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Abstract
Avoidance of apoptosis is one of the hallmarks of cancer development and progression.
Chemotherapeutic agents aim to initiate an apoptotic response, but often fail due to dysregulation.
MSH proteins are capable of recognizing cisplatin damage in DNA and participate in the initiation
of cell death. We have exploited this recognition and computationally simulated a MutS homolog
(MSH) “death conformation”. Screening and docking experiments based on this model determined
that the MSH2-dependent cell-death pathway can be induced by a small molecule without DNA
damage, reserpine. Reserpine was identified via virtual screening on structures obtained from
molecular dynamics as a small molecule that selectively binds a protein “death” conformation.
The virtual screening predicts that this small molecule binds in the absence of DNA. Cell biology
confirmed that reserpine triggers the MSH2-dependent cell death pathway. This result supports the
hypothesis that the MSH2-dependent pathway is initiated by specific protein conformational
changes triggered by binding to either DNA damage or small compound molecules. These
findings have multiple implications for drug discovery and cell biology. Computational modeling
may be used to identify and eventually design small molecules that selectively activate particular
pathways through conformational control. Molecular dynamics simulations can be used to model
the biologically-relevant conformations and virtual screening can then be used to select for small
molecules that bind specific conformations. The ability of a small molecule to induce the cell
death pathway suggests a broader role for MMR proteins in cellular events, such as cell death
pathways, than previously suspected.
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1. Introduction
Mismatch repair (MMR) is a highly conserved process in both prokaryotes and eukaryotes
that is responsible for recognizing and repairing replication errors involving insertions,
deletions and misincorporation of bases. This function is critical in maintaining the genetic
stability of the cell; defects in MMR proteins cause an accumulation of mutations, most
evident in the appearance of microsatellite instabilities. The MutS protein in prokaryotes,
and its homologs (MSH2/MSH6/MSH3) in eukaryotes, are responsible for the first step in
this process; DNA mismatch recognition and the formation of the initial protein/DNA
complex. The recognition proteins then recruit additional proteins to complete repair [1, 2].
Recently, it was discovered that these same proteins, MutS and its eukaryotic homologs
(MSH2/MSH6/MSH3), also recognize DNA damage and contribute to the initiation of cell
death in response to DNA damage [3-7].

The precise role of these proteins in cell death has been subject of considerable debate. Two
main hypotheses are entertained for the involvement of MMR proteins in this response; a
“futile” repair cycle hypothesis and a direct-signaling hypothesis [4]. The “futile” repair
cycles hypothesis suggests repeated attempts to repair damage-containing mismatches in
which the damage persists, rather than being repaired, resulting in “futile repair” attempts.
These repeated cycles are thought to lead to DNA strand breaks as the actual initiators of
cell death [6,9]. The “damage-signaling” or “direct signaling” hypothesis suggests a direct
involvement of the MMR proteins in signaling by initiating a pro-cell-death signaling
cascade [6]. This hypothesis suggests that there are two functions for at least one MMR
protein, MSH2. It further suggests that the choice between repair and cell death pathway is
determined by differing conformational changes induced by binding to either damaged
DNA, for the cell death function, or to mismatched DNA, for the DNA repair function [3,7].
The direct-signaling process does not necessarily involve the repair function of the MMR
proteins, and the repair function does not necessarily require the cell-death function.

Which hypothesis is correct is still an open question, and both processes could, and likely
do, occur under different circumstances. However, previous work [7,8] leads credence to the
direct signaling model by demonstrating that repair-deficient MMR mutants are functional
in MMR-dependent cisplatin cytotoxicity. This suggests that the two functions are distinct,
as the cytotoxic response has different functional requirements from DNA repair and vice
versa.

Our previous work [7], indicated that the “trigger” for activation of the cell-death pathway is
a set of distinct, both local and distant, conformational changes induced in response to DNA
damage in form of a 1,2-GpG cisplatin intrastrand crosslink, changes which should then
allow for binding of different proteins to the MSH2/MSH6 complex in order to activate the
cell-death pathway. The existence of such a trigger was identified via molecular dynamics
simulations and confirmed in cell biological experiments [7].

