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Abstract

The cellular response to DNA damage signaling by MMR proteins is incompletely understood. It
is generally accepted that MMR-dependent apoptosis pathway in response to DNA damage
detection is independent of MMR's DNA repair function. In this study we investigate correlated
motions in response to the binding of mismatched and PCL DNA fragments by MutSa., as derived
from 50 ns molecular dynamics simulations. The protein dynamics in response to the mismatched
and damaged DNA recognition suggests that MutSa signals their recognition through independent
pathways providing evidence for the molecular origin of the MMR-dependent apoptosis. MSH2
subunit is indicated to play a key role in signaling both mismatched and damaged DNA
recognition; localized and collective motions within the protein allow identifying sites on the
MSH?2 surface possible involved in recruiting proteins responsible for downstream events. Unlike
in the mismatch complex, predicted key communication sites specific for the damage recognition
are on the list of known cancer causing mutations or deletions. This confirms MSH2's role in
signaling DNA-damage induced apoptosis and suggests that defects in MMR alone is sufficient to
trigger tumorigenesis, supporting the experimental evidence that MMR-damage response function
could protect from the early occurrence of tumors. Identifying these particular communication
sites may have implications for the treatment of cancers that are not defective for MMR, but are
unable to function optimally for MMR-dependent responses following DNA damage such as the
case of resistance to cisplatin.
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1. Introduction

It has been long recognized that proteins are dynamic systems (1-5). Functional proteins are
not static structures, but rather generally stable soft mechanical constructs that allow certain
types of internal motion to enable their biological function (1,6-8). Recently, in biophysics
this concept lead to an extension of structure-function paradigm to include dynamics (3,8,9).
Within the protein dynamics, correlated motions have a large contribution to the net atomic
displacements (4). Localized or long-range, correlated motions are likely to be critical for
function of large molecular complexes, and they are considered to play an important
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functional role in recognition, binding, signal transduction or mechanical/thermodynamic
energy transport in biomolecules, and have been the subject of extensive experimental and
theoretical studies (2,4,7,10,11).

Functional dynamics in complex biomolecular systems is difficult to probe experimentally,
as seen in recent reviews surveying advances in investigations of conformational
fluctuations of proteins in solutions using NMR structural and relaxation techniques
(2,12-14). A profound insight into the molecular nature of these motions and their relevance
for biological function can be obtained by molecular dynamics simulation, advancing the
path for protein engineering or rational drug design. NMR spectroscopy techniques are
typically used to study of individual atoms in a protein with respect to their surroundings,
but in large complexes they usually provide little information regarding whether and how
atoms dynamically communicate with each other. Molecular dynamics simulations, with
their unique property of probing the space and timescales simultaneously, allow for
sampling of motions of biological interest (3,7,9,15) and provide information regarding the
correlated atomic motions inside proteins (16-19).

Currently there are two main approaches to performing molecular simulations of protein
motions. The first is all-atom molecular dynamics (15,20-22), in which atoms and molecules
are allowed to interact over time at a given temperature following the laws of classical
mechanics and which provide a detailed description of atomic motions. The second
approach is normal mode analysis, in which harmonic motions of the molecule about a local
energy minimum are calculated (23-25).

In this study we investigate correlations between atomic positional fluctuations in response
to the binding of mismatched and PCL double stranded DNA fragments by MutSa. (MSH2-
MSH®6 heterodimer), as derived from 50 ns molecular dynamics simulations. The treatment
is different than harmonic or quasi-harmonic normal mode analysis, since we do not analyze
the motion but rather the positional fluctuations without involving the atomic masses in the
analysis (6). The differences between the localized and long-range correlated displacements
in the two systems will be highlighted and possible links between correlated motions and
MutSa ‘s function will be proposed.

For the same system, we has been previously examined the conformational effects of
binding of DNA damaged by a chemotherapeutic on MutSa.(26), providing a refined
protein-DNA binding mode and identifying specific conformational changes induced by the
recognition of mismatched and damaged DNAs, which concluded that MutSa proteins
recognize the mismatched and the damaged DNA substrates in significantly different modes.
Here we found evidence for localized and collective motions that connect the DNA binding
and protein recruitment surfaces in this complex and also found key residues that are
involved in cancer-causing mutations that are implicated in communication pathways. This
complements our previous work by suggesting that there are classes of residues responsible
for dynamic perturbations and other responsible for conformational perturbations.

DNA mismatch repair proteins maintain genetic stability in both prokaryotes and eukaryotes
by detecting and repairing mismatched bases and insertion/deletion loops mistakenly
incorporated during DNA replication. In addition, MMR proteins initiate cellular response to
certain types of DNA damage, such as those produced by chemotherapeutic agent cisplatin.
Mammalian cells with defective MMR show partial or complete failure to undergo apoptosis
following specific types of DNA damage and the human mismatch-binding factor MutSa
promotes apoptosis in normal cells (27). It is considered that cells deficient in MMR
proteins have a “mutator phenotype” in which the rate of spontaneous mutations is greatly
elevated causing predicposition to cancer (28). Inactivation of MMR in human cells is
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associated with hereditary and sporadic cancers, with hereditary non-polyposis colon cancer
(HNPCC) being the most prominent (29,30). In our simulations, the structural model for
DNA mismatch recognition by the MMR machinery was the solved structure of MutSa with
two ADP molecules bound in the ATPase sites of the heterodimer, bound to a 15 base pair
duplex DNA containing a central G-T mispair causing distortion in the orientation of the
bases (31). The structural model for DNA damage recognition was based on the crystal
structure of DNA containing a (1, 2)GpG cisplatin intra-strand crosslink (32,33) built into
the crystal structure of MutSa (31). (1, 2)GpG cisplatin intra-strand DNA adduct is the most
prevalent of those made by cisplatin and it is recognized by human mismatch repair proteins
(34,35). Since MutSa purified from cell extracts carries ADP (28,31), the model with two
ADP molecules was chosen in both cases. The mismatched or the damaged DNA fragment
is fully encircled by the mismatch binding (red) and clamp (purple) domains from both
MutSa subunits (Figure 1a). Note that in our system, residue 1 of MSH6 corresponds to
residue 362 in the solved structure, (31). Residues sequence and numbering for MSH2 and
MSH6 are included in SM, Figures S3 and S4.

