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Abstract

Vasilyeva, Aksana
Targeted Drug Discovery: Targeting a Specific Conformation of MutS/MSH
Proteins with Small Molecules
Dissertation under the direction of Karin D. Scarpinato, Ph.D., Associate Professor of
Cancer Biology, Co-director Cancer Biology Program
Mismatch repair proteins repair mismatches in the DNA and signal cell death in
response to certain DNA lesions. Due to these distinct functions of MMR proteins, they
are proposed to exist in at least two different conformations, “repair” and “death.” The
goal of this study was to exploit the structural aspects of the “death” conformation to
identify small molecules that will interact with MSH2/MSH6 and induce MMRdependent damage signaling pathway that has been shown to be p53- and ATMindependent. Utilizing molecular dynamics simulations and autodocking experiments,
databases were searched for commercially available compounds that preferentially bind
the “death” conformation of MSH2/MSH6. Reserpine and its derivative rescinnamine
were identified, both compounds previously used in the treatment of hypertension.
Reserpine and rescinnamine decrease cell viability and activate caspase 3 cleavage in a
MSH2- and MSH6-dependent manner. In addition, rescinnamine inhibits tumor growth
in a dose-dependent manner in in vivo pilot studies.
Derivatives of reserpine and rescinnamine were synthesized to determine parts of
the molecules important for interactions with the targeted proteins. It was established
that size of the molecule, its particular orientation within the DNA binding pocket, and

xiv

the presence of methoxy groups were pertinent for the induction of MMR-dependent
damage signaling.
Our model chemotherapeutic, cisplatin, is used to treat many types of cancer.
However, intrinsic and acquired resistance to cisplatin is a major obstacle in treatment.
Our studies have shown that treatment with rescinnamine sensitizes cisplatin-resistant
ovarian cancer cells to caspase 3- and caspase 9-independent cell death. A number of
resistance mechanisms to cisplatin were addressed, including elevation of ERCC1, a
repair protein; elevation of thymidylate synthase, an enzyme essential for DNA synthesis;
and overexpression of P-glycoprotein, a protein pump for the efflux of many
chemotherapeutics. TS protein levels were increased in cisplatin-resistant cells used in
the studies and may be a mechanism of resistance to cisplatin in these cells.
Rescinnamine was not found to target any of these resistance mechanisms.
Overall, it was demonstrated that computational modeling is a valid approach for
identification of small molecules that target a specific pathway and may aid in
discovering and developing new treatment options for patients with tumors that are
MMR-proficient and/or cisplatin-resistant.
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CHAPTER 1
General Introduction
Mismatch repair (MMR) proteins play a vital role in the life of a cell. They repair
mismatched bases or insertion-deletion loops (IDL) left after replication and possess the
ability to activate a damage signaling cascade culminating either in cell cycle arrest or
apoptosis (1). Since MMR proteins were first identified for their ability to bind and
repair mismatches, the discovery that MMR proteins bind to certain DNA damage lesions
and induce a damage signaling pathway was an unexpected finding. Studies indicate that
these two different functions of MMR in cell survival and cell death can be separated.
Defective mismatch repair results in accumulation of mutations and expansion of
repeated DNA sequences, termed microsatellites (2).

Successful repair of mismatched

DNA involves binding of MSH proteins (in the human system) to the site of the mispair,
followed by the binding of MLH proteins, and then directing the repair to the newly
synthesized DNA strand where the mistake is present, continuing on to synthesis to fill in
the gap (3). Thanks to the high fidelity of MMR process, MMR proteins increase the
fidelity of replication by 100-1000-fold (1). When damaged DNA is detected, however,
MMR proteins bind the lesion, but do not attempt to repair it; instead, they activate a
damage signaling cascade. Repair and damage signaling are two distinct functions of
MMR proteins.

How MMR proteins trigger damage signaling cascade and eventually

cell death is the main focus of this dissertation. The differences between these two events
are explored and utilized in identification of small molecules to target the cell death
pathway activated by MMR proteins.
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1.1.

Prokaryotic Mismatch Repair
MMR pathway is best characterized in a prokaryotic organism, Escherichia coli

(E. coli). Initially, a homodimer of MutS proteins binds to the mismatch in an ATPdependent manner (1, 4).