We hypothesized that the existence of a conformational trigger suggests that it might be
possible to combine the molecular dynamics results with in silico virtual screening to
identify ligands that would bind to the pro-cell death conformation by imitating the
structural effects of DNA damage. This conformational change, induced by a small
molecule rather than by DNA damage, would then trigger a cell-death pathway. If such a
molecule were foundit would imply that the long-range conformational changes which
determine the choice between the different cellular pathways are robust. Results reported
herein suggest that small molecules indeed are capable of mimicking DNA damage and
inducing MSH2-dependent cell death.
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2. Materials and methods
2.1. Molecular Dynamics Simulations

The simulation protocol is largely the same as described elsewhere [7], differing in the use
of a constant pressure algorithm, and differing simulation lengths, and is briefly summarized
here. The X-ray structure of Escherichia coli MutS in complex with DNA was the initial
starting point [13]; hydrogen atoms were added using the hbuild facility of CHARMM [14]
and TIP3P water molecules and counterions were added using the Visual Molecular
Dynamics (VMD) package [15]. The CHARMM27 force field [16] was used for the entire
complex with additional parameters added based on pre-existing cisplatin parameters [17].
The platinum adduct crosslinks two adjacent guanines. The simulation was performed in
NAMD [18] using standard parameters: a 2.0 fs timestep using SHAKE on all bonds to
hydrogen atoms, a 12 Å cutoff, Particle Mesh Ewald with a 128 grid points on a side,
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 [18]. The
simulation protocol consisted of 250 ps of thermal equilibration to 300K, followed by 10 ns
production simulation. The resulting structures were clustered using CHARMM’s k-means
clustering algorithm on alpha-carbon positions, with a 1 Å radius cutoff. The structural
models were taken as the centroids of the final equilibrated cluster.

2.2. Virtual Screening
AutoDock 3.0 [19] was used to perform 3D docking into the structural models generated
from the simulations. Docking grids form vdW and electrostatic interactions were generated
using standard AutoDock charges, vdW and electrostatic parameters on cubic grids, 18.75 Å
on a side. The grids were centered on the midpoint of the line connecting the two guanine
nitrogens that are crosslinked in the platinated simulation, but the grids were generated in
the absence of DNA and the platinum adduct. This preparatory work was performed using
AutoDock Tools. The NCI diversity dataset was obtained in 3D mol2 form, converted into
autodock form, and screened using default Autodock Lamarckian genetic algorithm
parameters [19] except the number of runs was increased to 256. The estimated inhibition
constant, Ki, calculated by AutoDock was used as an estimator of the quality of binding.
Twenty-fold differential binding was required to consider a structure as a suitable potential
lead.

2.3. Cell Survival Assay
HEC59 cells and their isogenic counterpart with chromosome 2 transfer were grown in
standard growth media of DMEM-F12 +FBS.

The CellTiter 96® AQueous One Solution Cell Proliferation Assay® is a colorimetric
method for determining the number of viable cells in proliferation, cytotoxicity or
chemosensitivity assays. The CellTiter 96® AQueous One Solution Reagent contains a
tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt; MTS] and an electron coupling reagent (phenazine
ethosulfate; PES). PES has enhanced chemical stability, which allows it to be combined with
MTS to form a stable solution.

Assays were performed by adding a small amount of the CellTiter 96® AQueous One
Solution Reagent directly to culture wells, incubating for 1–4 hours and then recording
absorbance at 490nm with a 96-well plate reader. The quantity of formazan product as
measured by the amount of 490 nm absorbance is directly proportional to the number of
living cells in culture.
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Cells were plated in 96 well plates at a concentration of 5000 cells/well in 100 μl media and
incubated overnight. Media was replaced with fresh media containing drug at indicated
concentrations and allowed to incubate for 24 hrs. Untreated cells received fresh media
containing 0.1% DMSO. One solution reagent (CellTiter 96(r) AQueous One Solution
Reagent) was added to existing media (20 μl/well) and allowed to incubate 3-4 hrs. A plate
reader was used to record the absorbance at 490 nm.

