatory subdomain because it mediates the interaction with the sliding 3-clamp. The
clamp-binding motif of MutL is located at the N-terminus of the regulatory subdomain (Figure 1A-B).
Since the sliding 3-clamp interacts with its binding partners through a conserved groove located at its C-
terminus, we stabilized the interaction by connecting the two polypeptide chains with a short linker — an
approach that has been successfully used to stabilize other weak protein-protein interactions for
crystallographic studies (36-39). The E. coli and B. subtilis fusions could be purified to homogeneity and
eluted from a size exclusion chromatography column at retention volumes consistent with the expected

mass for each complex (Figure 1C-D).
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3.2. The regulatory domain of E. coli MutL forms a monodentate interaction with the B-clamp
Crystals of the E. coli B-clamp fused to the regulatory domain of MutL (MutLRSP, residues 471-
574) diffracted to 2.1 A (Table 1). The asymmetric unit contained one dimer of the fusion (Figure 2A),
where both the clamp dimer and the two MutL regulatory subdomains had similar overall structures to
the individual proteins. Superimposition of the regulatory subdomain from the original structure of the
endonuclease domain of MutL onto the MutLRSP portion of the fusion results in a root mean square
deviation (rmsd) of 0.495 A (518 atoms), whereas superimposition of the structure of the B-clamp bound
to a canonical B-binding peptide onto the B-clamp monomer yields an rmsd of 0.628 A (2,211 atoms).
For both protomers of the ring, the clamp-binding motif of MutL (**?QPLLIP*®") sits atop the binding
site of the B-clamp in identical orientations and shows well-defined electron density (Supplementary
Figure 1B). The linker joining both halves of the fusion, however, is disordered in both protomers of the
dimer, suggesting that the association between the two proteins is held together by the interactions
between clamp-binding motif of MutL and the B-clamp rather than constraints imposed by the linker.
Studies using short peptides have shown that canonical clamp-binding motifs contact two sites
on the E. coli B clamp referred to as subsites 1 and 2 (Supplementary Figure 1) (19). The conserved
Leu485 of the clamp-binding motif occupies the conserved hydrophobic pocket known as subsite 1
(Figure 2B and Supplementary Figure 1). As in other clamp binding motifs, the following residue,
[1e486, is also inside this hydrophobic pocket (Figure 2B). In contrast to other clamp-binding motifs,
however, the conserved GIn482 does not occupy subsite 2. Instead, a sulfate ion from the crystallization
solution occupies this pocket and recapitulates the interactions normally mediated by the amide moiety
of the conserved glutamine (Figure 2B-C). The ion forms a hydrogen-bond network involving the side
chains of Asn320 from the B-clamp and Arg531 and GIn532 from MutL, as well as water-mediated
hydrogen bonds with the main chain of Hisl175, Asn320, Met362 and Pro363 (Figure 2C and
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Supplementary Figure 2). Additionally, the side chain of Leu528 from MutL is sandwiched between
the side chains of Phe278 and Met364 from the B-clamp and closes subsite 2. While the interactions in
subsite 2 are not conserved, the overall width of the binding groove is similar to other structures of the
-clamp bound to clamp-binding motifs (Supplementary Figure 2). When the conserved glutamine of
the clamp-binding motif occupies subsite 2, as it does in the case of Pol I (Supplementary Figure 2),
its side chain forms a hydrogen bond with the carbonyl group of Met362, effectively restricting the width
of the groove. Here the sulfate ion forms a water-mediated hydrogen bond with the same group, and the
guanidinium group of Arg531 further constrains the width of the pocket by forming a hydrogen-bond
with the carbonyl group of Pro363 (Figure 2C-D). Additionally, the side chain of GIn482 forms a
bidentate hydrogen bond with the main chain of Arg365 from the B-clamp (Figure 2D).

