























































































































For crystallization, the N-terminal histidine tag was removed by a site-
specific protease, Tobacco Etch Virus (Tev). Subsequently, an anion exchange
column was run to remove Tev protease as well the cleaved tag as both do not
bind to the column. The fractions used for crystallization are shown to be free of

contaminants when stained with coomassie blue (Figure 6, lanes “After 2™ Q").

3.1.2 Oligomeric state of BsMutL-CTD

Previously it has been shown that E. coli MutL-CTD exists as a dimer in
solution (21). Using size exclusion chromatography, BsMutL-CTD eluted in a
single peak off a Superdex-75 column (GE Healthcare Inc.), at an approximate
molecular weight of a globular protein of 45 kDa, suggesting that the Bacillus

subtilis protein also exists as a dimer in solution (Figure 7).

Size Exclusion Chromatography of BsMutL-CTD
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Figure 7: Size exclusion chromatography profile of BsMutL-CTD over a
Superdex-75 column (GE Healthcare Inc.). Elution volumes of molecular weight
standards (kDa) are indicated by arrows.
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3.2 Data Collection of Native and SeMet BsMutl.-CTD

3.2.1 Data Collection of SeMet BsMutL-CTD

Native crystals diffracted but phases could not be solved using molecular
replacement with E. coli MutL (PDB 1x9z) as a model. Thus, in order to solve the
structure of BsMutL-CTD using X-ray crystallography, crystals of

selenomethionine-derived (SeMet) BsMutL-CTD were grown.

SeMet BsMutL-CTD crystals diffracted weakly to 2.8 A as seen in Figure
8B. Data collection statistics are shown in Table 2. Data was collected at a total
of four different wavelengths, three of which were used for phase determination.
The fourth data set was excluded from phase determination due to crystal decay,
which resulted in an incomplete data set. Once a complete data set was
collected from these crystals, Multi-wavelength Anomalous Dispersion (MAD)
was used to solve the structure (44). The first data set was collected at the
absorption peak of Selenium K edge (A1=0.9792, E=12661.78, ’=4.68, f=-7.82).
The second data set was collected at the inflection point (A=0.9794, E=12659.65
eV, ’=2.86, f=-9.12). The third data set was collected at high energy remote
wavelength (A=0.9686, E=12800 eV). All data sets were collected with an

exposure time of one second per image.
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Figure 8: SeMet BsMutL-CTD crystals diffract. A - SeMet BsMutL-CTD crystals
grown at 22°C in 25 mM MgCl,, 25% PEG 550 MME, 100 mM TRIS pH 9. B -
Sample diffraction pattern of SeMet BsMutL-CTD crystals. Concentric resolution
arcs (red) correspond to resolution of 4.5 A, 3.2 A, 26 A, 2.3 A, 22 A
respectively from the centre outwards. C — Selenium scan of SeMet BsMutL-
CTD crystals between 12643 eV and 12672 eV. Wavelengths data was collected
at highlighted by arrows.
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Table 2: Data collection statistics for SeMet BsMutL-CTD (values in brackets
correspond to highest resolution shell). *Rmyege = 212 | i - <ln> 1/} <lp> where
lni is the intensity of the ith observation of reflection h, and <l,> is the average
intensity of redundant measurements of the h reflections.

Space Group: C222; 4 Molecules in Asymmetric Unit
Cell Dimensions a=p=y=90° a=87862A b=94967A c=218978 A
Wavelength (A) 0.9794 (Edge) 0.9792 (Peak) 0.9686 (High remote)  0.9879 (Low remote)

Resolution (A)  35.0-2.8 (2.9-2.8) 35.0-2.8 (2.9-2.8) 35.0-2.8 (2.9-2.8) 35.0-3.0 (3.1-3.0)

Redundancy 6.2 (5.0) 6.3 (5.4) 6.0 (3.9) 6.3 (5.4)
Completeness (%) 98.2 (88.3) 98.6 (91.4) 91.0 (50.2) 98.4 (90.5)
o) 20.2 (6.9) 18.5 (5.6) 17.8 (4.9) 34.7 (1.9)
“Rinerge 0.065(0.210)  0.081 (0.213) 0.072 (0.213) 0.053 (0.236)

In total, 26 selenium sites out of a potential 36 were found using SOLVE
(45) which allowed for initial phase information to be obtained. After density

modification and solvent flattening, the quality of the experimental map was

outstanding and allowed for the entire structure to be traced into the density.