2. Methods

2.1. Molecular Dynamics Simulations

The simulations of the G-T mismatch are performed using the same basic protocol as in our
previous work (36,37) based on the X-ray structure of human MSH2-MSH®6 protein
complex with heteroduplex DNA (31). The bases at the mismatch remain in the DNA helix
but do not stack, and as a result a bending of ~60° occurs in this region. Coordination of the
cis{Pt(NH53)2}2* fragment to DNA , in which platinum atom links N7 atoms of two
adjacent guanine residues, Gua8 and Gua9, alters the duplex DNA. The structural alterations
induced in DNA by forming adducts with platinum have been extensively studied (38).
NMR studies led to the conclusion that the (1, 2)GpG cisplatin intra-strand adduct bends the
DNA helix by 78° towards the major groove and also unwinds it by 25° at the site of the
platination, resulting in de-stacking of the bases (39). Hydrogen atoms were added using the
hbuild facility of CHARMM (40). The CHARMM force field was used for the entire
complex with additional parameters based on preexisting cisplatin parameters (41-43). This
force field has been extensively parameterized for a wide range of biologically important
molecules, including nucleic acids, amino acids, lipids and some small-molecule ligands.
The platinum cross-linked DNA structure was built using the mismatch as a template. The
cross-linked structure was fitted into the binding pocket to maximize the structural overlap
with the mismatched DNA structure, followed by rotations and translations to minimize the
energy of the unrelaxed structure using the coordinate manipulation and energy
minimization facilities of CHARMM. The platinum atom cross-links two adjacent guanines.
The structure was fully solvated with TIP3P water (44) in a cubic box using the visual
molecular dynamics (VMD) package (45). Although there are increasingly accurate implicit-
solvent models, e.g., (46-48), they have yet to be thoroughly vetted on large DNA/protein
complexes such as the ones simulated herein. The water molecules were briefly minimized
for 100 cycles of conjugate gradient minimization with a small harmonic force constant on
all protein atoms. The entire system then underwent 250 ps of molecular dynamics
simulation to achieve a thermal equilibration using Berendsen pressure regulation with
isotropic position scaling(49). The system's temperature was equilibrated by reassigning
atom velocities from a Boltzmann distribution for a given temperature every 1000 cycles, in
25 K increments, from an initial temperature of 0 K to a target temperature of 300 K.
Following the equilibration, a 10 ns production simulation was performed in NAMD
package (50), under NPT ensemble, using standard parameters: a 2.0 fs time step using
SHAKE on all bonds to hydrogen atoms (51), a 12 A cutoff, Particle Mesh Ewald with a 128
grid points on a side (52), Langevin temperature control with a damping coefficient of 5/ps,
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Berendsen's constant pressure algorithm with a target pressure of 1.01325 bar, a
compressibility of 45.7 mbar, a relaxation time of 1 ps, and a pressure frequency of 40 fs,
and a coordinate save frequency of 200 fs; all as implemented in NAMD. A total of ten
simulations were performed, five for each system. For each of the five trajectories the same
protocol was employed with different initial velocities and the same coordinates. The initial
coordinates, velocities, and system dimensions were taken from the final state of the
corresponding equilibration simulation. There are 855 residues in MSH2, 974 residues in
MSHBS6, 30 nucleotides in the DNA fragment, and two ADP molecules, a total of 30048
atoms in the platinum cross-linked complex and 30039 in the mismatched system.

Ca root mean square deviations and total energies are provided in SM, Figure S5. These
data show there are two different relaxation timescales, a fast one on the 10s-100s of
picosecond time scale, and a slow one on the nanoscale. Data show that most of the
relaxation to equilibrium occurs within the first 2ns, and that while there may be additional
long-time relaxation, starting the simulation analysis at 5ns allows for a conservative
removal of the majority of the non-equilibrium effects. Since our different simulations
started from different initial conditions, it is expected they to show different pathways to
equilibration, and they show the expected variation in relaxation.

2.2. Covariance Analysis

Ca normalized variance-covariance matrixes, or Pearson correlation coefficients, were
calculated from the simulated trajectories of the mismatched and platinum cross-linked
MutSa-DNA complexes using CHARMM program. The covariance of two sets of atoms, A
and B, of X and Xg coordinates sets is given by the expectation value:

Cov(A,B)= <(XA - <XA >) : (XB - <XB>)> = <XAXB> - <XA> <X3>

where {X4) and (X} are the expected values. The correlation of the two variables is the

dimensionless normalized covariance defined as C, ,=%45 g, and og are the standard
deviations of X and Xg. Variance is the special case of covariance when the two variables
are identical.