2.4. Western Blot analysis
Protein extracts of HEC59 and HEC59 chr. 2 cells were separated on a 16% SDS
polyacrylamide gel, transferred to a PDBV membrane and probed with a monoclonal
antibody against cleaved caspase-3 (Cell Signaling Technology). This antibody detects only
the large fragment (17/19 kDa) of cleaved caspase-3, and not the full length caspase-3 or
other cleaved caspases. The activated caspase-3 results from cleavage at Asp 175.

2.5. Overexpression and purification of S. cerevisiae Msh2/Msh6 complex
The plasmids pET11a-MSH2 and pLANT2/RIL-MSH6 were transformed into BLR(DE3)
cells for coexpression of S. cerevisiae MSH2 and MSH6. A fresh transformant was grown in
LB media at 37 °C to an OD600 0.500 and induced with 0.5 mM IPTG for 3 hrs. Cells were
pressure lysed in Buffer C (25 mM Tris-HCl, pH 8.0, 5% glycerol, and 1 mM EDTA). Cell
debris was removed by centrifugation and supernatant was loaded on a SP Sepharose
column equilibrated with buffer C + 25 mM NaCl. The column was washed with buffer C +
25 mM NaCl, and then eluted with a linear gradient of buffer C, 0-360 mM NaCl. Fractions
containing MSH2-MSH6 were pooled and loaded on a S200 size exclusion column
equilibrated with buffer C + 200 mM NaCl. The column was washed with buffer C + 200
mM NaCl until MSH2-MSH6 elution. Fractions with purified MSH2-MSH6 were pooled.
The protein was aliquoted and frozen for storage at −80 °C until needed.

2.6. Gel shift experiments with purified protein
Oligonucleotides sequences and reactions were as described [3]. Cisplatination of the non-
fluorescent strand was performed as described [3]. Heteroduplex DNA was hybridized to an
end concentration of 100 nM, as described previously [3]. The sequence of the
oligonucleotides is as previously described [3]. One oligonucleotide in the double-stranded
DNA molecule wa fluorescently labeled with TAMRA (Oligos Etc.) for non-radioactive
visualization on a TYPHOONTM. 100 nM protein were incubated with 10 nM of
unplatinated, mismatched or platinated DNA, , and binding assays were performed as
described previously [3]. Samples were separated on 6 % non-denaturing polyacrylamide
gels.

2.7. Limited Proteolysis
375 nM purified wild type Msh2/Msh6 protein was incubated with the indicated DNA
substrates in binding buffer [3] in a total volume of 25 μl. 6 μl of a 320 ng/ml trypsin
solution was added and reactions incubated at room temperature for 15 min. The reactions
were stopped by boiling for 10 min, and mixed with 5 μl denaturing gel loading dye
(Invitrogen). Protein fragments were separated on a 4-20% Tris-Glycine gel (Invitrogen)
under denaturing conditions. Silver staining was performed to visualize banding patterns.
ImageQuant TL (Amersham Biosciences) was used to analyze the lanes of the gel. Pixels are
shown as peak diagrams.
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3. Results
3.1. Computational identification of small molecule inducers of MSH-dependent cell death

The conformational trigger for MMR-induced cell death was identified via a molecular
dynamics simulation of MutS, a homolog to MSH2/MSH6, containing a (1,2)GpG-
intrastrand crosslink, a major adduct of cisplatin treatment. The resulting model for the
MutS response involved local and distant changes in protein-DNA and monomer-monomer
interactions [7]. A full discussion of the changes are beyond the scope of this paper, and two
of the main differences are as reported previously [7]; local rearrangements in the DNA
binding region – which becomes the small molecule binding region in the virtual screening
-- and a conformational change in the variable loop-disordered loop interaction at the dimer
interface were observed. We simply note that the simulations used to generate the model for
the virtual screens show structural differences consistent with our previous work, and that
these differences are sufficient to selectively screen small molecules for MSH2-dependent
cell death. While there has been some recent work [10,11] combining virtual screening with
molecular dynamics, which illustrates the potential utility of such an approach, the approach
used hereis novel in that it targets specific conformations to selectively activate an
endogenous biological pathway. This raises the possibility of using conformational
selectivity [12] in drug discovery, e.g., targeting specific conformations of proteins and
inducing pathways directly.