The limited resolution, however, hindered the refinement process. In order
to have a complete data set, the resolution was cut at 3.0 A due to crystal decay.
At this resolution, the electron density was well defined for most of the main
chain, however, it was weak for many side chains and the exact conformation
could not be determined (Figure 9). In order to facilitate the refinement process,

data of a greater resolution was required.
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Figure 9: Electron density map after initial phasing. Example of electron density
after initially solving the structure using SeMet BsMutL-CTD shown in blue mesh
and model of BsMutL-CTD shown in lines. Electron density was contoured at 1c.

3.2.1 Data Collection of Native BsMutL-CTD

Higher resolution data was obtained by growing larger, native BsMutL-
CTD crystals which gave a complete data set at 2.45 A (Table 3). This data was
then used to produce a better electron density map on to which the model was

placed, using rigid body refinement.
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Table 3: Data collection and refinement statistics for BsMutl.-CTD (values in
brackets correspond to highest resolution shell). *Rmerge = 202 | Ihi- <> 1/ 2 <lp>
where ly; is the intensity of the ith observation of reflection h, and <l,> is the
average intensity of redundant measurements of the h reflections. "/R=3|F,| - |F¢|
/'Y |Fol, where F, and F are the observed and calculated structure factor
amplitudes. Rgee is calculated with 1709 reflections excluded from refinement.

Space Group: C222, 4 Molecules in Asymmetric Unit

Cell Dimensions o=p=y=90° a=87.862A b=94.967 A c=218.978 A

Wavelength (A)

Resolution (A)

1.0809

50-2.38 (2.47-2.38)

Redundancy 5.5 (4.5)
Completeness (%) 95.9 (76.0)
/o (i) 30.2 (3.7)
*Rmerge 0.040 (0.225)
Refinement

Resolution (A) 32.33-2.45
Completeness (%) 97.9
Reflections 31745

"R, Rfree 27.1%, 32.3%
Mean B value (A) 45.791

Rmsd in bonds (A) 0.016

Rmsd in angles (°) 1.68
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3.3 Structure of BsMutlL-CTD

"3.3.1 Architecture of BsMutlL-CTD

Four molecules of BsMutL-CTD were found in the asymmetric unit. Each
monomer (residues 436-624 visible in the structure) is identical in domain
architecture, but slightly different in terms of subdomain orientation and so are

termed A, B, C, D for convenience.

Each monomer can be divided up into two subdomains, connected by an
alpha helix. The Outer subdomain, (shown in Figure 10 as orange), is comprised
of residues 484-574, while the Dimerization subdomain consists of residues 436-
462 and 574-623 (shown in blue). The alpha helix (shown in yellow, residues
463-483) acts a lever between the two subdomains.

The Dimerization subdomain is comprised of three anti-parallel § strands
(B1,2,3) which are connected to the lever. The lever (aA) contains the conserved
endonuclease sequence and bridges both subdomains. The Outer subdomain
consists of four anti-parallel § strands (B4,5,6,7) with a layer of helices on top
(aB,C,D). The remaining motifs (oE, p8) then rejoin the Dimerization domain, with

oF extending onto the other monomer.
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Figure 10: A — Structure of BsMutL-CTD with Outer subdomain (shown in
orange) and Dimerization subdomain (shown in blue). B — Dimerization of
BsMutL-CTD as seen through symmetry. C - Alignment view of BsMutL-CTD
structure with strands shown as arrows and helices shown as cylinders.
Subdomains are coloured as in A.
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3.3.2 BsMutL-CTD is a dimer

The dimer of BsMutL-CTD is revealed through symmetry. The dimer
interface is formed through the Dimerization subdomain with p strands 1-3
(residues 440-460) as well as 8 (610-614) and oF (617-624) mediating the
interaction. Together, the dimer has an occluded surface area of 3414 A,
suggesting a stable interface. Interestingly, the four monomers form three
distinct dimers, each with a slightly different conformation as judged by
superimposition (Figure 11). The first dimer, comprised of two A monomers,
called the Open dimer, represents the most open or extended conformation with
respect to the two subdomains. The second dimer, comprised of two D
monomers, called the Closed dimer and involves the Outer subdomain lifting and
coming cioser to the Dimerization subdomain. The third dimer comprised of one
B monomer and one C monomer, called the Intermediate dimer, represents an
intermediate of the two conformations. In order to judge these conformational
changes, each monomer was superimposed onto the Open dimer, using residues
which form the dimerization interface (440-460), located in the Dimerization
subdomain. The visual impression of near identity of the dimerization domains is
seen by the near identical root mean square deviation (rmsd) between dimers,
however larger differences can be attributed to flexibility contributed by the lever
to the outer subdomain. The orientation of the Outer subdomain varies between
dimers. This is illustrated by the increase in the rms values when using all
residues to superimpose instead of just those located in the Dimerization domain