Pearson correlation coefficient, also known as product-moment coefficient of correlation or
cross-correlation coefficient, quantifies the linear dependence between variable, in our case
atom displacements of pairs of atoms. Given the size of the system non-linear correlations
were not investigated. The correlation coefficients of the matrix are symmetrical about the
diagonal and range from -1 to 1. A value of 1 implies that a linear equation describes the
relationship and the atom displacements are in the same direction, denoting correlated
motions. A value of -1 implies that all data points lie on a line but the atom displacements
are in the opposite direction, denoting anti-correlated motions. Zero corresponds to the
orthogonal atomic motions which are not detected by this method. In our analysis, the atom
motions are considered strongly correlated/anti-correlated for correlation coefficients higher/
lower than 0.5/-0.5 and weakly correlated/anti-correlated for the rest.

To prevent the equilibration period for adding rare events to the correlations, the first half of
each simulation was discarded during this analysis. The covariances were calculated about
the average equilibrated structure and were calculated as covariances among the protein's
Ca atomic fluctuations (within MSH2, within MSH6 and between MSH2 and MSHG), as
well as between the protein and the heavy-atom residue-averaged fluctuations of the DNA
base pairs. Fluctuation correlations depend on the time scale over which data are analyzed
since different correlations may arise on different time scales. In this study they are based on
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an ensemble of one structure per picosecond, which has been shown in other studies to
provide a good sampling of the trajectory (17) .

Correlated motions can occur over a wide-range of timescales, depending on the molecular
events involved. This is especially true for protein folding and large-scale conformational
rearrangements. For such studies, longer time-scale simulations would need to be
performed, although such timescale are not yet readily accessible by all-atom MD
simulations. The focus of this paper is on the correlated motions that occur around the native
states of two different complexes, where the differences between the complexes are solely
due to slightly different binding events.

3. Results and Discussion

3.1. Correlated motions within the protein

Considering the size of the system, a large number of correlations is expected: about 3*10°
correlations within the heterodimer protein and 5.5 *10% protein-DNA correlations. The
standard deviation of the former is 0.18 for the mismatched system and 0.17 for the platinum
cross-linked (PCL) system. Highly significant were considered correlations 3.5 standard
deviations above the mean (which is 0.24 in the mismatched and 0.22 in the PCL system)
and the binding to cisplatin almost double their number. In Figure 2, upper plots, are
presented highly significant correlations between residues at least ten units apart within
MSH?2 (data in red), MSH®6 (data in green), as well as between the two subunits of the
protein complex (data in blue; mostly between their ATPase domains). The localized and
long-range correlated and collective motions specific for the mismatched and PCL MutSa.-
DNA complexes will be discussed subsequently. Almost continuous strong correlations
(higher than 0.5 but not highly significant) are seen within each domain of the protein's
subunits, with small gaps at the end of the mismatch binding, connector, and lever domains
of MSH2 (Figure 2, middle plots). Notice that the inter-subunits strong correlations are
mimicking at a larger scale the pattern of the highly significant long-range collective
motions. Strong anti-correlations (negative values lower than -0.5 but not highly significant)
within the protein complex’s subunits, the bottom plots in Figure 2, display different patterns
in the two systems. Profoundly different patterns in the inter subunits correlations and anti-
correlations (SM, Figure S9) are associated with change of motion directionality in the two
complexes, as it will be addressed later. The complete variance-covariance correlation maps
for the two systems are presented in SM, Figure S1, and, despite their differences at the
highly correlated level, they are quite similar in general. Additional long-time relaxation,
which simulations suggest, may affect the overall cross-correlations, but not the highly
significant correlations which are the focus of our correlation analysis in the two systems.

MutSa sensor and signal DNA damage

Highly significant correlationswithin MSH2: Presented in Figure 3a-b, they involve
extensive and unique regions in the damaged DNA binding response. The dynamics of both
system exhibits highly significant correlations within the mismatch binding domain,
between the lever and the ATPase domains, as well as between the lever and the clamp
domains. Unique in MSH2's response to the protein complex binding to the damaged DNA
are the highly significant correlations between the mismatch binding and the connector
domains.

The special case of long-range correlations within the mismatch binding domain in the
mismatched complex (Figure 3a) includes couplings of 18-23 a-helix (labeled by VV20) and
34-37 B-sheet (labeled by R35) with the end of it, 115-121 pB-sheet (labeled by D116). On
the contrary, in the PCL complex (Figure 3b) it involves extended regions from the
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beginning and the end of the mismatch binding domain: the collective highly correlated
long-range motions between 11-38 region (labeled by Q24) and 114-124 region (labeled by
L119).

In the mismatched complex, long-range highly significant correlations between the first
section of the lever and the ATPase domains within MSH2 include couplings between key
sites (depicted in Figure 3a by van der waals representations), such as K301- D706,
couplings between key sites and small or large regions, the case of K353-region 624-625
(labeled by 1624) and E368-region 689-696 (labeled with X for 1691), as well as multiple
collective motions between region 356-365 (labeled by L360) and regions 689-696 and
621-624. From the second section of the lever domain, region 608-612 (labeled by H610)
and Y619 are coupled with region 693-699 (labeled by P696). Similarly, couplings between
key sites are seen in the dynamics of the PCL complex (Figure 3b), the case of K301-C707
and L330-F694. However, by comparison with the dynamics of the mismatched complex,
there are noticeably the collective motions between 349-364 (labeled by K353), from the
first section of the lever domain, and 689-704 (labeled by P696). Of special interest is K353
which makes multiple correlations with 1624, Q690, and 1704. In both systems, the end of
the lever domain, 607-612 (labeled by H610) and 618-619 are paired with residues form
region 693-695 (see P696 for reference) of the ATPase domain.