The MutS homodimer interacts and binds to the MutL

homodimer. This complex, in turn, interacts with the MutH endonuclease and activates
its endonuclease activity. MutH targets the temporarily unmethylated, newly synthesized
strand at hemimethylated GATC sites located within 1 kilobase of the error. Action of
MutH is indispensable, for E. coli mutants lacking MutH can process mismatches only
when a strand break is present near the mispair (4). Once a nick is created, MutLdependent DNA helicase II unwinds the nicked strand and is bound by the single-strand
DNA-binding (SSB) protein to allow for excision. The strand gets digested by 3’ or 5’
exonucleases (ExoI, ExoX, RecJ, and ExoVII), depending on whether the nearest hemimethylated GATC site is 5’ or 3’ to the mismatch. The exonucleolytic digestion halts
following excision of the mismatch. The gap is then filled by DNA polymerase III and
DNA ligase seals the strand, completing repair.

1.2.

Eukaryotic Mismatch Repair
The mechanism of eukaryotic MMR is more complex. The processes of MMR

pathway are conserved among eukaryotes and eukaryotic proteins are structurally and
functionally analogous to those of E.coli though additional homologs exist that form
dimeric complexes (5-8). In humans, MutSα, a heterodimer of MSH2 (MutS Homolog 2)
and MSH6 (MutS Homolog 6) and the most abundant mispair-binding complex, or
MutSβ, a heterodimer of MSH2 and MSH3, bind to single base mismatches and small
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insertion-deletion loops or large insertion-deletion (up to 16 extra nucleotides) loops,
respectively (1). Binding and hydrolysis of ATP by MSH2 and MSH6 is required for the
initiation of the MMR pathway (9, 10) and results in conformational changes of the
MutSα complex with the mispaired DNA. MSH3 and MSH6 have been demonstrated to
interact with proliferating cell nuclear antigen (PCNA) at replication foci, which is
present at 3’ terminus of an Okazaki fragment (11). Further, binding of MutLα complex,
composed of MLH1 (MutL Homolog 1) and PMS2 (Post-Meiotic Segregation protein 2),
to the first heterodimer in an ATP-dependent manner activates downstream repair that
includes nicking of the damaged strand, excision of the mismatched/damaged nucleotides
and synthesis of new DNA. In E. coli, nicking of the strand is accomplished by MutH.
In eukaryotes, however, no MutH homolog has been identified; therefore, it is not known
how nicking and strand excision occur, but it is thought that strand discontinuities, such
as nicks and gaps, i.e. Okazaki fragments, direct the MMR proteins to mismatch
recognition.
The processes of excision and resynthesis in eukaryotes have been studied by
reconstitution of purified proteins in vitro (12, 13). It was shown that exonuclease 1
(EXO1) catalyzes the 5’Æ3’ DNA degradation from a nick located 5’ to the mismatch,
requiring the presence of MutSα and ATP. Additionally, for optimal EXO1-dependent
5’Æ3’ degradation, high-mobility group box-1 protein (HMGB1) (14) and replication
protein A (RPA) (13) are needed, but not MutLα, which is required for 3’Æ5’-directed
repair (12). Once the mismatch is excised, RPA inhibits EXO1 by removing it from the
DNA (15). In contrast to 5’Æ3’-directed excision, 3’Æ5’ direction involves replication
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factor C (RFC) (13), which, upon formation of MutSα-MutLα-EXO1-PCNA-RFC
complex is thought to stimulate the 3’Æ5’ exonuclease activity of EXO1.

1.3.

Structural Aspects of MMR Proteins
The structural aspects of the MMR proteins described in this section relate to the

interactions of amino acids of the MutS and the MSH proteins with mismatched or
damaged DNA. The structural studies have important implications for the MutS/MSH
proteins initializing two distinct downstream events of repair or damage signaling. Due
to the ability of the MMR proteins to activate two different phenomena of repair and cell
death, these proteins are thought to exist in at least two distinct conformations, “repair”
and “death”. The crystal structure of E. coli MutS with a G/T mismatch has been
determined (8, 16). With respect to the human MSH complex, Warren et al. (8) has
reported on the crystallization of MSH2/MSH6 truncated complex with O6meG/T, an
adduct generated by a methylating agent, such as temozolomide, that is mispaired with
thymine. Thus, O6meG/T is a mismatch that also contains the damaged base, making it
impossible to distinguish between the contributions of the mismatch and the damaged
DNA to the interactions with the MutS/MSH proteins.