(Figure 11).
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Figure 11: Superimposition of three dimers found in BsMutL-CTD structure. A —
Chart of rmsd between C-a trace for different conformations of BsMutL dimers. B
- Superimposition of three dimers found in BsMutL-CTD structure with Closed

dimer (DD) shown in purple, Open dimer shown in green (AA) and Intermediate
(BC) dimer shown in blue.

3.3.3 BsMutL-CTD binds zinc

Recently, several conserved motifs have been found in MutL homologues

which lack MutH, including BsMutL, but not in E. coli (46). Three of these motifs

(DQHA(X)2E(X)4E, FKR, CPHGRP) are located in the Dimerization subdomain,

while the other is found in the Outer subdomain (SCK). Interestingly, looking at

the placement of these motifs on the BsMutL-CTD structure, they all are close in

space and collectively, the spatial arrangement of these motifs suggests a

common activity related to the endonuclease motif (Figure 12). Several point

mutants of putative metal binding residues were created by Ryan Mitchell in order

to test which residues were critical for ion binding as this activity is necessary for
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endonuclease function. These mutants were sent to our collaborator Dr. Peter
Friedhoff (Institut fir Biochemie, Justus-Liebig-Universitat, Germany), and
revealed that BsMutL does indeed possess metal ion binding capabilities,
specifically of the divalent ion zinc. Using a zinc-specific fluorescent indicator
dye, fluorescence was measured by combining the protein with zinc and
comparing it to a known amount of zinc. If a protein is stably binding a zinc ion,
then the fluorescence will be much lower as the dye will not be able to bind it.
Using the curve generated from the known standards, an estimate of the amount
of zinc binding to the protein can be made. Upon mutation, several conserved
residues were found to impair the ability of the protein to bind zinc, both C604,
and H606, found in the conserved CPHGRP motif (Figure 12). The double
mutant of C604 and H606 showed the IaEgest effect, which is expected since the
CPHGRP motif has been previously proposed to be involved in metal binding
activity (23). D462 and E473 were not found to be involved in the binding activity

and showed similar binding to wild-type.
A closer examination of the orientation of these conserved residues on the

structure reveals two putative metal binding sites, although no metal ion was

found in the structure (Figure 12).
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Figure 12: Conserved motifs cluster in space together. A — BsMutL-CTD dimer
shown as C-a in black, with conserved sequences shown in yellow, orange, red
and green. B — Putative metal binding site of BsMutL. C - Zinc release data for
BsMutL mutants. Experiment performed by Dr. P. Friedhoff.
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3.3.4 Comparison to E. coli MutL

The overall architecture of the dimer is quite similar to E. coli MutL, as
predicted (21,47). In E. coli, the dimer interface of MutL has been shown to be
formed via interactions of residues 437-459 ($1-3) and 598-612 (38, aG) (47). In
order to understand the similarities of the dimer interface between the two
structures, BsMutL-CTD (residues 440-460) were superimposed with E. coli MutL
(residues 437-457) (Figure 13). The root mean square deviation (rmsd) is 1.072

A, indicating a similar interface.

Figure 13: Superimposition of Ca trace of E. coli MutL (shown in red) and
BsMutL-CTD (shown in blue).

A superimposition of the Outer subdomain from residues 540-570 of
BsMutL with residues 534-564 of E. coli MutL reveals an rmsd of 2.093 A. This
shows that the Outer subdomains are more divergent than the Dimerization
subdomains. Taking these two results together, it appears that the two domains
individually are similar but the orientation between them causes greater

differences in the overall structure.
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3.4 Endonuclease Activity of BsMutl-CTD

In order to determine whether the putative endonuclease motif in BsMutL-
CTD functioned similarly to the human and yeast MutLa, an endonuclease assay
was performed. MutL has been shown to be a metal-ion dependent
endonuclease. BsMutL-CTD was shown to not be an endonuclease as shown in
Figure 14. In the presence of several divalent ions, BsMutL-CTD was unable to

nick a supercoiled substrate.