Within non-binding subunit, highly significant correlations are also seen between the clamp
domain and the second section of the lever domain. In the mismatched complex they include
correlations between 481-495 a-helix (labeled by L488) and 521-522 (labeled by Y521)
from the former (Figure 3b), and 555-570 a-helix (labeled by E562) from the latter. It is
highly noticeable that the clamp-lever correlations in the PCL complex include extended and
additional regions by comparison with the mismatched complex. It is the case of correlations
between 457-502 a.-helix (labeled by S479) from the clamp domain and 555-582 a-helix
(labeled by T568) form the lever domain. A second region from the clamp domain, 512-524
(labeled by Q515), is paired with 555-563 region of the lever domain. In addition, a third
region from the clamp domain, B-sheet 538-553 (labeled by Q545), is paired with 554-564
region of the lever domain.

Unique for the PCL complex, the dynamics of its non-binding subunit reveals highly
significant correlated motions between region 91-99 (labeled by V95 in Figure 3b) of the
mismatch binding domain and the beginning of the connector domain, residues P125 and
G126. Additionally, highly significant correlations made by L93, R96 toY98 with region
196-198 (labeled by K197) become weak in the mismatched system, as it will be addressed
later.

Highly significant correlationswithin MSH6: The highly significant correlations within
the mismatch recognition subunit contrast significantly in the two systems: while long-range
correlations within the mismatch binding domain, within the lever domain, and lever-
ATPase domains are common for both systems, the binding of MutSa to the damaged DNA
translates into an increase in the possible functionally relevant dynamics (Figure 3c-d).
Unique for the damaged complex are highly significant mismatch binding-connector,
mismatch binding-lever, and clamp-lever correlations, which, as it will be addressed
subsequently, are either weak or strong without being highly significant in the mismatched
complex.

As in MSH2, but on a larger scale, the mismatch binding domain of MSH6 exhibits
dynamically coupled pB-stands. In the mismatched complex (Figure 3c), 60-67 (labeled by
V63) is coupled with 117-123 (labeled by A120); the latter is also paired with the end of the
mismatch binding domain, region 150-155, a two step communication.More expansive
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correlations are seen within the mismatch binding domain in the damaged complex (Figure
3d): paired with the end of the mismatch binding domain, K143 and region 150-153 (labeled
by 1152), are regions 46-47, 50-51, and 64-67 from the mismatch binding site, labeled by
T46, R50, and 164, respectively. On the other hand, the mismatch binding site residues
61-67, Y72, D78, and 181 are paired with 117-124 (labeled by R121); the latter region is
also paired with the end of the mismatch binding domain, region 150-157.

Limited in the mismatched complex, highly significant correlations between lever and
ATPase domains , which include 713-714 (labeled by M713) from the end of the former
with 798-799 (labeled by Y798) of the latter, are broader in the PCL complex (Figure 3d).
From the first section of the lever domain, M372 and V373 are paired with regions 794-795
(labeled by Q794) and 810-811 (labeled by D810). Region 417-421 (labeled by L417) is
paired with region 792-796 (labeled by Q794). Collective motions are seen between 424-437
a-helix (labeled by R430) and regions 715-718 (labeled by P716) and 793-799 (see Q794
for reference). From the end of the second section of the lever domain, region 697-706 is
paired with R715 (see P716 for reference) and region 795-799 (see Q794 for reference),
while 713-714 is paired with region 789-805 (see Q794 for reference).

Highly significant correlations between the two sections of the lever domain are seen in both
systems. In the mismatched complex there are localized correlations between C404, H405
and L451 from the first section and C701 and D697, respectively, from the second section;
in addition, region 541-543 (labeled P542) is paired with D685 and A689. In the PCL
complex there are correlated motions between two a-helix regions from the first section,
400-416 (labeled by L417) and 427-437 (labeled by R430), and 694-706 a-helix (labeled by
L699) from the second section of the lever domain.

Exclusive for the damaged complex, its mismatch recognition subunit features highly
significant correlations between the mismatch binding domain, which “senses” the damaged
DNA, and connector and lever domains, as well as between clamp and lever domains. From
the end of the mismatch binding domain, residues R154 and 1155, are paired with region
329-335 (labeled by Y329) and C333, respectively, from the connector domain. Long-range
correlations are also seen between residues 123-125 of the mismatch binding domain and
residues 481-482 (labeled by A481) of the lever domain, as well as between residues of a-
helix 581-588 (labeled by R584) of the clamp domain and residues 556-664 (labeled by
A660) of the lever domain's extended a-helix. Unique for the PCL complex are also highly
significant correlations between residues 206-210 (labeled by F208) and 344-347 (labeled
by F345) within the connector domain.

Up to this point, the analysis of the protein dynamics in response to the mismatch and
damage recognition suggests that MutSa signals the recognition of the mismatched and
damaged DNAs through different if not independent pathways. Additional support for this
finding derives from the analysis of inter-subunits correlations for each system, as well as
from the investigation of the highly significant correlations in the PCL complex that became
weak or change directionality in the mismatched complex, which will follow.

Highly significant correlationsin platinum cross-linked that became weak in the
mismatched: No change of directionality is seen when differences in the highly
significantly correlated motions in the two systems are analyzed. However, a meaningful
number of highly significant correlations in the PCL complex became weak in the
mismatched complex (Figure 4), highlighting the independent DNA-damage signaling by
MutSa.
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Possible key role played by the connector domain of MSH2 in DNA-damage
signaling—As mentioned above, within MSH2, highly significant mismatch binding -
connector correlations in the PCL complex un-correlate in the mismatched complex.
Similarly, highly significant correlations within the connector domain of MSH2 (Figure 4b),
often between residues in direct contact, un-correlate in the mismatch system, suggesting the
following pattern for the damage information flow: S144-G146-V147-D167; G149-Q218;
V166-P196; P202-1224 (10.37 A apart); K235-D240 (10.27 A apart); and R243-K246.
These correlated motions may be responsible for opening up of the connector domain,
known for its flexibility, in response to the damaged DNA binding. Anticipatory, many of
these residues are on the known list of MutSa's cancer related mutations or deletions, as will
be addressed latter.