It is speculated that

conformational changes induced by O6meG/T may be different from those induced by
other DNA damaging agents. No structure of MSH2/MSH6 complex with another type
of DNA damage has been determined.

However, MutS and MSH proteins are

structurally and functionally conserved, thus, the structure of E. coli MutS has been used
for the studies described in this dissertation as the basis for computational modeling and
molecular dynamics simulations.
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Prokaryotic MutS
Each MutS protein has five domains: DNA-binding domain (domain I); connector
domain (II); core domain (III); clamp domain (IV); and ATPase/dimerization domain (V)
(17) (Figure 1.1). Two MutS proteins (subunit A and subunit B) form an asymmetrical
homodimer (16, 18), in the form of ‘praying hands’ (4). The ‘wrists’ (clamp domains) of
the ‘praying hands’ are close together, with ‘thumbs’ (DNA-binding domains) in close
proximity and the ‘fingers’ (ATPase domains) touching.

The core and connector

domains make up the ‘palm of the hand.’ The MutS protein generally consists of α
helixes and β sheets, except for 4 disordered loops (16). DNA-binding and clamp
domains interact and bind to DNA while the ATPase domain, which has the classical
Walker A motif, also contains the dimerization interface.
The

binding

affinities

of

MutS

to

different

mismatches

vary:

GT>GG>AA>TT=TC>CA>GA>CC>GC (19); MutS binds to the G/T mismatch the best.
Binding to the G/T mismatch, MutS homodimer introduces a kink of ~60˚ in the DNA at
the site of the mismatch (16, 20) as a result of destabilization; domains I and IV of both
subunits A and B of the homodimer form upper and lower channels at interfaces.
Interactions of subunit A and subunit B with DNA are asymmetrical (21), i.e. only the
residues of the subunit A form contacts with the mismatched base. In the presence of a
mismatch, heteroduplex DNA exists in bent and unbent conformations, but homoduplex
DNA just has one conformation, bent (20). Wang et al. (20) proposed that initially MutS
bends DNA in search of a mismatch; then, as a mispair is recognized, MutS undergoes
conformational changes to form an initial recognition complex (IRC). Once the
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Figure 1.1. Structure of E. coli MutS with G/T mismatch. Originally published in
(17). Colors indicate different domains: blue(subunit A)/purple (subunit B)—
mismatch-binding domain I; green—connector domain II; yellow—core domain III;
orange—clamp domain IV, and red—ATPase/dimerization domain V. Human
MSH2/MSH6 structure could not be obtained due to the availability of the appropriate
software.
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mismatched base is stabilized by hydrogen bonding formed with amino acid residues,
MutS undergoes another set of conformational changes to the ultimate recognition
complex (URC). Phenylalanine 36 (Phe36) of the MutS subunit A intercalates into the
heteroduplex, stabilizing the bend in the DNA, and base-stacks with the mismatched
thymine (7, 16) (Figure 1.2a).

Mutation of Phe36 in MutS results in decreased DNA

binding and almost complete loss of MMR activity (21-23), thus, indicating the
importance of this interaction between Phe36 and the mismatch. Moreover, a hydrogen
bond is formed between the N3 of the mispaired thymine and glutamate 38 (Glu38) of the
MutS subunit A. Alteration of this residue yields reduced DNA binding and diminished
but not complete abrogation of MMR activity (21), indicating that this residue is not as
critical for interactions with the mismatch as Phe36. Both of these two amino acid
residues, however, are believed to orient the mismatch-binding domains of MutS for
optimal interactions with the DNA. Van der Waals interactions along with hydrogen
bonds form other sequence-nonspecific contacts between DNA backbone and side chains
of MutS (21).

“Death” conformation of the MutS proteins
The events described in the previous section that MMR proteins participate in
pertain to the repair of mismatches left after replication, which, in the presence of
functional MMR, lead to the survival of the cells.

Yet MMR proteins have been

implicated in the initiation of cell cycle arrest and signaling of cell death in response to
certain cytotoxic agents, thus, rendering them responsible for two ‘life and death’
opposing functions. These two paradoxical functions of the MMR proteins have lead to

7

(a)

(b)
Phe36

Glu38
Phe36

G8

G9

Glu38

Figure 1.2. Interactions of Phe36 and Glu38 with DNA in the DNA binding
domain of E. coli MutS. (a) “repair” conformation: Phe36 base-stacks and Glu38
forms a hydrogen bond with thymine; originally published in (21). (b) “death”
conformation: Glu38 forms a hydrogen bond with guanines crosslinked by cisplatin,
Phe36 is ‘kicked out’; originally published in (17).