Figure 14: Endonuclease assay of BsMutL-CTD. Endonuclease activity of
BsMutL-CTD on supercoiled DNA as described in Experimental Procedures.
Where indicated, divalent ion present at 5 mM and BsMutL-CTD present at 80
nM. Arrows indicate the presence of supercoiled (SC) or nicked (N) DNA.

3.5 Purification of BsMutL

3.5.1 IMAC and Anion Exchange

Purification of BsMutL was accomplished using three purification steps of
IMAC, anion exchange and size exclusion chromatography (Figure 15). The
purification of BsMutL was much more challenging, and the addition of protease
inhibitors to all buffers was essential in order to obtain pure, homogenous

preparations of BsMutL.
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Figure 15: Purification of BsMutL. 12% SDS PAG showing the product after each
chromatography step: IMAC, anion exchange and size exclusion.

3.4.2 Oligomeric state of full-length BsMutL

In order to further purify and determine the oligomeric state of BsMutL,
size exclusion chromatography was used. Although BsMutL as a dimer has a
molecular weight of 140 kDa, it eluted from a size exclusion column as a globular
protein of approximately 316 kDa (Figure 16). Previously it has been shown that
E. coli MutL exists as a dimer in solution with a similar elution profile (17). Itis

not clear from this data alone if BsMutL exists as a dimer or tetramer.

Size Exclusion Chromatography of BsMutL
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Figure 16: Size exclusion chromatography profile of BsMutL over a Superdex-
200 column (GE Healthcare Inc). Elution volumes of molecular weight markers
(kDa) are indicated by arrows.
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3.6 Endonuclease Activity of BsMutL

BsMutL was assessed for endonuclease activity in the presence of a
variety of divalent cations. The endonuclease activity of BsMutL was found to be
dependent on several divalent ions (Figure 17). Manganese showed the largest
effect, which has been demonstrated previously in several MutL orthologues (39-

41).

,
I7
%,

37

23
19

‘l“m “on
.
!
b

Figure 17: Divalent ion screen of BsMutL. Endonuclease activity of BsMutL on
supercoiled DNA in the presence of several divalent ions as described in
Experimental Procedures. Where indicated, divalent ion present at 5 mM and
BsMutL present at 80 nM. Arrows indicate the presence of supercoiled (SC) or
nicked (N) DNA.

When a manganese titration was conducted, a proportional increase in

nicking activity is seen. Approximately 15% of the supercoiled plasmid is nicked

at concentrations of 5 mM manganese (Figure 18).
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Figure 18: Manganese-dependence of BsMutL endonuclease activity. The

percentage of nicked DNA to all supercoiled plasmid DNA was determined using
ImagedJ software (NIH) and plotted against manganese concentration. Error bars

represent variation between three separate independent experiments.

Mutational Analysis

Mutations were made to the putative endonuclease motif (see Figure 5,

D462N, E473K) in order to determine which residues were responsible for the

endonuclease activity of BsMutL.
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Effect of Mutations on Endonuclease Activity
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Figure 19: Mutational analysis of endonuclease BsMutL. Endonuclease activity
of wild-type MutL, D462N and E473K at 1 mM MnCl; (in blue bars), and 5 mM
MnCI; (in purple bars). The percentage of nicked DNA to all supercoiled plasmid
DNA was determined using ImageJ software (NIH) and plotted against each
protein. Error bars represent variation between three separate independent
experiments.

Our results indicate that D462 is not involved in zinc ion binding, however,
upon mutation to glutamine, it is completely inactive in nicking compared to wild-

type (Figure 19). In contrast, E473K showed nicking activity similar to wild-type.

Nucleotide Effect on Endonuclease Activity

MutL belongs to a family of well-conserved ATPases (17). The effect of
nucleotides on the regulation of endonuclease activity has been controversial.
While work on Thermus thermophilus MutL has shown that ATP inhibits
endonuclease activity, the opposite has been found for human MutLa where ATP
has been shown to stimulate the activity (39, 41). In order to rectify this, the

effect of the nucleotide on the endonuclease activity of BsMutL was evaluated. In
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order to chelate ATP, magnesium is required. However, in the absence of
magnesium, it is possible that other divalent ions may be able to substitute such
as manganese. Initially, in the presence of ATP or AMPPnP, but no magnesium,
nicking appeared to be effectively inhibited (Figure 20). However, while
maintaining constant concentrations of manganese and nucleotide, but
increasing the concentration of magnesium to equal that of ATP, nicking is
restored to wild-type levels. The presence of ADP was not affected by the
concentration of magnesium and retained near wild-type levels. It seems that
ATP, ADP and AMPPNP had no clear inhibition or activation of endonuclease
activity.