Lever-clamp bifurcation point in DNA-damage information flow—Highly
correlated motions within the lever domain that un-correlate in the mismatched complex
(Figure 4a,c) include localized motions between G315-E318 and D319-G322 pairs from the
interconnected disorganized loop, Q397-L401 and A389-Y405 pairs from the long a-helix,
as well as collective motions of two adjacent regions of the long a-helix, 572-583 (see A576
for reference) and 584-586 (labeled by S586). Additionally, several localized and collective
highly significant correlated motions within the clamp domain (the couplings of N538 with
496-498, 500-503, and R524, as well as the couplings of K528, F539, S540, T541, and
V549 with residues from region 498-511) and within the ATPase domain of MSH2 in the
damaged complex (pairs A710-D748, G753-T54, and E786-T788, and K847-Q855) became
weak in the mismatched complex. Specific to the damaged DNA recognition are also the
highly significant correlations between the end of the first section of the lever domain,
region 451-456 (labeled by M453) and region 459-478 (labeled by VV470) of the clamp
domain, as well as between the former and region 574-580 (labeled by A576) of the second
section of the lever domain, suggesting a clamp-lever bifurcation point specific to damage
recognition information flow.

Additionally, MSH®6's highly significant correlations that became weak in the mismatched
complex (Figure 4d) enhance the differences in the mismatch versus damage signaling.
Specific to MSH6's response to the damage recognition are certain highly significant
correlations within the mismatch binding domain (the couplings of P128 and E129 with
C135 and R136, and K137-1141, V148-R149,and A139-V148 dynamically coupled pairs),
within the connector domain (T311-E304 pair), within the lever domain (from the first
section L382-1384-L397 and from the second section 1427-L437 and P477-D478 pairs), and
within ATPase domain (the couplings of 769-771, labeled by L771, with K927, 17.11 A
apart, D852-1929 pair, 21.28 A apart, and the couplings of F939 with 943-947and 955-956).
Furthermore, the above described clamp-lever highly significant correlations in the PCL
complex mismatch binding subunit are weak in the mismatched complex, and so is the
coupling of C714 from the end of the lever domain (depicted in Figure 4d in brown for
clarity) and A790 from the ATPase domain.

Possible MSH2 key role in mismatched DNA signaling—On the other hand, a
limited number of highly significant correlations in the mismatched complex became weak
in the PCL complex (Figure S6, SM). It is suggested a possible key role in signaling
mismatched DNA recognition by N412, P415, N416, V417, 1418, L421 and E422 on
MSH2°s lever domain surface. By comparison with the possible involvement of MSH2's
lever domain in signaling damaged DNA recognition documented above, a different region
of the long a-helix seems to signal the mismatched DNA recognition in a “molecular wire”
like pattern involving adjacent residues.
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In summary, the analysis of the intra-subunits highly significant correlations that could have
function implications in the two systems concludes that MutSa sensor and signal
mismatched and damaged DNA differently. There are more than double correlations at this
level in response to the damaged DNA binding, and the meaningful difference arises from
the highly correlated motions between extended regions of the lever domain and the clamp
domain of the non-binding subunit, MSH2, as well as from those within the mismatch
binding, connector and lever domains of both subunits (as summarized in Figure S9a-b,
SM). While is well known that MSH6 subunit plays a key role in the mismatched / damaged
DNA recognition , this analysis suggests that MSH2 subunit may play a key role in
signaling it through independent channels, and possibly in recruiting the downstream events’
proteins.

I nter-subunits correlations: There is a limited number of highly significant inter-subunit
correlations (data in blue in Figure 2, upper level plots), with about 90% more in the PCL
complex than in the mismatched complex. In both systems they are carried out mainly by
residues from the ATPase domains (Figure S6c-d, SM), with several of those specific to the
damaged complex being on the list of cancer related mutations (Table I). No inter-subunits
highly significant anti-correlations are seen in either system. However, strong inter-subunits
correlations and anti-correlations exhibit different patterns in the two complexes (Figure S9,
SM), further substantiating the above argument that MutSa sensor and signal mismatched
and damaged DNA differently.

Possible structural changes by the change of directionality in long-range inter
and intra subunits correlated motions—Of particular interest in the comparison of
the strong inter-subunits correlations in the two complexes is their change of directionality
(Figure S9). Strongly correlated atom displacements in the damaged complex that change
directionality in the mismatched complex include couplings between the connector domain
of MSH2 and ATPase domain of MSHG, as well as between the lever domain of MSH2 and
the clamp domain of MSH6. On the hand, strongly correlated atom displacements in the
mismatched complex that change directionality in the damaged complex include correlations
between the mismatch binding domain of MSH2 and the ATPase domain of MSH6, between
the connector domain of MSH2 and both the clamp domain and the ATPase domain of
MSHS, as well as couplings between the clamp domain of MSH2 and the mismatch binding
and the connector domains of MSH6. Additionally, several strong intra-subunits correlations
in the PCL complex change directionality becoming strong anti-correlations in the
mismatched complex and vice-versa (details in Figure S7c, SM). Since the method
employed here can not establish the causality of these correlated motions, this analysis does
not reveal how these long-range inter and intra subunits correlated motions that change
directionality in response to mismatched and damaged DNA binding transmit information or
the direction of information flow. However, they not only support the already established
meaningful difference between mismatch and damage signaling, but heir location suggests
that certain structural changes in MutSa's upper and lower channels may be associated with
mismatched and damaged DNA signaling.