In canonical clamp-binding motifs, the residue following the conserved glutamine is also
conserved (Figure 1A), and it occupies a shallow pocket opposite to Gln-binding pocket further
stabilizing the bidentate interaction between the 3-clamp and its binding partners. The second position
of the motif is not conserved in MutL homologues (Figure 1A). In E. coli MutL, Pro483 follows the
conserved GIn482 (Supplementary Figures 1 and 2). Although the conformation of the main chain is
similar to other clamp-binding motifs, the restricted phi/psi angles of Pro483 and its smaller size likely
favor the monodentate interaction with the B-clamp. We cannot tell whether the sulfate ion forces GIn482
out of subsite 2 or fills the empty pocket, but we have shown that substitution of E. coli MutL residue
GIn482 with Ala does not affect mismatch repair function in vivo, whereas substitution of Leu485 with
Ala causes a mutator phenotype (6). This structure supports the idea that Leu485 drives the interaction

between E. coli MutL and the B-clamp.

3.3. MutL residues interacting with subsite 2 are dispensable for the interaction with the B-clamp
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Given the roles of Arg531, GIn532 and Leu528 at stabilizing the conformation of subsite 2 in the
structure, we checked whether point mutations on these residues affected mismatch repair activity in
vivo. We generated a double-mutant of MutL (MutL-R531S/Q532A) unable to mediate the electrostatic
interactions with the sulfate ion, as well as a triple variant (MutL-L528 A/R531S/Q532A) in which both,
electrostatic and van der Waals interactions, had been abrogated. We then measured the frequency of
spontaneous mutation of rpoB to rifampicin resistance (Rif®) for the wild-type and the variant murL
strains. Both variants displayed similar mutation frequencies to wild-type mutL (Figure 2E), indicating
that the interactions mediated by these three residues in subsite 2 are not necessary for mismatch repair
activity in vivo. We have previously shown that disruption of the MutL-clamp interaction causes a
moderate mutator phenotype in E. coli (6), therefore we concluded that the Arg531, GIn532 and Leu528
residues of MutL are not necessary for the functional interaction with the B-clamp during mismatch

repair.

3.4. The regulatory domain of B. subtilis MutL forms a bidentate interaction with the p-clamp

In contrast the E. coli MutL, the interaction between B. subtilis MutL and the B-clamp is essential
for mismatch repair activity in vivo (26). Therefore, we sought to determine whether B. subtilis MutL.
also forms a monodentate interaction with the -clamp. Crystals of the B. subtilis B-clamp fused to the
regulatory domain of MutL (MutLRSP, residues 482-574) contained two B-clamp dimers in the
asymmetric unit. The two protomers of the B-clamp dimer were virtually identical to each other (rmsd of
0.438 A over 2,165 atoms) and to the B. subtilis B-clamp on its own (PDB ID 4TR6). The two regulatory
domains of MutL on each B-clamp dimer interacted with the B-clamp through the canonical bidentate
interaction observed for other clamp-interacting partners (Figure 3A-B and Supplementary Figures 1
and 2). The side chains of the conserved isoleucine and glutamine residues within the motif
(¥*7QEMIVP*?) occupy subsites 1 and 2 of the B-clamp. The presence of the linker does not determine
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the interaction because the linker connecting the B. subtilis -clamp and MutL halves of the fusion is
only visible in one of the protomers of the dimer, but both copies share the same binding mode
(Supplementary Figure 3).

However, binding to the -clamp caused conformational changes onto the regulatory domain of
MutL. Superimposition of the domain onto the original structure of the endonuclease domain of B.
subtilis MutL (PDB ID 3KDK) results in rmsd >1.5 A, primarily caused by changes on the relative
orientation of the clamp-binding motif and helices aB-oD (Figure 3A). The 5-aB loop, as well as part
of helix aD, is disordered in both protomers. In the protomer with the ordered linker, the last turn of
helix aB, the loop connecting this helix to 36, and helix aD are also disordered (Figure 3A, shown in
blue). The last two turns of helix oD, however, are visible in the protomer with the disordered linker
(Figure 3A-B and Supplementary Figure 3). This is the first structure of B. subtilis f-clamp bound to
one of its binding partners, but kinetic studies have shown that B. subtilis f-clamp binds a model clamp-
binding peptide with similar affinity to E. coli B-clamp (40). This suggests that bidentate binding is also
the canonical binding mode for B. subtilis clamp-binding partners. This structure also reveals that
formation of this bidentate interaction causes additional conformational changes when the clamp-binding

motif is embedded within a structured domain.