Effect of Nucleotide on Endonucl Activity
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Figure 20: Effect of nucleotides on endonuclease activity of BsMutL.
Endonuclease activity of wild-type MutL at 5 mM MnCl; shown as first purple bar.
For the remainder, manganese and nucleotide were held constant at 5 mM. Blue
bars indicate 0 mM MgCl,, maroon bars indicate 1 mM MgCl,, yellow bars
indicate 5 mM MgCl,. The percentage of nicked DNA to all supercoiled plasmid
DNA was determined using Imaged (NIH) and plotted against each protein. Error
bars represent variation between three separate independent experiments.
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CHAPTER 3: DISCUSSION

In this work, we have confirmed the endonuclease activity of Bacillus
subtilis MutL and using X-ray crystallography, solved the structure of the

dimerization domain containing the highly conserved endonuclease motif.

There are three different dimers found in the BsMutL-CTD structure
(Open, closed or intermediate, Figure 11). We propose that the three
conformations offer a snapshot of the protein in the stages leading up to metal
ion coordination. Most endonucleases require a divalent ion to function properly
(48). No divalent ion is seen bound in the structure, as even the closed dimer
does not have the proper distances to allow for divalent ion coordination.
Similarly, this has also been shown in other endonucleases, such as MutH,
where the divalent ions are only coordinated in the presence of the substrate
DNA (26,27). We have shown that BsMutL is capable of binding zinc (Figure 12).
Using mutants, the key residues involved in this binding were identified as C604
and H606. These residues are clustered in space together and should be able to
form a bona fide metal binding site. Additionally, D462, H464, and E473 are also
close in space, but were not shown to be involved in zinc binding. Interestingly,
C573 is also located in this region, but was not evaluated for zinc binding activity,
as a mutation of this residue could not be made. The distances between key
residues suggested to bind a metal ion is approximately 5.5 A, which is too far

apart for most metal binding which is normally 2-2.4 A (49). This suggests there
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may be an even further closed conformation that would allow for coordination to
occur. The lever could confer this flexibility to allow for this conformation.
Indeed, the presence of the three dimers in the structure confirms that there is
variation between the orientation of the Dimerization and the Outer subdomain

and so another conformation is plausible.

From a sequence comparison, MutL homologues were found to have
similar metal binding sequence to Diphtheria toxin Repressor (DixR) family of
proteins (46). This family of metal-sensing proteins is responsible for binding
metal ions and acting as transcriptional repressors on metal ion uptake genes.
Recent work on the metal binding activity of the C-terminal domain of human
PMS2 suggest that MutL. homologues possess a two-metal ion system (46). The
prevalence of a two-ion system is not novel; several other nucleases require both
a “catalytic” and “structural” ion in order to function. The structural ion is thought
to stabilize the structure or cause a conformational change which would allow for
the second metal binding site to bind another ion, which is usually catalytic (50).
In the case of MutL, both manganese and magnesium have been shown to be
necessary for activity in vitro and in vivo respectively (39). Therefore, the binding
of a manganese or zinc ion could allow for the binding of a second divalent ion,
which would then allow for endonucleolytic activity. IdeR is capable of binding
several divalent ions in vitro although the function in vivo is attributed to binding
iron (51). Similarly, we have shown that BsMutL endonucleolytic activity is
dependent on the presence of a variety of divalent ions, such as zinc but

excluding magnesium (Figure 17). This indicates the tolerance of the binding site
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for a range of divalent ions. The region containing the metal binding motif is also
quite flexible, as shown by different orientations of side chains as well as allowing
for different angles of the Outer subdomain with respect to the Dimerization
subdomain. This flexibility may allow for the coordination of different ions. Itis
unclear which divalent ion is bound in vivo; the concentration of divalent ions in
the cell may play a role as to the occupancy of the site. While manganese is

virtually absent in a cell, however, magnesium and zinc are more abundant (52).