3.2. Protein-DNA correlated motions

MutSa's response upon binding to the mismatched and PCL DNA fragments was
investigated. Again, granted the size of the systems, were considered functionally relevant or
highly significant those correlations with absolute value exceeding the mean plus 3.5
standard deviations. In both systems, highly significant protein-DNA correlations (Figure
S8, upper plots) are comparative in number and, naturally, they involve mainly the binding
subunit, MSH6, particularly the mismatch binding domain. However, the major difference
between the two systems resides in the fact that while mismatched DNA displays highly
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significant and strong correlations with the clamp domain of MSHS6, residues E619, C642,
and K643, the damaged DNA displays similar correlations but with the lever domain of
MSHBS, residues 1482 and M483. (Details of the differences in the highly significant
correlations in the two systems are depicted in SM, Figure Séc-d). There are 39% more
strong MSH2-DNA anti-correlations in the mismatched complex than in the PCL complex.
In the mismatched complex, residues from all but clamp domain of MSH2 are strongly anti-
correlated with most of the DNA bases, suggesting a coherent displacement of MSH2 away
from the DNA fragment upon its mismatch recognition. On the contrary, in the PCL
complex, binding to the damaged mismatched base triggers an ambiguous protein-DNA
anti-correlations pattern.

Atomic displacements of the mismatched Gua8-Thy23 base pair are highly correlated with
those of residues K67, V68, G69 and F71 from the mismatch “probing” loop of MSH6
(Figure S7a, SM). Damaged Gua8 (Figure S7b, SM) displays no highly significant
correlations, but it is strongly correlated mainly with residues from MSH6’ “probing” loop
(G69, K70 and F71), as well as P101 also at the binding site. Its mispaired base makes
extensive highly significant correlations with residues F71-P101 from the binding site.
Strong anti-correlations are predicted between the mismatched Gua8-Thy23 pair and the
connector domain of MSH2: residues 143 and 187-190, and 197 and 222-223, respectively.
The damaged pair makes only one strong anti-correlation, which is with E585 from the
clamp domain of MSH6.

4. Conclusions

MutSa proteins signal DNA-damage induced programmed cell death and mismatched DNA
repair through different channels

The predicted highly significant localized and long-range atom displacement correlations
may describe motions which are relevant to MutSa's function. The internal motions in
response to the recognition of a mismatched and damaged DNA are significantly different,
“preparing” the protein for very different pathways following the mismatch or the damage
recognition, which complements the rigorous hydrogen bonding analysis (26) showing that
MutSa proteins recognize the mismatched and damaged DNA fragments in significantly
different modes. Most of the predicted key communication sites found on the list of cancer
causing mutations (InSight database: http://www.insight-group.org/; residues named on
Table | and depicted in Figure 1b) are unique for the damage recognition by MMR. This is
not only supporting the hypothesis of very different mechanisms for repair and DNA-
damage cell death, but also suggesting that if those highly correlated regions are altered the
damage recognition may not take place and the apoptosis mechanism is not triggered,
leading to genomic instability.

Regarding the first issue, there is a large body of experimental evidence supporting the
MMR-dependent damage signaling. Mutsa directly recognizes the damage and, excision
and processing of the DNA damage is not required for an MMR-dependent apoptotic signal
(36,53-56). Here, strong correlated motions in MutSa, often involving large regions of the
protein, and their unique connection to the cancerous tumors when altered, without being
linked to the mismatched DNA recognition, support the hypothesis that recognition of DNA
damage is sufficient to signal apoptosis. Regarding the second issue, this suggest that defects
in MMR alone is sufficient to trigger tumorigenesis, indicating that MMR-damage response
function could protect from the early occurrence of tumors, and there is experimental
evidence to support it (53,57,58).
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Cancer related long range communications confirm MSH2's major role in signaling DNA-
damage induced apoptosis

The entire analysis shows an overall increase in the protein's dynamics upon binding to the
damaged DNA than to the mismatched DNA. The large majority of the predicted correlated
sites related to cancer causing mutations or deletions (Figure 1b) belong to the non-
mismatch binding subunit, MSH2, covering all five domains (marked with * in Table I).
Most of these key residues are at the surface of the protein, suggesting that MSH2 may play
a significant role in downstream events for MMR-mediated cellular response to DNA
damage. And there is experimental evidence to support it: cells expressing reduced levels of
MSH2 have almost normal levels of MMR activity, do not display microsatellite instability,
but are more tolerant to DNA damaging agents (59,60). This has possible implications for
the treatment of cancers that are not defective for MMR (normal DNA repair), but are
unable to function optimally for MMR-dependent responses following DNA damage.

Of special interest may be the observation in the damaged complex of sites involved in
multiple long-range correlated motions: in MSHS, region 427-437 from the first part of the
lever domain is coupled with region 695-706 from the second part of the lever domain, as
well as with residues 715-718 and 793-798 from the ATPase domain (details in Figure 3d).
Several of these residues are on the list of known cancer causing mutations or deletions,
recommending for the investigation of similar effects on the following residues: 715-718,
695, 696, 698-706, 793-795, and 797.

It must be noted that all of the presently proposed communication cites associated with
known MutSa's cancer causing mutations are independent of the previously predicted
essential contacts at the heterodimer interface found among the observed MutSa's cancer
causing mutations(61), suggesting their defined role in the mismatched and damage
recognition, for the later, and signaling, for the former.