3.5. No additional residues in the regulatory domain are required for the interaction of B. subtilis
MutL and B-clamp

The induced flexibility of the B. subtilis MutL regulatory domain allows the *’QEMIVP*? motif
to reach into the hydrophobic groove of the binding 3-clamp. This, in turn, brings the surrounding loops
of the regulatory subdomain close to the surface of the B-clamp. The loop connecting the 7’ strand to
the aC helix wraps around subsite 2 defining an intricate hydrogen-bond network involving the side

chains of His532 and Lys538 from MutL and the side chains of His182, Ser331 and Tyr334 from the -
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clamp, as well as the main chain carbonyl of Trp535 (MutL) and the amino group of Ala287 (-clamp)
(Figure 3C). To test the relevance of this hydrogen-bond network, we generated a strain of mutL
(mutL'®) where His532 and Lys538 had been mutated to alanine residues. Each mutL allele was
expressed from an ectopic chromosomal locus with a concentration of IPTG that yields mutL expression
to a level indistinguishable from the wild type mutL (41). The AmutL/mutL"¥ strain had similar mutation
frequency to a AmutL strain complemented with wild-type MutL (AmutL/mutL"), in contrast to the strain
with a mutated clamp-binding motif (AmutL/mutL8™) that had equivalent mutation frequency to the
AmutL strain lacking a complementing allele (Figure 3D). These results indicate that the changes on the
relative orientation of helices aB-aD enhance the shape and charge complementarity with the -clamp,
but the functional interaction of MutL and the B-clamp remains exclusively mediated by the clamp-

binding domain.

3.6. Re-orientation of helices aB-aD aligns the endonuclease motif with the B-clamp channel
Superimposition of the endonuclease domain of MutL (PDB ID 3KDK) using the clamp-binding
motif as reference resulted in significant clashes between the distal protomer of the MutL dimer and the
B-clamp (Figure 4A and Supplementary movie 1). However, superimposition of the endonuclease
domain taking into account the re-orientation of helices aB-aD upon binding to the B-clamp resolved
most of the clashes (Figure 4B and Supplementary movie 1). The endonuclease domain of MutL
crosslinked to the B-clamp has been characterized using small angle X-ray scattering (10), therefore we
compared the two conformations of the model to that of the MutL“™P-clamp complex in solution. To this
end, we calculated the theoretical scattering curves for the two potential conformations using CRYSOL
(35). We then compared them to the experimental scattering curve of the crosslinked complex resulting
in on chi? values of 11.22 (conformation on Figure 4A) and 3.28 (conformation on Figure 4B). These

chi? values indicate that the superimposition of the endonuclease domain taking into account the re-
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orientation of helices aB-aD closely resembles the conformation of the complex in solution (Figure
4B). Interestingly, the dimerization domain of E. coli MutL could be directly superimposed onto the
structure of the fusion without major clashes (Supplementary Figure 4A), suggesting that the
conformational changes of the regulatory subdomain in B. subtilis MutL may be important for its
nuclease activity.

The conformation of the model depicted in Figure 4B aligns the nuclease motif of the interacting
MutL protomer with the central cavity of the 3-clamp. This is in good agreement with data showing that
B. subtilis MutL only requires the endonuclease site from the protomer bound to the -clamp for nuclease
activity (42), and reinforces the idea that the role of PCNA and the B-clamp at this step is threading DNA

onto the nuclease activity site (12).