The excessive manganese may be able to induce a conformational
change that is able to mimic the active conformation of MutL. in vivo. The MutL
homologues shown to have endonuclease activity are able to nick DNA non-
specifically, as well as in the presence of a series of co-factors. This suggests
that MutL is probably being repressed in vivo until a mismatch and the proper co-
factors are recruited in order to avoid non-specific nicking activity (23). Itis not
known which proteins or co-factors are responsible for inhibiting MutL, or whether

MutL autoinhibits, and requires activation.

Mutational Analysis

The endonuclease motif itself confers several interesting properties.
Across several organisms with the conserved motif, when Asp or the first Glu
(D462 in BsMutL) are mutated, repair is impaired both in vitro and in vivo
(39,40,53,54). Similar to other studies, our results indicate that D462 is a critical
residue for endonuclease activity as they are unable to nick a supercoiled

substrate in the presence of manganese when mutated (Figure 19). Mutations to
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E473 showed no decrease in nicking activity. This inactivation could initially be
attributed to a deficiency in divalent ion binding. Interestingly, our data indicates

both D462 and E473 are not involved in zinc binding (Figure 12).

it is interesting to note that both D462 and E473 were not involved in
binding zinc. Contrastingly, D462 showed no nicking activity, while E473 retained
activity similar to wild-type (Figure 19). From the crystal structure of BsMutlL-
CTD, D462 is the furthest of the conserved residues from the first putative metal
binding site, in close contact with H464. It is possible that both are involved in
the second binding site, potentially of a divalent ion (Figure 21); this is not yet
clear. The structure of BsMutL bound to a divalent ion is an absolute necessity to
eliucidate which residues are actually involved in metal ion coordination and to
confirm that BsMutL actually employs a two metal ion system similar to IdeR. _
With no ion bound it is only possible to model where a putative divalent ion would
be, however no claim can be made as to exactly how binding is occurring.

Despite being highly conserved, E473 retained its endonuclease activity
upon mutation. This suggests that the residue is not critical for endonuclease
activity in vitro. The conservation of this residue, however, seems to suggest a
critical role for MutL homologues. It may be involved in another facet of the roles
of MutL, such as meiosis or initiating DNA damage response and triggering cell
cycle arrest. From the structure, it appears that E473 is solvent exposed and
facing the opposite direction of the proposed metal coordination site. It is
however, hydrogen bonded to neighbouring residues (S599) and may be involved

in providing integrity to the structure.
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Figure 21: Putative metal binding site with metal 1 (shown in white) and metal 2
(shown in blue) placed in.

Not only is mismatch repair abolished upon mutation of certain residues in
the endonuclease motif, but other processes MutL is involved in are effected (53).
This implies that the endonuclease site is not only required for protecting against
mutations in mismatch repair, but also functions in DNA damage response
pathways and suppressing homeologous recombination. Indeed, this is also the
case for another MutL homologue, MLH3, where mutations made to the

endonuclease site confers defects in meiosis in yeast (55).

It should be noted that the location of the endonuclease motif is in the C-
terminal domain of MutL homologues. It has been proposed that mutations in
this region may also affect interactions with other proteins and this may explain
why the defect is seen in other pathways (563). We do not see this as a likely
possibility, as steric hindrance and lack of space around the motif make it an

unlikely candidate for protein-protein interactions.
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The role of nucleotides has been implicated in the regulation of the
endonuclease activity of MutL (41). It has been suggested that ATP is used to
suppress the non-specific nicking of MutL in vivo. This claim is based on
experiments which show that increasing concentrations of ATP abolished the
nicking of T. thermophilus MutL (tMutL), while ADP does not (41). In contrast, it
has been shown that ATP stimulates the nicking ability of MutLa in both yeast
and humans (39,40). In order to address this nucleotide effect, we performed
endonuclease assays in the presence of ATP, AMPPnP and ADP. Initially,
similar results to ttMutL were obtained for BsMutL, showing that ATP appeared to
be reducing the activity of BsMutL in the presence of manganese (data not
shown). It is interesting to note that these experiments with #tMutL were
performed in the presence of manganese, but not in the presence of magnesium,
which is required for ATP to be properly bound. Itis possible that ATP is able to
chelate the manganese necessary for in vitro function away from MutL and thus
appears to be inhibiting the activity. Contrastingly, we find that in the presence of
excess magnesium, that nicking activity is restored to wild-type levels for BsMutL
(Figure 20). The presence of ADP does not appear to have any effect on the
activity. However, an increase in the endonuclease activity is not seen in the
presence of ATP or AMPPnP. This suggests that ATP is neither inhibiting nor

stimulating the endonuclease activity of BsMutL.