Putative drug discovery approach in targeting MSH2 damage signaling

Remarkably, it has also been suggested that the second monomer plays a dynamic role in the
function of eukaryotes homologue MutS complex (62). Recent efforts have focused on
mimicking the structural effects of cisplatin (37). Given the evidence for MSH2's role in
mismatch and damage recognition signaling, a novel drug discovery approach in discovering
and designing inhibitors that interact with the mismatch signaling regions on the surface of
MSH?2 (residues K249, Q252, M253, E290, L291, N412, P415, N416, 1418, A420, E422,
T668 and V817, which are highly significant in the repair system and became weak in the
damaged system) so as to severe these communications but to promote the damage signaling
can be explored. Notice that the predicted repair signaling residues are on the surface of the
connector, lever and ATPase domains of MSH2 (Figure 1c). Distinctively, in the damaged
complex, most of MSHG6's predictions are on the heterodimer interface (mismatch binding,
connector, lever and ATPase domains), while MSH2's predictions are on its surface
(connector, lever, clamp and ATPase domains). These suggest that the predicted cancer
related highly significant correlations in MSH6, same of them arising from inter-subunit
communications (MSH2-MSH6 in Table I), are responsible for allosteric transduction of
conformational adjustments upon damage recognition, while MSH2 is responsible for
damage signaling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

a) Structural model of MutSa in complex with a 15 base pair duplex DNA containing a
central G-T mismatch. DNA is shown in light blue with the mismatch pair marked: black for
guanine and ochre for thymine. The color code for the heterodimer domains is: red for the
mismatch binding domain, residues 1 to 124 in MSH2 and 1 to 157 in MSH6; yellow for the
connector domain, residues 125 to 297 in MSH2 and 158 to 356 in MSH®6; green for the
lever domain, residues 300 to 456 and 554 to 619 in MSH2, and 357 to 573 and 648 to 714
in MSHG6; purple for the clamp domain, residues 457 to 553 in MSH2 and 574 to 647 in
MSHS6; blue for the ATPase domain, residues 620 to 855 in MSH2 and 715 to 974 in MSH6.
Note that in our system, residue 1 of MSH6 corresponds to residue 362 in the solved
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structure. b) Residues on the list of cancer causing mutations or deletions involved in highly
significant correlated atom displacements. The large majority is unique for the platinum
cross-linked complex and located on the surface of MSH2 subunit, covering all five
domains.

c) Proposed cancer related highly significant correlations. In violet are residues associated
with the mismatched system and in orange those associated with the damaged system. The
predicted repair signaling residues are on the surface of the connector, lever and ATPase
domains of MSH2. In the damaged complex, distinctively, most of MSH6's predictions are
on the heterodimer interface (mismatch binding, connector, lever and ATPase domain),
while MSH2's predictions are on its surface (connector, lever, clamp and ATPase domains).
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Figure 2. Intra-subunits Correlations

In red and green are represented correlations within MSH2 and MSHG, respectively. The
highly significant correlations (only covariance between residues at least ten units apart) are
twice as many in the platinum cross-linked complex than in the mismatched complex.
Almost continuous strong correlations are seen throughout the subunits. Different patterns
are seen in the anti-correlations in the two complexes. There is a limited number of highly
significant correlations between the two subunits, data in blue. High correlations between
the atomic displacements of adjacent residues are expected, but when considered those
between residues at least ten units apart there are 2429 such correlated motions within
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Figure 3. Highly significant long range communications within the subunits

a) MSH2. Mismatched MutSa-DNA complex. Special case within the mismatch binding
domain. 18-23 (V20) and 34-37 (R35) coupled with 115-121 (D116). Couplings between
lever and ATPase domains. K301 is coupled with D706. K353 is coupled with region
624-625 (1624). 349-350 (P349), E368 and 356-365 (L360) are coupled with 689-696
(labeled with X for 1691); the latter region of the lever domain is also coupled with 621-624.
608-612 (H610), and Y619 are coupled with 693-699 (P696). Couplings between clamp
and lever domains. From the former, 481-495 (L488) and 521-522 (Y521) are coupled with
555-570 (E562). h)MSH2. Platinum cross-linked MutSa-DNA complex. Special case within
the mismatch binding domain:11-38(E24) is paired with 114 to 124 (L119). Couplings
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between mismatch binding and connector domains: 91-99 (V95) of the former is paired with
P125 and G126 of the latter. Aditioanlly, 93 and 96-98 are paired with196-198 (K197).
Couplings between lever and AT Pase domains: K301- C707 and L330-F694 coupled
pairs. 49-364 (K353) is paired with 689-704 (P696). 607-612 (H610) and 618-619 are paired
with 693-695. Couplings between clamp and lever domains. 457-502 (S479) of the
former is paired with 555-582 (T568); 512-524 (Q518) is paired with 555-563; and 538 to
553 (Q545) is paired with 554-564 of the lever domain. ¢) MSH6. Mismatched MutSa.-
DNA complex. Coupled pB-stands within the mismatch binding domain: 60-67 (V63) is
paired with 117-123 (A120); the latter is also paired with 150 -155 region, and K67 is paired
with R150. Couplings between lever and ATPase domains. 713-714 (M713) of the former
is paired with798-799 (Y798) of the latter. Communicationswithin the lever domain:
C404 and H405 are paired with C701, and L451 is paired with D697; 541-543 (P542) is
paired with D685 and A689. Communication within the ATPase domain: 768-770
(\V769) is paired with R902 and L903. d) MSH®6. Platinum cross-linked MutSa-DNA
complex.