3.7. The conserved GQ motif helps align the MutL dimer with the central cavity of the B-clamp

MutL homologs harboring an endonuclease motif also harbor four additional motifs (9). The
structure of the endonuclease domain of B. subtilis MutL revealed that three of these motifs (*’?SCK,
604CPHGRP, °FKR), together with the endonuclease motif (*’DQHAAQERIKYE), define the
endonuclease site and coordinate the two zinc metal ions necessary for MutL activity (26). The fourth
motif (**GQ) is located at the dimerization interface of MutL and could not be assigned a specific
function from the structure of the endonuclease domain of B. subtilis MutL. The interaction between
MutL and the B-clamp places this motif in close proximity of the a1-$2 (Ala22-Thr33), B3- B4 (Ser49-
Asp52) and a4-B11 (Ser156-Gly166) loops of the B-clamp and, therefore, the conserved small and polar
residues at these positions may prevent steric hindrance.

To test this possibility, we generated variants of the endonuclease domain of B. subtilis MutL
(BsMutL ™) including point mutations on the ***GQ motif and tested their ability to nick a linear DNA

substrate. We have previously shown that the nuclease activity of B. subtilis MutL is stimulated by the
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B-clamp (10). Therefore, we tested whether these variants were able to degrade a DNA substrate (Figure
5A). As expected, BsMutL¢™ was able to degrade the DNA substrate in the presence of the B-clamp,
but variants of BsMutL¢™P unable to bind the B-clamp or with a point mutation on the endonuclease
motif showed no nuclease activity (Figure 5A). The BsMutL¢™P-G443K and BsMutL¢TP-Q444E
variants had residual nuclease activity (Figure 5A), indicating that the integrity of the *3*GQ motif is
important for the nuclease activity. Based on our model and the endonuclease defects associated with
mutations in the **GQ motif, we predicted that additional surfaces beyond the regulatory domain of B.
subtilis MutL may stabilize the interaction with the 3-clamp.

Using the single-cysteine variants of the B-clamp, as well as the endonuclease and regulatory
domains of B. subtilis MutL that we had previously developed for the small-angle X-ray scattering
characterization (10), we tested whether the endonuclease dimer (MutL ™) interacted more readily with
the B-clamp than the regulatory domain (MutLRSP), Incubation of the regulatory and endonuclease
domains of MutL. with the B-clamp in the absence of reducing agents resulted in the formation of
crosslinked species at 63 kDa and 75 kDa, consistent with the interaction of both domains with the 3-
clamp (Figure 5B). Unexpectedly, the 75 kDa (clamp+MutL¢™) and 63 kDa (clamp+MutLRP) species
accumulated to similar extents (Figure 5B). We had previously shown that only one of the two protomers
of the endonuclease domain dimer can interact with the clamp dimer, because binding partially blocks
the second binding site of the B-clamp (10). Therefore, complex formation results in crosslinking gels
that have similar amounts of complex (clamp+MutL¢™P) and free B-clamp (Figure 5B). Conversely, the
regulatory domain is a monomer and two regulatory domains could simultaneously bind to the B-clamp
ring. However, quantification of the crosslinking gels also showed equal amounts of the 63 kDa species
and free B-clamp, and this ratio persisted over time (Figure 5B). Therefore, either the regulatory domain
has lower affinity for the B-clamp than the endonuclease domain or binding to one site triggers an

allosteric change that prevents binding to the second site. Although we cannot rule out the contribution
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of allosteric effects, we have previously observed that MutL variants with lower affinity for the B-clamp
tend to form higher-order non-specific crosslinks in this assay (10). The reactions containing the
regulatory domain of MutL yield clearly defined higher-order crosslinked species (Figure 5B), thus we
favor the idea that the endonuclease domain has higher affinity than the regulatory domain for the j3-

clamp and that the conserved GQ motif may contribute to strengthening the interaction.