A link between the metal ion binding motif of MutL and the ATPase activity

has been suggested. When a well-conserved cysteine of ttMutL is modified
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(C496, corresponding to C604 in BsMutL), the endonuclease activity is retained.
However, the mutant was no longer sensitive to the presence of AMPPNP, which
suggested that the binding of ATP is somehow regulated by the presence of a
metal binding motif, particularly the conserved cysteine. In order to discover the
relationship between the ATPase activity and its regulatory effect on the
endonuclease activity, Dr. Alba Guarné created several mutants hypothesized to
cause defects in ATPase activity based on mutations previously made to E. coli
MutL. These mutants should be assessed for affinity for nucleotides, as well as
endonuclease activity, which will shed some light onto whether the regulation

system described in T. thermophilus applies to Bacillus subtilis as well.

The structure of the N-terminus of E. coli MutL revealed a unique fold
shared by members of an ATPase family, which lead to the discovery of its
function as a weak ATPase. In E. coli MutL the N-terminal domains (NTDs) are
able to associate in the presence of ATP or a non-hydrolyzable analog. In both
yeast and human MutL homologues, the NTDs exist as monomers even in the
presence of ATP (56,57). Indeed, human PMS2 is able to hydrolyze ATP as a
monomer (56). In yeast MutLa, MLH1 has been shown to have a higher affinity
for ATP than PMS1 and that large conformational changes are induced by the
presence of nucleotides (58). This change in conformations is shown very nicely
with atomic force microscopy (AFM) (59). MutLa was shown to exist in four
distinct conformations, ranging from extended in the absence of nucleotide to

condensed in the presence of high concentrations of ATP. A similar effect is also
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seen in the presence of ADP suggesting that ATP hydrolysis is not necessary for
it to occur. However, mutations to ATP hydrolysis have been shown to abolish
the ability of MutL to function in 3’ break-directed incision, suggesting that
hydrolysis is necessary for function (39). Combining the results of the AFM work
with the increased endonuclease activity seen in the presence of ATP, it is
possible to suggest that the ATPase cycle is necessary to stimulate
conformational changes which can be linked to both DNA binding and
subsequently endonuclease activity. In the case of BsMutL, preliminary data has
shown that it is indeed an ATPase as expected (experiments performed by Dr.

Alba Guarné and Ryan Mitchell, data not shown).

MutL is able to bind DNA in a sequence and mismatch independent
manner, with a preference for ssDNA (21). The E. coli MutL N-terminal domain
structure with bound AMPPNP reveals a patch of positively charged residues
inside the two dimers and shown to be important for DNA binding, including
R266, R177 and K159 (17) (Figure 4). Interestingly, these residues are not
conserved in BsMutL. There is however a patch of three positively charged
residues (K302, R306, K309) which when mapped on to the E. coli MutL NTD
structure they would lie on an alpha helix, posed to bind DNA on the outside of
the structure instead of inside, as proposed in E. coli. This difference in DNA
binding may shed some light on why BsMutL is able to function as an

endonuclease, while E. coli MutL cannot (40).

54



While the residues necessary for DNA binding are not conserved from E.
coli to humans or Bacillus subtilis, the ability to bind DNA does. Several MutL
homologues have been shown to be able to bind both ssDNA and dsDNA. The
binding of ssDNA has been suggested to be involved in facilitating strand
excision (19) while dsDNA binding may be used to signal the location of the
mismatch and marking the termination of strand excision (57). In yeast MutLa
(MLH1 and PMS1), each subunit is able to bind DNA independently and with
different affinities (57). Similarly, the N-terminus of human PMS2 has been
shown to bind DNA as a monomer (56). This DNA binding has been shown to be
critical for repair as mutations causing reduced DNA binding of MutL cause
mutator phenotypes in vivo (67). One model proposes that the two different
binding abilities of MutL can be used simultaneously to stay bound near a
mismatch as well as provide a signal to the strand discrimination signal, thus
joining together distant regions of homoduplex DNA (57). The evaluation of DNA
binding of both BsMutL-CTD and BsMutL has not yet been demonstrated,
however it is expected that BsMutL-CTD will not be able to bind DNA (Figure 14)
since it was not proficient in endonucleolytic activity, as well as the hypothesis
that DNA will bind at the N-terminal domain. BsMutL is expected to bind
homoduplex DNA in a sequence-independent manner as it is able to nick DNA

non-specifically (Figure 18).