The National Cancer Institute has several databases that can be screened for drug discovery
(http://dtp.nci.nih.gov/webdata.html). For our virtual screening, the NCI diversity set was
selected. This collection is designed to present a diverse group of pharmacophores for
screening and almost all of the structures for the small molecules are readily available for
3D grid docking. The diversity set of the NCI consists of 1990 compounds that were
selected from the entire NCI compound library based on small numbers of rotatable bonds
and pharmacophore diversity to present good candidates for virtual screening.

As the aim of the virtual screening is to identify small molecules that will selectively target
the pro-apoptotic conformation, the members of the diversity set were screened against two
representative protein structures obtained from molecular dynamics simulations: one
structure of the cisplatin-bound DNA/MutS complex, which is known to initiate MSH2-
dependent cell death, the “pro-death conformation” and a second structure representative of
the undamaged DNA/MutS complex, the “pro-repair conformation” [7]. These structures are
the centroids of the most occupied clusters of the molecular dynamics simulations, and so
are the optimal models for the two protein/DNA complexes. Each structure was screened
twice for a total of four screens. One screen was performed on each structure with DNA,
although without the platinum adduct, as the purpose of the screen was to identify small
molecules that would mimic the effect of the platinum adduct. A second screen of each
structure without any DNA was performed, to identify small molecules that would bind the
pro-death protein conformation even in the absence of DNA.

After screening, the relative predicted binding affinities were used to select small molecules
that preferentially bind the structure in the pro-death conformation either in the presence or
absence of DNA. Several molecules were found computationally to bind the pro-apoptotic
conformation with a predicted Ki at least 20-fold better over the normal pro-repair
conformation. This change in Ki results from worse atomic contacts in the pro-repair
conformation than in the pro-death conformation. As noted previously, the pro-death
conformation of MutS shows distinct conformational changes relative to the pro-repair
conformation. These conformational changes are sufficient to allow for significantly better
binding of specific small molecules to the pro-death conformation than to the pro-repair
conformation, as measured by the predicted Ki’s.
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Only one compound, reserpic acid, was readily available commercially for experimental
analysis. Reserpic acid also has several commercially available derivatives. Interestingly,
one of these derivatives, reserpine (Fig. 1), is an FDA-approved, naturally occurring indole
alkaloid previously used to treat hypertension and decrease the heart rate [20]. This
compound was chosen for experimental studies along with reserpic acid. Reserpic acid was
quickly determined to be a poor compound for cellular studies; the molecule appeared to
have poor cellular uptake; not surprising given its low partition coefficient (data not shown).
Reserpine, however, was amenable to cellular studies.

Reserpic acid, and its derivative reserpine (Fig. 1), are predicted to selectively bind to the
damaged structure in the same binding pocket as DNA (Fig. 2) The amino acids which are
primarily responsible for binding DNA either interact with reserpine, as is the case for Met
33 and Glu 38 in MutS, or are hindered from interactions, as is the case for Phe 36 in MutS,
the primary specific contact to mismatched DNA. As a result of these interactions, the
binding mode of reserpine overlaps with the binding mode of DNA (Fig. 2, and 6), and the
predicted selectivity for the pro-death conformation occurs only in the absence of DNA.

3.2. Reserpine induces MSH2-dependent cell death
Our prediction from molecular modeling is that reserpine would bind the MutS/MSH
proteins in the same conformation found with proteins that are bound to the platinated DNA
adduct, i.e., the “pro-death” conformation, but would bind less well when the proteins are in
the conformation associated with mismatch recognition, i.e., the pro-repair conformation.
Due to our modeling results, we hypothesized that this specific binding to the “pro-death”
conformation would induce a similar MMR protein-dependent cell death response as was
found with platinated DNA [Topping and Scarpinato; unpublished, 7]. To test this
hypothesis, we determined if the cell death response after exposure to reserpine is MSH2-
dependent. If so, this would indicate that a small molecule can indeed induce MSH2-
dependent cell death.

The specific, MSH2-dependent cell death response was tested in several cell biological
experimental assays. We first performed a standard MTS assay, in which cells proficient and
deficient in MSH2 were exposed to increasing concentrations of the drug and cell viability
was determined. This assay is based on the mitochondrial activity of living cells that reduces
the tetrazolium compound (MTS) into a formazan product that can be
spectrophotometrically detected at OD490. MSH2-dependent cell-death would be seen if the
lack of MSH2, i.e., the msh2-deficient cells, resulted in increased cell survival over those
cells with MSH2, i.e., the MSH2-proficient cells. Although these cells are deficient in p53,
which may alter sensitivity or resistance to compounds, this internal comparison remains
valid.