8

the speculation that MMR proteins exist in at least two distinct conformations, “repair”
and “death” (10, 17).
Since the structure of the “death” conformation of MutS has not been determined,
computational modeling has been used as a tool to generate a model of this conformation
of MutS in complex with DNA damage (Figure 1.2b). The simulations were based on the
published structure of E. coli MutS with G/T mismatch (16). The type of DNA damage
was that caused by cisplatin, a commonly used chemotherapeutic (10). Cisplatin forms a
number of adducts, but its major adduct is 1,2-intrastrand crosslink between purine N7
atoms in the dinucleotide sequences of d(GpG) (24). Cisplatinated DNA is known to be
recognized by human MutSα (25) and it is thought that the presence of this DNA lesion
serves as a signal to initiate DNA damage response (20).

The cisplatinated DNA

structure was built using the mismatch as a template and fitted into the DNA binding
pocket of MutS (17). The model of MutS with cisplatinated DNA was used to identify
potential contacts between the DNA damage and amino acid residues of MutS to
determine the difference between this model and the structure of MutS with mismatched
DNA.
Structural predictions for Phe36 residue confirmed the experimental data that this
residue base-stacks with mismatched DNA (17). Mutation of Phe36 to alanine resulted in
elimination of binding to both mismatched or cisplatinated DNA, which can be explained
by the fact that E. coli MutS is a homodimer, thus, making this mutant a double mutant.
However, since the two MutS subunits interact with DNA asymmetrically, it was
proposed that Phe36Ala mutation in the subunit A will destabilize the protein-DNA
interaction and eliminate all DNA binding. In simulations with damaged DNA, Phe36
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was predicted to not interact with the cisplatinated lesion, but to be kicked out instead,
thus, eliminating all contacts between this amino acid residue and damaged bases. The
lack of interactions between Phe36 and cisplatinated DNA makes Glu38 residue available
to form hydrogen bonds with cisplatinated DNA. When Glu38 was mutated to alanine,
mutant displayed decreased binding to mismatched DNA compared to that of the wildtype MutS. The mutant showed no differential affinity to cisplatinated DNA when
compared to homoduplex DNA. It is predicted that Phe36 residue is indispensable for
interactions with a mismatched DNA, but is not necessary for interactions with
cisplatinated DNA, and Glu38 forms hydrogen bonds with mismatched DNA as well as
cisplatinated DNA. Overall, Phe36 and Glu38 are two amino acid residues within the
DNA binding pocket of MutS that are pertinent for differential interactions with DNA
lesions (17).
As mentioned previously, recognition of a mismatch by MutS is dependent on
ATP. Each subunit of MutS possesses an ATPase site, but they have different binding
affinities for nucleotides (25-27) and, thus, interact asymmetrically. It has been shown
that ATP and its analogs decrease mismatched DNA-binding affinity of MutS and that
the reverse is true, i.e. binding of mismatched DNA inhibits ATP hydrolysis by MutS
(28). Hence, binding to a mismatch and ATP are two phenomena that are greatly
affected by each other and are tightly controlled during the events initiated by MutS
proteins. Through simulations, the ATPase domain has been identified as the site of the
largest conformational differences between “repair” and “death” conformations of MutS.
However, predictions indicate that ATPase site is indispensable for the “repair” event.
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Eukaryotic “repair” and “death” conformations
There is a limited sequence homology between prokaryotic and eukaryotic MMR
proteins (8), yet, interestingly, the residues important for interactions with DNA within
the DNA binding pocket are conserved. In addition, the domains of the MMR proteins
are structurally and functionally similar, except for the fact that eukaryotic MMR proteins
are larger in size. The level of conservation allows for predictions to be made about the
structural interactions of eukaryotic MSH proteins from the determined structure of E.
coli and its predicted “death” conformation.
The accuracy of predictions made using E. coli structure with mismatched and
cisplatinated DNA was verified via mutational analysis in S. cerevisiae. The requirement
of certain residues for the “repair” function of MSH proteins was assessed by the
presence of a mutator phenotype as can be evidenced by an increase in mutation rate
upon introduction of a particular mutation in MSH2 or MSH6 of S. cerevisiae. Colony
formation in response to cisplatin was used as a method to test the prerequisite for the
“death” conformation of the MSH proteins. Mutation in MSH6 of S. cerevisiae Phe337
(equivalent to E. coli Phe36 through sequence alignment) to Ala337 resulted in a strong
mutator phenotype and a small difference in response to cisplatin when compared to
wild-type MSH6 protein, suggesting that Phe337 is important for the “repair” event but
dispensable for the cisplatin cytotoxicity. Mutational analysis of S. cerevisiae Glu339
residue in MSH6 (equivalent of E. coli Glu38) to Gln339 showed that this mutation
confers a resistance phenotype indistinguishable from the complete knockout strain and
results in a slight increase in the frameshift mutation rate, indicating that Glu339 is
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required for response to cisplatin but is not essential for the “repair” function of the MSH
proteins.
In addition to the differences in contacts between amino acid residues and DNA
within the DNA binding domain to separate “repair” and “death” conformations,
molecular dynamics simulations predicted the largest conformational distinctions
between MutS complexes with mismatched or cisplatinated DNA to be in the ATPase
domains. The validity of these predictions was studied by the introduction of mutations in
the nucleotide-binding domain of yeast MSH proteins and assessing the colony-forming
ability of mutants after exposure to cisplatin. Mutational analysis of these motifs in both
MSH2 and MSH6 indicates that the activity of the composite ATPase site is required for
repair, but is expendable for the response to cisplatin.
The uncoupling of cell survival and cell death has also been confirmed in vivo in a
mouse model (9).