In organisms lacking dam methylase, the mechanism of strand

discrimination is still unclear. How does the template strand differ from the newly
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synthesized strand? Even more so, how MutL is able to differentiate between
them in vivo is not clear. In humans, where MutLa is a heterodimer (comprised
of MLH1 and PMS2, PMS1 in yeast), the asymmetry of the nicking activity is
clear as the endonuclease motif is present in PMS2 but not MLH1 (39). In
prokaryotic systems, MutL functions as a homodimer and contains two metal
binding sites and endonuclease sites. It is not yet known whether MutL is nicking
one strand of DNA or both. When E. coli or T. aquaticus MutS binds DNA it does
so asymmetrically, despite functioning as a homodimer (Figure 2) (14) (13).
Perhaps the mechanism of MutL. endonuclease activity is similar in principle to
MutS. The structure of MutL interacting with DNA will provide some evidence as

to the asymmetry of the system.
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CHAPTER 6: CONCLUSION & FUTURE WORK

Conclusions

Crystal structures are often necessary to fully understand the mechanism
behind biological processes. In this work, the crystal structure of BsMutL-CTD
provides a snapshot of the protein in an open conformation, waiting to bind a
divalent ion. We also showed that BsMutL is functioning endonuclease in vitro
and mutational analysis unveiled key catalytic residues that are involved in the
activity. Taking the structural data in combination with the biochemical data, it
can be seen that Bacillus subtilis MutL is an endonuclease in a metal ion-

dependent manner similar to humans and yeast.

Future directions

It is tempting to assign roles to BsMutL based merely on sequence
homology with other MutL homologues. For example, the DNA binding activity of
BsMutL to both ssDNA and dsDNA remains to be characterized. The
dimerization interface proposed can also be confirmed by mutational analysis
(particularly of helix oF, Figure 10) similarly to how the E. coli dimerization

interface was elucidated (47).

In terms of structural analysis, it will interesting to see the structure with a
metal bound is key to understanding structural conformation which allow for
endonuclease activity to take place. This would confirm the hypothesis that MutL

utilizes a two-ion system similar to IdeR. Also it would provide another dimension
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to the three dimers seen in this structure. According to our data, BsMutL-CTD
bound to a metal should retain similar domain architecture while adopting a more

closed conformation in the region shown in Figure 21.

In order to fully understand the asymmetry of MutL as an endonuclease, a
crystal structure of MutL bound to DNA is necessary. This would provide great
detail as to how the homodimer containing two endonuclease motifs is able to
only cleave one strand of DNA. This is a challenging task, particularly if BsMutL-
CTD is found not to bind DNA. However, there are ways to tether a protein to
DNA in order to mimic its’ native conformation. This can be accomplished by
expressing a DNA binding protein in tandem with BsMutL-CTD which will serve to
anchor the protein to DNA.

The combination of biochemistry and X-ray crystallographic studies will

provide a detailed view of the role of MutL in Bacillus subtilis MMR.
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APPENDIX
Al: Primers used for cloning BsMutL constructs.
Primers Ag1160/1161 were used to amplify BsMutL-CTD (433-627) and

primers Ag1161/1227 were used to amplify BsMutL (1-627). Ncol site shown in
blue and Xhol site shown in red.

Primer Primer Sequence (5’ — 3’)

Ag1160 GAT CGG GTT CCA ATT ATG TAC CCG
Ag1161 G CTA CAT CAC GCG TTT GAA CAT CTT TTC
Ag1227 AAA AGT CAT CCA ACT GTC AGA TGA G

A2: Raw data used for quantification of Manganese dependent
endonuclease activity (Figure 18).

Triplicates of experiments were run on 1% agarose gels, stained with

ethidium bromide and destained with water before being visualized under UV
light.

Blank  Nicked No lon [MnCl3]
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A3: Raw data used for quantification of Mutational Analysis on
endonuclease activity (Figure 19).

Triplicates of experiments were run on 1% agarose gels, stained with
ethidium bromide and destained with water before being visualized under UV
light.

WT D462N E473K
R B sl

Blank Nicked
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A4: Raw data used for quantification of Nucleotide effect on
endonuclease activity

5 mM ATP 5 mM AMPPnP 5 mM ADP

Blank  Nicked WT 92— Mgt
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