4. DISCUSSION

The structures of the B-clamp bound to the regulatory domains of MutL are the first describing
how the B-clamp recognizes internal clamp-binding motifs embedded within structured domains. B.
subtilis MutL has the characteristic bidentate interaction with its B-clamp, whereas E. coli MutL forms a
monodentate interaction with its 3-clamp. Previous studies suggested that linear clamp-binding motifs
bind to the E. coli B-clamp in a two-step process that engages the hydrophobic subsite first, and this is
followed by the orientation and binding of flanking residues to subsite 2 (43). Therefore, the structure of
the E. coli clamp-MutL fusion appears to visualize the first binding step. The interaction between E. coli
MutL and the B-clamp is important, but not essential, for DNA mismatch repair in vivo (6). In fact, point
mutations on the conserved Gln that normally occupies subsite 2 do not cause a mutator phenotype and,
thus, we presume that E. coli MutL may not need to engage the second subsite. Conversely, B. subtilis
MutL depends on the interaction with the 3-clamp for its endonuclease activity. In contrast to E. coli
MutL, the regulatory domain of B. subtilis MutL forms the canonical bidentate interaction with the [3-
clamp. However, the interaction is associated with conformational changes within the regulatory domain.
The movement of helices aB-aD upon binding to the B-clamp affords steric and electrostatic
complementarity of the surface of MutL surrounding the clamp-binding motif and help align of the

endonuclease motif with the central cavity of the B-clamp (Figure 4 and Supplementary movie 1).
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Therefore, the differences between the two structures likely recapitulate the relevance of the interaction
in each species.

The B-clamp has been identified as a potential antimicrobial target (44). Despite the structural
conservation of the binding sites across species, different organisms recognize clamp-binding motifs with
different affinities (40). The two interacting modes observed in the structures of the E. coli and B. subtilis
B-clamps fused to the regulatory domain of MutL suggests that despite the conservation of the motif and
the binding subsites, interactions beyond the clamp-binding motif may modulate the interaction. This
seems to be the case for the conserved GQ motif found in the dimerization domain of B. subtilis MutL
(Figures 4 and 5). Work with short peptides cannot recapitulate these additional interactions and,
therefore, structural characterization of larger clamp-bound complexes remains a priority to explore the
true potential of the B-clamp as a drug target.

PCNA- and clamp-binding motifs often contain one or two aromatic residues at the end of the
motif (Figure 1A). Their presence was considered the necessary signature to determine binding
specificity (13). However, the binding motifs for MLH1 (MIP motif) and Rev1 (RIR motif) also feature
adjacent aromatic residues, suggesting that binding specificity for PCNA is determined by features of
the motif beyond those aromatic residues. Indeed, MutL. homologs lack the pair of aromatic residues at
the end of the binding motif, but they bind specifically to their cognate clamps. Additionally, the clamp-
binding motif found in MutL. homologs includes a conserved proline residue — a common feature in
internal clamp binding motifs. This proline helps expose the clamp binding motif to the solvent, but
conformational changes facilitate the canonical bidentate interaction between B. subtilis MutL and the
-clamp.

Docking of the nuclease domain of Saccharomyces cerevisiae MutLa (PDB ID 4E4W) onto the
structure of PCNA does not result in steric clashes between MLH1 of the dimer, but the endonuclease

motif of PMS1 is not aligned with the central cavity of PCNA (Supplementary Figure 4B). PCNA
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enhances the endonuclease activity of human and yeast MutLa and provides directionality to the nicking
reaction (8,12,45). Therefore, flexibility of the regulatory domain of yeast PMS1 and human PMS2 may
also be necessary to align the endonuclease motif with the central cavity of PCNA. We predict that
conformational changes within the domains harboring the clamp binding motif may be a general feature
for the interactions of all MutL homologs with endonuclease activity, as well as other proteins containing
internal clamp-binding motifs.