Mice homozygous for a mutation in ATPase domain of Msh2

(G674A) were highly tumor prone, with their overall survival only a slight improvement
over Msh2-knockout mice. Their embryonic stem (ES) cells with this mutation retained
the ability to bind mismatches, but were, nonetheless, resistant to ATP-dependent
mismatch release and were unable to repair mismatches. However, mouse embryonic
fibroblasts (MEFs) cultured from these mice were sensitive to cisplatin treatment, while
Msh2-knockout MEFs were completely resistant. This supports the notion that cell
survival and cell death are two distinct functions of MMR that can be teased out by
mutations.
All these data confirm that the structural predictions made based on the E. coli
structure are valid and are useful in predicting responses in a eukaryotic system.
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Structural modeling predicts the existence of at least two distinct “repair” and “death”
conformations of MutS/MSH proteins and allows for the exploration of the
conformational properties to be used as the basis for identification of compounds to target
specific conformations.

1.4.

Matchmaker Proteins
MutL proteins form dimers, interact with MutS proteins and DNA in a mismatch-

independent manner—E. coli MutL (27) and human MLH1 and PMS2 (26) bind single(ssDNA) and double-stranded DNA (dsDNA). These proteins also bind and have the
ability to hydrolyze ATP through their ATPase domains and can activate the downstream
events, but only in the presence of ATP (28). They are termed ‘matchmaker’ proteins
due to their ability to mediate interactions between MutS and subsequent proteins
involved in MMR. MutL proteins have high sequence homology in the N terminus while
their sequences differ greatly at the C terminus. Their ATPase domains contain nonWalker-like sequence motifs (29).

The ATP turnover rate is low and indicates

importance of MutL complexes in facilitating interactions with other proteins. Like
MutS proteins, matchmaker proteins are asymmetric in their interactions and binding and,
thus, are thought to bind and hydrolyze ATP in a similar manner.

1.5.

Phenotypes of MMR Defects
Loss of MMR leads to high mutation rates due to destabilization of the genome,

increased cancer susceptibility, and resistance to chemotherapeutic agents. These effects
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have a significant impact on the clinical aspects of treatment of tumors with MMR
defects.

Human cells
Cells deficient in MSH2, MSH3, MSH6, MLH1, or PMS2 have a reduced
capacity to repair DNA defects.

Cells without MSH2, MLH1, and PMS2 are

characterized by the presence of MSI (30-33) and mutations in these MMR proteins
cause cells to be almost completely devoid of MMR activity as determined by the ability
of these proteins to repair mismatches. Complementation of function of these proteins
results in restoration of their ability to correct single-base mismatches and IDLs.
Moreover, cells with the defects in MMR proteins have low levels of resistance to certain
drugs such as cisplatin, carboplatin, MNNG, and etoposide compared to their wild-type
counterparts (34, 35). Paired cell lines (MMR-proficient and –deficient) represent a good
in vitro system to study the involvement of MMR proteins in response to DNA damage
and the role of these proteins in various cellular pathways.