As predicted from the computational modeling, the msh2-deficiency results in a significant
increase in resistance to reserpine, as demonstrated by the cell survival results for MSH2-
proficient and –deficient cells exposed to reserpine (Fig. 3). The roughly 2-fold difference in
IC50 values (93 μM in deficient cells vs. 61 μM in proficient cells) is the reminiscent of the
difference observed after treatment with cisplatin [7]. This result suggests that reserpine is as
effective in inducing cell death as DNA damage caused by cisplatin. However, cisplatin
response differs from reserpine in that it is a slower response. Cisplatin only kills cells 72 to
96 hours after exposure, while reserpine response is already observed 24 hours after
exposure (Fig. 3).

These data confirm our computational prediction and show that computational modeling can
be used to identify compounds that specifically target the MSH2-dependent cell death
pathway.
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3.3. Two different Reserpine analogs affect MSH2-dependent cell viability differentially
We next determined if the MSH2-dependent cell death response observed with reserpine is
limited to this compound or can be re-capitulated by other reserpine-like compounds.
Rescinnamine, another FDA-approved compound used for hypertension, was analyzed for
its effect on MSH2-dependent cell viability in MTS assays (Fig. 4). This compound contains
a longer hydrophobic bond between rings 5 and 6, increasing the length of the molecule
without changing the functional groups. MSH2-deficient cells show a significant increase in
resistance to increasing concentrations of the compound, again reminiscent of the response
to cisplatin. Rescinnamine is hence another example for the induction of MSH2-dependent
cell death. Evodiamine, a drug suggested in diet-induced obesity, contains only the basic
ring system found in reserpine and rescinnamine, but lacks the additional ring 6 and several
functional groups. Exposure of both MSH2-proficient and –deficient cells to evodiamine
does not show any cell killing, or a difference between both cell types. With their
differential use in hypertension and obesity, reserpine, rescinnamine and evodiamine clearly
have multiple effects on the cell. The induction of MSH2-dependent cell death appears to
require very distinct structural features of the compound, which has been specified with an
array of other additional compounds [Vasilyeva, King, Salsbury and Scarpinato;
unpublished].

Our data demonstrate that the induction of MSH2-dependent cell death by a small molecule
is not limited to reserpine, but can be re-capitulated by other molecules.

3.4. Reserpine induces MSH2-dependent activation of caspase-3
We next determined if we can detect the activation of a protein known to function in
apoptosis in response to reserpine. Cells proficient and deficient in MSH2 were exposed to
reserpine and cell extracts analyzed via Western blot for cleaved caspase-3. An antibody that
recognizes only the large fragment of caspase-3 (17/19 kDa), after cleavage at Asp175 was
used in this assay, while uncleaved caspase-3 is not recognized. Fig. 5 shows a
representative figure of this experiment. Proficient cells were treated with staurosporine
(STS) as a control for caspase-3 cleavage. Neither cell line shows significant levels of
cleaved caspase-3 in the absence of insult. Addition of reserpine to MSH2-deficient cells
results in a weak induction of the protein, primarily in the appearance of the 17kDa
fragment. MSH2-proficient cells exposed to reserpine show a strong induction of caspase-3
cleavage. These results are consistent with a MSH2-dependent apoptotic response to
reserpine.

3.5. Reserpine can compete with protein-DNA interactions
Computational modeling predicts that the binding of reserpine (and rescinnamine) in the
binding pocket of MutS overlaps with bound DNA (Fig. 6A, B, C). The molecules are
suggested to bind in the area occupied by the major groove at the site of a mismatch (Fig.
6B) or a 1,2-GpG cisplatin adduct (Fig. 6C). This predicted binding mode would
significantly interfere with the binding to both mismatched and damaged DNA. We tested
this prediction in a competition assay for DNA binding. Gel shift assays in the absence and
presence of reserpine and evodiamine (control) were performed (Fig. 6D). Reserpine itself
has no measurable effect on the mobility of the heteroduplex in this assay in the absence of
protein (lane 2). Msh2/Msh6 shows the characteristic shift in mobility, indicating binding of
the protein to the single G/T mismatch contained in the oligonucleotides (lane 3). In the
presence of reserpine, a decrease in the protein-DNA complex is observed (Fig. 6, lane 4),
which is not observed in the presence of evodiamine (lane 5), consistent with the differential
effects of the drugs in the cell (Fig. 4). This decrease in DNA binding is only observed when
a high excess of reserpine over protein and DNA (2,000-fold excess over protein, data not