With the structures of the -clamp and PCNA bound to DNA now available (46,47), it is tempting
to speculate how MutL recognizes the newly synthesized strand of the DNA duplex. Both PCNA and the
B-clamp slide on DNA and, therefore, the crystal structures lack information about the dynamics of the
interaction. Understanding the dynamics of the clamp-DNA interaction will be paramount to elucidate

how the B-clamp — and PCNA — present the newly synthesized strand to MutL proteins.
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Table 1: Data collection and refinement statistics

E. coli B-MutL fusion

B. subtilis B-MutL fusion

Data Collection

Beamline 08ID-1 08B1-1
Wavelength 0.97936 0.98010
Space Group P2,2,2, P1
Cell dimensions 78.4,103.2, 141.6 59.0, 83.9, 128.3
a,b,c(A)a, B,y(°) 90, 90, 90 80.3, 83.6, 90
Resolution (A)* 46.0-2.07 (2.12-2.07) 48.2-2.34 (2.42-2.34)
Completeness (%)* 97.5 (99.8) 97.1(97.1)
CC% (%) 99.8 (35.6) 99.6 (32.7)
I/o(D) 11.5(1.2) 13.4(0.95)
Redundancy 4.4 (4.5) 2.2 (1.7)
Refinement
Resolution (A) 46 —2.07 48.2 -2.34
No. Reflections 53,370 98,638
Ruwork / Riree (%) 19.0/22.5 21.6/25.0
Atoms refined (no H) 7,224 13,850
Solvent atoms 207 195
Rmsd in bonds (A) 0.004 0.004
Rmsd in angles (°) 0.96 0.73
Mean B values (A) 54 94.5
Ramachandran Plot (%)

Favored 97.4 95.5

Outliers 0.1 0.4

603  *Data in the highest resolution shell is shown in parentheses.
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FIGURES AND FIGURE LEGENDS

Figure 1: Stabilization of the clamp-MutL complex. (A) Sequence conservation of the canonical
clamp-binding motif (top), MutL clamp- and PCNA-binding motif (center), and PIP-box (bottom). The
Gln and bulky hydrophobic residue, conserved in all motifs, are highlighted in purple. Conserved
residues unique to each motif highlighted in green, yellow, and cyan. (B) Ribbon representation of the
endonuclease domain of B. subtilis MutL (433-627). The beginning of the regulatory domain (RGD) is
mark with a red arrow. The endonuclease motif is colored purple and the zinc metal ions are shown as
green spheres. The clamp-binding motif (CBM) is colored in cyan with the side chains of the conserved
Gln and Leu residues shown as sticks. (C) Construction of the E. coli and B. subtilis clamp-MutLRSP
fusions shown in blue and red, respectively. Numbers correspond to the residues from each protein
included in the fusion (Ecclamp (1-366), EcMutLRSP (471-574), Bsclamp (1-378), BsMutLRP (482-
574). (D) Size exclusion chromatography column profiles of the E. coli and B. subtilis clamp-MutL.RP
fusions. Elution volumes of reference proteins are: 1. thyroglobulin (669 kDa), 2. ferritin (440 kDa), 3.
catalase (232 kDa), 4. aldolase (158 kDa), 5. albumin (67 kDa), 6. ovoalbumin (43 kDa), 7.
Chymotrypsinogen A (25 kDa), and 8. ribonuclease A (13.7 kDa). The vertical lines mark the elution
volumes of the Bsclamp (13.1 mL), the Ecclamp (13.7 mL), the BsMutLRSP (17.2 mL) and the

EcMutLRSP (17.3 mL).

Figure 2: Interaction between E. coli MutLRCP and the B-clamp. (A) Crystal structure of the E. coli
clamp-MutLRSP fusion with the B-clamp ring shown as a semi-transparent surface and the two regulatory
domains of MutL bound to the ring shown as grey ribbons. (B) Detail of the interaction between the [3-
binding motif of E. coli MutLRSP and the conserved subsites 1 (red) and 2 (cyan) on the surface of the
B-clamp. The conserved residues of the B-binding motif are shown, as well as the sulfate ion occupying

subsite 2, as color-coded. This view is orthogonal to panel (A). (C) Hydrogen-bond network stabilizing
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the interaction of the sulfate ion found in subsite 2. Residues from MutLRSP and the B-clamp are,
respectively, shown in grey and pale-yellow, and hydrogen-bonds are shown as dashed lines. Water
molecules are shown as red spheres. The 2Fo-Fc electron density map for the sulfate ion is shown as a
gold mesh contoured at 1.2 . (D) Detail of the interaction of the conserved GIn482 of MutLRSP and the
C-terminal strand of the 3-clamp. (E) Mutation frequency associated with the MutL.-R531S/Q532A (RQ)
and MutL-L528A/R531S/Q532A (LRQ) variants compared to a mutL-deficient E. coli strain
complemented with an empty vector (empty) or MutL wild-type (WT). The error bars represent the upper

and lower bound 95% confidence intervals (32).