Clinical implications of MMR defects
Mutations in MMR proteins have been implicated in tumorigenesis. Defects in
MMR proteins are observed in certain hereditary and sporadic cancers. Mutations in
MMR proteins and MSI have been detected in colon, ovarian, endometrial, cervical,
breast, and esophageal cancers (36-41).
The most common ailment characterized by a germline MMR mutation is Lynch
syndrome. Lynch syndrome is also known as hereditary non-polyposis colorectal cancer
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(HNPCC) (42). If a patient is suspected of having Lynch syndrome, then he/she is tested
for MMR defects. An individual must have a germline mutation in one of the MMR
genes on one allele and must also possess a second inactivating mutation in one of the
MMR genes on the wild-type allele. Typically, Lynch syndrome is characterized by
mutations in MSH2, MSH6, and MLH1 which account for about 95% of known Lynchsyndrome associated defects (43). A patient is diagnosed with Lynch syndrome if he/she
has a colorectal or Lynch-associated cancer (ovarian, endometrial) before the age of 50
and has a family history of these tumors. Further, an individual can be classified with the
diagnosis of Lynch I, if only colorectal tumors are present or Lynch II if extra-colonic
tumors (frequently endometrial) are detected.

1.6.

MMR Proteins and DNA Damage
MMR proteins were first discovered to function in repair of mismatches and small

IDLs. MMR proteins have also been implicated in recognizing certain types of DNA
damage that, subsequently, leads to cell cycle arrest and cell death through activation of a
damage signaling cascade. At least two hypotheses exist on how MMR proteins can
induce cell death: ‘futile cycles of repair’ and ‘direct signaling.’

‘Futile cycles of repair’ hypothesis
This phenomenon is proposed to occur in the event of treatment with an
alkylating agent, such as N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) or 6thioguanine (6-TG) (44). Treatment with one of these agents leads to the formation of an
adduct O6-methylguanine (O6meG).

This modified base can be repaired by O6-
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methylguanine-DNA-methyltransferase (MGMT) enzyme, which removes the methyl
group from the base in a single-step error-free reaction (45). However, tumor tissues
generally have a low expression of MGMT (46), thus, leaving O6meG adduct unrepaired.
During replication, this modified base is paired with either thymine (preferentially) or
cytosine. Pairing with a thymine creates a mismatch O6meG/T that can be recognized by
MutSα (25, 47). MMR proteins repair the mismatch by targeting thymine in the newly
synthesized strand and leaving O6meG untouched, since it is present in the parental strand
where the damage persists. It is thought that a few cycles of repair take place with the
consequence of creating double-strand breaks, the most lethal form of DNA damage,
which eventually results in cell death.
‘Futile cycles of repair’ hypothesis indicates that MMR proteins act in a repairdependent manner and do not initially intend to induce cell death, for they only detect the
G/T mismatch and do not recognize the damage contained within the O6meG/T lesion.
This hypothesis proposes the numerous attempts of MMR to correct the mismatched base
contained within the damaged mispair (44, 48).

‘Direct signaling’ hypothesis
The ‘direct signaling’ hypothesis proposes MMR proteins to be sensors of DNA
damage, unlike their role in ‘futile cycles of repair’ where they detect the mismatch (44,
49). It is speculated that MutSα complex binds to the damaged DNA and undergoes
conformational changes.

After potentially forming a complex with MutLα, MutSα

translocates along the DNA and transmits the damage signal to downstream pro-death
players without processing the damage itself. The ‘direct signaling’ hypothesis suggests
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that MMR proteins do not attempt to repair or process the DNA damage, but function in a
repair-independent manner. In contrast to the ‘futile cycles of repair,’ transmittance of
the damage signal occurs prior to the second round of replication (50). ‘Direct signaling’
hypothesis directly implicates MMR proteins in signaling cell death, indicating that it is a
‘planned’ outcome as a result of responding to DNA damage.

It has not been determined which hypothesis is correct.