Vasilyeva et al. Page 7

DNA Repair (Amst). Author manuscript; available in PMC 2012 July 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



shown) is present, suggesting a kinetic effect in the competition for binding of DNA and
small molecule to the protein.

3.6. Reserpine induces conformational changes much like cisplatin
We next performed a preliminary analysis to determine the relative conformational changes
induced by reserpine in comparison to mismatched DNA and cisplatinated DNA (Fig. 7.).
Limited trypsin proteolysis was performed on yeast Msh2/Msh6 protein in the absence of
DNA (not shown) or the presence of mismatched DNA, cisplatinated DNA, reserpine (100
μM), respectively. The silver-stained gel was analyzed using ImageQuant software to detect
the banding patterns of samples. Several differences are noted between the presence of
mismatched and DNA damage/small molecule (Fig. 7). Fragments present in the presence of
mismatched DNA are labeled 1-7. Additional fragments that appear in the presence of
cisplatinated DNA, or reserpine are labeled A-C. In addition to the appearance of larger
fragments A-C, fragment 2 is more pronounced in the presence of cisplatin (lane 2) or
reserpine (lane 3), while fragment 7 is not easily detectable in these experiments. Comparing
the pattern obtained with cisplatinated DNA and reserpine, a remarkable similarity is
observed (lanes 2 and 3). This is consistent with the induction of distinct conformational
changes in the presence of DNA damage or small molecule in comparison to the presence of
mismatched DNA, while such differences are less pronounced when comparing the patterns
observed with DNA damage or small molecule themselves (lanes 2 and 3).

4. Discussion
Our evidence, suggests that a small molecule is capable of initiating MSH2-dependent cell
death, independent of DNA damage (Fig. 3). We show that this response is specific for
certain compounds (Fig. 4) and induces caspase-dependent apoptosis (Fig. 5).
Computational modeling predicted the binding of the small molecules in the same binding
pocket as DNA, which would interfere with DNA binding. This competition can be
observed in in vitro assays (Fig. 6), however, a high excess of reserpine is required to
observe this effect. Likely, this is due to a kinetic effect. Interactions of MSH2/MSH6 and
protein involve a multitude of individual interactions [22], which are mostly lost in the
interaction with reserpine, due to the size difference between DNA and the small molecule
(Fig. 5b, c). Hence, a higher concentration of reserpine is required to actively compete with
the DNA. In vivo, several other factors may contribute to the successful induction of
reserpine-induced cell death, such as cellular compartmentalization and accessibility of the
compound (unpublished).

Reserpine, a Rauwolfia alkaloid, is an FDA-approved drug that causes depletion of
catecholamines and had been in clinical use for hypertension. Due to the high concentration
used in patients, severe side effects stopped the clinical use of the compound. An early-
described carcinogenic effect of the drug was later disputed [23]. Reserpine was shown to
not induce any genotoxic or chromosome destabilizing effects, suggesting a lack of direct
interactions with DNA [24,25]. Based on these previously discovered consequences of
reserpine treatment, and conflicting reports on its effects, this compound is clearly not a
choice chemotherapeutic agent. Rather, our data are a proof-of-principle for the induction of
MSH2-dependent cell death by small molecules that appear to mimic DNA damage. This
result can be exploited for the generation of novel agents that specifically induce mismatch
repair-dependent cell death.