Figure 3: Interaction between B. subtilis MutL and the B-clamp. (A) Opposite views of the regulatory
domains of MutL from the structure of the B. subtilis clamp-MuL fusion (green and blue) superimposed
onto the structure of MutLRSP (grey, PDB ID 3KDK). (B) Detail of the crystal structure of the B. subtilis
clamp-MutL fusion with the B-clamp ring shown as a semi-transparent surface and the regulatory domain
of MutL shown as a green ribbon. The conserved residues of the B-binding motif are shown as color-
coded sticks and labeled. The conserved 3-clamp binding pockets are colored in red (subsite 1) and blue
(subsite 2). (C) Detail of the residues of the f7-aC loop contributing to the stabilization of subsite 2. (D)
Mutation frequency of a (wild type PY79) and isogenic AmutL strains, as well as the AmutL strain
complemented with wild-type MutL (AmutL/mutL"), MutL-H532A/K538A (AmutL/mutL*%) or MutL-
CBM (AmutL/mutL®M). The complementing alleles were expressed from an ectopic chromosomal locus

with 200 uM IPTG. Error bars indicate the standard error of the mean.

Figure 4: Conformational changes of the MutLR¢? upon clamp-binding align the endonuclease
motif of MutL. Ribbon diagram of the endonuclease domain dimer of B. subtilis MutL (pink)

superimposed onto the B. subtilis clamp-MutL fusion (pale yellow and green) using either the clamp-
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binding motif (A) or the position of helices aB-aD (B) as reference. Re-orientation of helices aB-aD
aligns the endonuclease motif of MutL with the central cavity of the B-clamp and prevents clashes with
the second protomer of the dimer (red circle). (C) Theoretical solution scattering curve of the model
shown in panel (A), superimposed onto the experimental solution scattering curve of the Cys-crosslinked
complex between the B. subtilis B-clamp and the endonuclease domain of B. subtilis MutL. (D)
Theoretical solution scattering curve of the model shown in panel (B), superimposed onto the
experimental solution scattering curve of the Cys-crosslinked complex between the B. subtilis B-clamp

and the endonuclease domain of B. subtilis MutL.

Figure 5: Motifs beyond the regulatory subdomain of B. subtilis MutL are important for nuclease
activity and binding to the B-clamp. (A) Nuclease activity assay for MutL¢™ (WT), and variants of
the domain with point mutations in the **GQ motif (G443K and Q444E), the nuclease motif (E468K),
and the clamp-binding motif (**’ QEMIV-> ¥7AEMAA, CBM®) on a fluorescently-labeled 195 bp linear
DNA (10 nM). The nuclease activity is dependent on the presence (+) and ability to interact with the 3-
clamp. (B) Single-cysteine variants of the B-clamp, as well as the endonuclease (MutL¢™P) and regulatory
(MutLRSP) domains of B. subtilis MutL were purified and equimolar mixtures of either clamp-MutL¢™P
or clamp-MutLRSP were incubated in the absence of reducing agents. Samples withdrawn from the
reaction at the indicated time points were resolved on denaturing gels in the absence of -
mercaptoethanol. Quantification of the bands corresponding to the crosslinked clamp+MutL¢™ or

clamp+MutLRSP gpecies with respect to free clamp is shown below the gel.
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Binding of MutL to the sliding B-clamp is species specific
Ahmad W. Almawi, Michelle K. Scotland, Justin R. Randall, Linda Liu, Heather K. Martin,

Lauralicia Sacre, Yao Shen, Monica C. Pillon, Lyle A. Simmons, Mark D. Sutton, Alba Guarné”

Supplementary Material:

Supplementary Figure 1: Canonical interaction between clamp-binding motifs and the [-clamp.
Supplementary Figure 2: Interaction between MutL and the [(-clamp.