Evidence exists to

support both hypotheses.
Karran et al. (51) showed that O6meG adduct, unlike other methylated bases, such
as 3-methyladenine, does not produce a block of DNA replication at least during the first
S phase; it, in fact, engages DNA synthesis and allows it to proceed. However, low
concentrations of methylating agents were used to induce the formation of the adduct and
MMR-proficient cell-free extracts were used to measure DNA synthesis, thus, this system
may not recapitulate the true events occurring upon the presence of the O6meG/T lesion.
At high concentrations of methylating damage, replication is completely inhibited and
DNA synthesis is increased (52). In addition, repair of the mismatch within the O6meG/T
adduct in a PCNA- and MMR-dependent manner was demonstrated in cell-free extracts
(53).

MNNG-treated MMR-proficient cells underwent cell cycle arrest only in the

second G2 phase of the cell cycle (54, 55). These studies indicate that MMR system
processes adducts generated by the methylating agents and repairs the mismatches within
those adducts in a concentration-dependent manner, thus, giving credence to the ‘futile
cycles of repair’ hypothesis.

17

O6meG/T lesions occur during the first S phase and the damage signaling would
be triggered following the DNA synthesis, without the need for two rounds of cell cycle.
In support of the ‘direct signaling’ hypothesis, Cejka et al. (56) showed that MMRproficient cells arrest in the first G2/M phase after the treatment with MNNG and that
this event is accompanied by p53 phosphorylation even though the cell death pathway is
p53-independent. Moreover, MSH2 has been shown to directly interact with ATR, a
damage signaling kinase, and induce the downstream signaling cascade that includes S
phase checkpoint activation and suppression of DNA synthesis (57). Cell cycle arrest
and activation of downstream ATR kinase is observed within a few hours after treatment,
thus, suggesting the more immediate activation of the ‘direct’ damage signaling cascade
and a lack of need to go through the second cell cycle. However, the complex of MSH2
and ATR also contains ATR-interacting protein (ATRIP) that is known to recruit ATR to
the sites of DNA damage (58) along with replication protein A (RPA) (59).

This

complex is presumed to be redirected to the repair versus DNA replication and its
presence argues against the validity of the ‘direct signaling’ hypothesis.

It is plausible that both of the hypotheses are valid. One of the pathways, either
repair or damage signaling, can be predominantly activated or that both of them can be
activated and occur simultaneously, depending on the cell type and the extent of DNA
damage.
Methylation adducts represent just one type of DNA damage. Another type of
DNA lesions are crosslinking damage induced upon exposure with cisplatin (24). The
main adduct of cisplatin 1,2-d(GpG) is recognized by MutSα (25) and is thought to serve
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as a signal for the initiation of DNA damage response (20). MMR proteins have been
proposed to activate cell death through either ‘futile cycles of repair’ and ‘direct
signaling.’ Studies show that MMR system does not attempt to repair/process cisplatin
adducts, like it may with O6meG/T lesions, but directly induces a damage signaling
pathway upon cisplatin exposure; thus, separating “repair” and “death” functions of
MMR. For that reason, “death” conformation described in Eukaryotic “repair” and
“death” conformation section, was modeled with cisplatinated DNA.

Cytotoxic signaling of cisplatin
Two kinases ATM and ATR are typically activated upon cisplatin-induced DNA
damage.

Cisplatin preferentially activates ATR although ATM activation is also

observed (60, 61). ATR then phosphorylates p53 and activates its other downstream
targets, such as CHK1 (61). CHK2, a downstream target of ATM, is also induced, but its
activation appears to be independent of ATM in response to cisplatin treatment (60).
Accumulation of p53 is observed in response to cisplatin; however, it only occurs if the
cells possess a wild-type copy of p53 gene and, thus, express functional p53 protein (62).
Mutations in p53 result in decreased sensitivity to DNA-damaging agents, but do not lead
to complete resistance, thus, other mechanisms may be at play.
Cisplatin has also been shown to activate three MAPK pathways (63). MAPK
family members include the extracellular signal-regulated kinases (ERK), the c-Jun Nterminal kinases (JNK), and the p38 kinases.