The observation that reserpine and some of its analogs can induce MSH2-dependent cell
death without DNA damage is unexpected, since MSH2/MSH6 is typically described as a
DNA mismatch and damage recognition protein complex. This result is not consistent with a
“futile” repair cycle hypothesis for cisplatin induced cell-death. The computational and
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experimental results together suggest that a small molecule can stimulate the conformational
changes induced by DNA damage and initiate the same cellular response as DNA damage.
This result further emphasizes the idea that different conformational changes are likely
involved in the initiation of cell death. That a small molecule, reserpine, which is predicted
to bind in the same region as DNA, can produce the same cellular outcome as cisplatin
suggests that there are two general responses of MutS/MSH proteins to interactions with
molecules in the DNA-binding domain: one that triggers DNA repair and one that triggers
cell death.

This is the first evidence that MMR proteins do not require specific interactions with DNA,
but that inducers of certain conformational changes are sufficient to trigger a response. The
finding that this response can be triggered by a small molecule, independent of specific
DNA binding indicates that previous hypotheses of futile repair cycles and the requirement
for a mismatch to initiate MMR-dependent cell death do not apply to all types of damage.
Warren et al. [22] recently described that MSH2/MSH6 interacts with methylation damage
identical to a mismatch and suggested that the MSH2/MSH6 proteins are not directly
involved in the initiation of different cellular responses. This description is not immediately
reconcilable with our data, which suggest a direct involvement of the mismatch repair
proteins in cell death. The immediate implication of these studies, when taken together, is
that not all binding events to MMR proteins trigger the same responses. Also, the authors
only describe the methylation damage in conjunction with a mismatch, which will have
overlapping effects, that of the damage and that of the mismatch, which cannot easily be
distinguished. We suggest that methylation damage and DNA platinum adducts may trigger
cell death differently, and that the latter can be mimicked by small molecule binding.

Cisplatin was chosen as a model compound to predict the “death conformation” of MSH
proteins, since it appears to be the only compound described today that may function in a
futile cycles-independent, MMR-dependent mechanism (Topping, Wilkinson, and
Scarpinato; unpublished). As mentioned above, the well-described response to O6-
methylguanine primarily functions via futile cycles of repair, a mechanism that we are
proposing to be different from the cisplatin response. This is substantiated by the fact that
the methylation damage is recognized in the same manner as a mismatch [22], and appears
to require the formation of a mismatch as a prerequisite for MMR-dependent cell death
initiation. Based on this reasoning, cisplatin adducts were used to model the MSH protein
conformation initiating cell death response.

Though resulting in a relatively weak difference in sensitivity between MSH2-proficient and
deficient cells, this difference is sufficient to have clinical implications that are observed in
increased cisplatin resistance of patients with MMR defects [26].

Interestingly, the MSH2-dependent response to reserpine differs from that to cisplatin in its
time-dependence (Fig. 3). The response to cisplatin requires 72 to 96 hours of exposure to
show an MSH2-dependent cell death response, which was previously interpreted as a
requirement for replication to occur that would provide mismatches and then induce futile
repair cycles. In contrast, the response to reserpine can be observed after only 24 hours.

The cultured cells used in this experiment carry a dysfunctional p53 gene [21]. p53
deficiency may alter sensitivity or resistance to DNA damage. However, we here compared
cells that should only differ in mismatch repair status. The comparison of results obtained
with these two cell lines remains valid. The lack of p53 in the cells used herein leads to the
conclusion that the cell-death pathway is both dependent on MSH2 and independent of p53.
This is an important discovery for both potential drug development, and for understanding
the cell biology of the cell-death response. First, the other actors in the MSH2-dependent
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cell death are unknown; knowing that it is p53-independent suggests that some conventional
apoptotic pathways are not involved. Second, about 50% of tumors carry mutant p53 alleles,
and many cancer therapeutics depend on pathways that require active p53. A therapeutic that
activates the MSH2-dependent cell-death pathway might be advantageous as it would
eliminate the requirement for functional p53.

Though compounds that induce mismatch repair-specific cell death will likely kill benign
and cancerous cells, a certain specificity for cancer cells will be achieved by the fact that
mismatch repair proteins are more abundant and active in highly proliferating cells. One
downside is that such compounds are not suitable for tumors with mismatch repair defects,
such as patients with HNPCC.