Supplementary Figure 3: Interaction between B. subtilis MutL and the [-clamp.

Supplementary Figure 4: Model of the interaction between MutL homologues and their clamps.

Supplementary Movie 1: MutL-clamp complex.



Supplementary Figure 1: Canonical interaction between clamp-binding motifs and the -
clamp. (A) Opposite views of the clamp-binding motifs (CBM) of E. coli MutL (grey) and B.
subtilis MutL (green) superimposed onto the clamp-binding motif of E. coli polymerase II (pink).
The residues in the CBM of MutL (Q-X-X-®- ® -P, where X is any residue and @ is a bulky
hydrophobic residue) are labeled. Additional conserved position in canonical clamp-binding
motifs are indicated in parenthesis. The movement of the conserved Gln out of subsite 1 is
indicated with a double head arrow. (B) Omit map of the clamp-binding motif of E. coli MutL
contoured at 1.5c. (C) Omit map of the clamp-binding motif of B. subtilis MutL contoured at 1.5c.

The left panel in (A), is shown on a similar orientation to panels (B) and (C).
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Supplementary Figure 2: Interaction between MutL and the B-clamp. (A) Top view of the E.
coli B-clamp from the structure bound to a pol II peptide (PDB: 3DI1E). (B) Top view of the E.
coli B-clamp from the structure in complex with the regulatory domain of MutL. (C) Top view of
the B. subtilis B-clamp from the structure in complex with the regulatory domain of MutL.
Numbers correspond to Ca-Ca distances (in angstroms) between residues delimiting the clamp-
binding groove. (D) Detailed interactions between the E. coli -clamp bound to the CBM of pol
II. (E) Interactions mediating the E. coli clamp-MutL interaction. (F) Detailed interactions
between the B. subtilis B-clamp and B. subtilis MutL. Residues mediating hydrogen-bond
interactions are labeled. Note that Phe278 (E. coli B-clamp) is conserved in the B. subtilis B-clamp,

but the loop containing the equivalent residue is disordered in the crystal structure of the B. subtilis

clamp-MutLREP fusion.



Supplementary Figure 3: Interaction between B. subtilis MutL and the B-clamp. Crystal
structure of the B. subtilis clamp-MutL fusion with the -clamp ring shown as a semi-transparent
surface and the two regulatory domains of MutL shown as green ribbons (centre). Detail of the
interaction between the B-binding motif on each protomer of B. subtilis MutL and the conserved

subsites 1 (red) and 2 (light blue) on the B-clamp.



MutLReP — MutLCc™

Supplementary Figure 4: Model of the interaction of MutL homologues and their clamps.
(A) Ribbon diagram of the dimerization domain of E. coli MutL (gold) superimposed onto the
structure of the E. coli clamp-MutLC™ fusion (pale yellow and purple). (B) Ribbon diagram of the
endonuclease domain dimer of S. cerevisiae MutLa (yPMS1 (blue), yMLHI1 (taupe))
superimposed onto human PCNA (pale yellow) using the PIP box of yPMSI1 to guide the

superimposition. The helix harboring the nuclease motif of yPMS1 is colored green.

Supplementary Movie 1: MutL-clamp complex. Morphing movie depicting the overall
movement imposed on the MutL endonuclease dimer (green) upon binding to the B-clamp (cream).
The initial point depicts the superimposition of the MutL endonuclease dimer onto the structure of
the B. subtilis clamp-MutL fusion using the clamp-binding motif to anchor the superimposition.
The final point depicts the superimposition taking into consideration the shifts of helices aB-aD
from the regulatory subdomain of MutL in the fusion structure. The clamp binding motif is colored

red and the conserved motifs defining the endonuclease site are shown in purple.
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