Extensive communication within the mismatch binding domain: paired with the end of the
mismatch binding domain, K143 and f strand150-153 (1152), are 46-47 (T46), 50-51 (R50),
and 64-67 (164) from the mismatch binding site; B strand 61-67, Y72, D78, and 181 are
paired with B strand 117-124 (R121); the latter is also paired with150-157. Communication
between mismatch binding and lever domains: 123-125 of the former is paired with 481-482
(A481) of the latter. Communication between mismatch binding and connector domains:
R154 and 1155 are paired with 329-335 ('Y329) and C333, respectively. Communications
between lever and AT Pase domains: 372 -373( M372) is paired with 794-795 (Q794) and
810-81 (D810); 417-421 (L417) is paired with 792-796 (Q794); 424-437 (R430) is paired
with both regions 715-718 (P716) and 793-799 (see Q794); 697-706 and 713-714 are paired
with R715 (see P716 ) and 795-799 (see Q794), and 789-805, respectively. Communication
between the clamp and lever domains: 581-588 (R585) of the former is paired with
656-664 (A660) of the latter. Communication within the connector domain: 206-210

( F208) is paired with 344-347 (F345. Communication within the lever domain: 400-416
(see L417) and 427-437(R430) are paired with 694-706 (L699).
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d)

Figure 4. Highly significant correlationsin platinum cross-linked system that became weak in
the mismatched system.M SH2

a) Correlations between mismatch binding and connector domain: D91 and 96-98 (Q97),
from the former, are paired with P125 and 196-198 (K197) from the latter. Correlations
within the connector domain (b): S144-G146-V147-D167; G149-Q218; VV166-P196;
P202-1224 (10.37 A apart); K235-D240 (10.27 A apart); R243-K246. Correlations within
thelever domain (c): G315-E318; D319-G322; Q397-L401; and A398-Y405 coupled pairs.
A bifurcation point in information flow: the end of the first section of the lever domain,
region 451-456 (M453) is coupled with both 469-478 (\VV470) of the clamp domain and
574-580 (A576) of the second section of the lever domain. Additionally, high correlations
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between two adjacent regions, 572-583 (see A576) and 584-586 (S586) became weak
correlations in the mismatched system. Correlations within the clamp domain: N538 is
coupled with 496-498 (1497), 500-503 (D502), and R524, which are 18.60, 8.86, and 19.4A
apart, respectively; K528, F539, S540, T541, and V549 are paired with residues 498-511.
Coupling between clamp and lever domains: L458-E580 pair, 15.54A apart. Couplings
within the ATPase domain: A710-D748; G753-T754; E786-T788; and K847-Q855
coupled pairs.

MSHBG6: d) Correlations within the mismatch binding domain: C135 and R136 are paired
with P128; R136 is also paired with E129; K137 is paired with 1141, V148 and R149; V148
is also paired with A139. Correlation within the connector domain: T311-E304 coupled
pair. Correlationswithin thelever domain: from the first section of it, L382-1384-L.397
and the coupled pairs 1427-L437 and P477- D478; from the second section, D670 is paired
with residues 660-663(E662). Correlations between the clamp and lever domains: R584-
E661 and Q588-E662coupled pairs. Correlations between lever and AT Pase domains:
C714 from the end of the former, depicted in brown for clarity, is paired with A790 from the
later. Correlations within the AT Pase domain: the correlated pair D852-1929, 21.28 A
apart; region 769-771 (L771) is coupled with K927, about 17 A apart; 943-947 (L944) and
955-956 (G955) are coupled with F939.
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Cancer related highly significant communications within the protein and protein-DNAJ.

On thelist Tobetested

MSH2 S13, V17,E28, T33, L92, L93, R95, R96, Q97, Y98, Y118, A123, 144, 166, 197, 202, 204, 218, 318, 319, 353, 401,
G146, G149, P196, E198, 1224, K235, R243, K246, K301, G315, G322, | 404, 447, 451, 452, 455, 458, 528, 538, 539, 549,
P349, R359, D361, Q397, V417, L421, L458, V470, S473, S479, R482, 585, 586, 588, 786; 249, 252, 253, 290, 291, 412,
E483, Q493, L503, G504, D506, G508, Q510, S516, E518, F523, R524, | 415, 416, 418, 420 422, 668, 817
S554, L556, L559, E561, E562, Y563, T564, G566, K567, T568, E569,
1577, E580, N583, A609, R612, Y619, P622, E690, G692, C697, S699,
V702, T788

MSH6 181, 1155, F345, R400, R411, W416, A426, L431, A433, L437, A660, 117-124, 333, 427, 670, 695, 696, 698-706,
D697, G796, G798, A801, E802, E832, D852, R902, R943 715-718, 793-795, 797; 830

MSH2-MSH6 | MSH2: W764, E842,Q846 MSH6: 862, 865, 951, 954-956, 958, 959; MSH2:
MSH6: T864, 1866, 1952, Q953, A959, R960, F962 757-769, 843-845, 848

DNA-MSH2 - -

DNA-MSH6 L74, R107 -

Based on the present analysis we propose the following residues for mutagenesis studies to assess mutations in MSH2 that would affect the DNA-
damage induced apoptosis but not the MMR repair function: S144, V166, K197, P202, G204, Q218, E318, D319, K353, L401, C404, F447, Q451,
E452, E455, 1458, K528, N538, F539, V549, E580, S585, S586, Y588 and E786.

'Zln italic are residues associated with mismatched complex, or proposed for the repair signaling. Unmarked are residues found involved in
correlations unique for the PCL complex, or proposed for apoptosis signaling. Underlined are the common residues. Certain residues on the list
were found as correlated pairs. The proposed residues were predicted as correlated with residues on the list, found to be involved in multiple
correlations (the case of K353 and N538 from MSH2, as well as 715-718, 695, 696, 698-706, 793-795 and 797 from MSH6), or the case of highly
significant correlations in the repair system that became weak.
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