Our ability to use computational modeling to predict that a small molecule will selectively
interact with a specific conformation, and thereby induce a specific pathway, has
implications for drug discovery. First, the predicted cellular outcome, i.e., MSH2-dependent
cell death, was confirmed experimentally, which suggests that molecular simulations have
achieved a level of accuracy sufficient to model conformational changes relevant for drug
discovery, at least in this particular system. Second, these results suggest that future research
in structure-based drug discovery should, where relevant, aim specifically at perturbing
conformational ensembles.

Our findings change the current assumptions made on the involvement of MMR proteins in
cytotoxic response to endogenous and exogenous cytotoxic compounds. They suggest that
futile repair cycles of DNA damage are not necessarily required for the participation of
MMR proteins in the cell death response, as no requirement for DNA damage exists. This
finding should direct future research analyzing the MMR-dependent cell death pathway and
those molecules that initiate a MMR-dependent response. Most significantly, our results
suggest a much larger role for MMR proteins in major cellular activities that go beyond the
mere recognition of DNA damage.
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Fig. 1.
Structures of reserpic acid and reserpine. Standard two-dimensional chemical drawings of
reserpine (left) and reserpic acid (right).
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Fig. 2.
Small-Molecule binding mode is in the DNA binding pocket. The predicted binding poise is
depicted in two different representations. On the left, the entire protein complex, taken from
the MutS/cisplatinated DNA molecular dynamics simulation [7], is shown in a cartoon
representation, F36, M33 and E38 are in a gray vdW representation, and reserpine is in a
blue vdW representation. On the right is a rotated close-up of the binding pocket with the
same color scheme.
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Fig. 3.
MTS cell survival assay shows MSH2-dependent cell viability after concentration-
dependent (a) reserpine and (b) cisplatin treatment. A representative MTS cell survival assay
of MSH2-proficient (triangle) and –deficient (square) cells in the presence of increasing
concentrations of reserpine (as indicated) and cisplatin is shown. Percent cell survival is
plotted in reference to untreated cells. Mean values and standard deviation of three
independent experiments are shown. Results are shown 24h ((a) and (b) left panel) and 72h
((b) right panel) after exposure.
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Fig. 4.
MTS cell survival assay with two reserpine analogs: (A) Structure and MTS assay of
MSH2-proficient (triangle) and –deficient (square) cells after exposure to increasing
concentrations (as indicated) of rescinnamine. (B) Structure and MTS assay of MSH2-
proficient (triangle) and –deficient (square) cells after exposure to increasing concentrations
(as indicated) of evodiamine. Shown is cell viability in percent compared to untreated cells.
Mean values and standard deviation of three independent experiments are shown.
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Fig. 5.
Western blot analysis of caspase-3 cleavage in MSH2-proficient (Hec59(2)) and – deficient
(Hec59) cells after exposure to reserpine and staurosporine (STS, control), as indicated. The
17 and 19 kDa cleavage products of caspase-3 are shown. Actin was added as a loading
control.
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Fig. 6.
(A) Van der Waals image of DNA containing a single 1,2GpG cisplatin adduct (red) as
predicted to bind by MutS in the structural model and its overlap with reserpine in its
predicted binding mode with MutS (F36, M33 and E38 are in a gray vdW representation,
and Reserpine is in a blue vdW representation). Predicted binding of reserpine (blue) and
rescinnamine (gold) as it overlaps with (B) mismatched DNA, and (C) cisplatinated DNA,
respectively. (D, E) Gel shift assay with yeast Msh2/Msh6 protein in the presence of
reserpine and evodiamine, as indicated. 100 nM protein were incubated with 10 nM
TAMRA-labeled oligonucleotides (mismatched DNA) in the absence or presence of 200
μM reserpine and evodiamine, respectively (see Materials and Methods).
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Fig. 7.
(A) Silver-stained SDS polyacrylamide gel of trypsin proteolysis of MSH2/MSH6 in the
presence of mismatched (lane 1), cisplatinated DNA (lane 2) and reserpine (lane 3),
respectively. Diamonds indicate fragments detected by the imaging software (B).
ImageQuant TL analysis of pixel intensity of individual fragments. Banding was detected
automatically after setting the slope to 300. Fragments present with mismatched DNA are
labeled 1-7. Additional fragments observed with DNA damage or small molecule are labeled
by letters. See Materials and Methods for details.
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