MAPK proteins function in relaying

extracellular signals to regulate cell proliferation, differentiation, cell survival, and
apoptosis (64). ERK signaling pathway regulates cell survival upon cisplatin exposure
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and is said to be the most critical for cisplatin-induced apoptosis, which can be blocked
by MEK inhibitors, kinases upstream of ERK (63). JNK is implicated in apoptosis
induction by specifically enhancing survival of cells treated with cisplatin even though its
downregulation does not alter sensitivity to cisplatin. Like JNK, inhibition of p38 kinase
pathway did not have an effect on the abrogating cisplatin-induced apoptosis.
Nonetheless, other reports are contradictory and indicate that cisplatin-activated ERK and
JNK signaling antagonize apoptosis (64).
Gong et al. (50) were the first to demonstrate that cisplatin-induced apoptosis can
occur via p53-dependent and –independent mechanisms. The p53-independent pathway
is associated with induction of p73, a p53-related gene, whose half-life is lengthened by
cisplatin and by co-expression of c-Abl tyrosine kinase as can be evidenced by the
expression of these proteins in p53-deficient mouse embryonic fibroblasts (MEFs).
Interestingly, c-Abl and p73 were only components of the apoptotic pathways in cells
proficient in MSH2 and MLH1 (50, 65, 66). Additionally, in the context of MLH1
dependency, cisplatin has been shown to trigger JNK1-dependent mechanism mostly in
MMR-proficient cells, with much weaker response in MMR-deficient cells (65). This
study also demonstrated activation of c-Abl kinase in a MLH1-dependent manner as well,
while it was completely absent in MMR-deficient cells. Further downstream, cisplatin
has been shown to activate an intrinsic apoptotic pathway by inducing cytoplasmic
release of cytochrome c and cleavage of caspase 9, 3, and poly(ADP) ribose polymerase
(PARP) in a MSH2-dependent manner (67). Inhibition of caspase cleavage attenuated
cisplatin-induced MMR-dependent apoptosis, indicating requirement of caspase cleavage
in this response.
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Resistance to chemotherapeutic agents
The goal of exposure to various chemotherapeutics is the induction of cell death
through the activation of a damage signaling cascade. However, defects in a cell death
mechanism, such as that induced by MMR system, can yield resistance to chemotherapy
agents and result in failure of treatment and ultimately re-growth of tumors (68).
To investigate the effects and contributions of MMR proteins in the response to
certain chemotherapeutics, studies have been conducted utilizing ‘paired’ cell lines,
where one cell line has a defect in one or more mismatch repair proteins and the other
cell line has that wild-type protein function restored by the introduction of a chromosome
containing a wild-type copy of the mutated MMR gene. These types of cell lines have
been used to delineate the role of MSH2, MSH3, MSH6, and MLH1 in cell death induced
by various cytotoxic agents. MMR-deficient cells are 1.5-5-fold resistant to cisplatin and
up to 100-fold tolerant to methylating agents compared to MMR-proficient cells (69).
Deficiency in MSH2, MSH6 and MLH1 results in similar levels of resistance to cisplatin
or methylating agents demonstrating that these proteins works closely together to activate
a damage signaling cascade. Some cytotoxic agents induce resistance of non-comparable
degrees suggesting that MMR proteins may activate multiple cytotoxic pathways in
response to a particular agent. Evidence is present that MMR-deficient cells are selected
for when MMR-proficient and –deficient cells are plated together (34).

This has

significant implications for treatment of tumors with MMR deficiency, since selection for
MMR-deficient cells may lead to the increasing population of more aggressive tumor
cells and chemotherapy failure.
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Recent reports depict that cisplatin activates a series of downstream events that
are part of a damage signaling cascade that does not involve the repair of cisplatin
adducts by MMR proteins (10, 17, 20). This suggests the involvement of the MMR
system in the ‘direct signaling’ events versus ‘futile cycles of repair’ and allows
speculation about the existence of at least two different conformations of MutS/MSH
proteins, “repair” and “death.” Involvement of MMR proteins in cell death pathways
indicates that MMR proteins are potential targets for activation of cell death that is a
beneficial outcome for the eradication of cancer cells. The goal of the studies was to
identify small molecules that will stabilize the “death” conformation of MuS/MSH
proteins so that a cell death signaling cascade will be induced in a MMR-dependent
manner.

Thus, experiments presented in this dissertation focus on the differences

between these two conformations of E. coli MutS and human MutSα, to exploit the
interactions between amino acid residues and DNA bases within the DNA binding pocket
of these proteins.
Chemotherapeutic cisplatin has been shown to activate MMR-dependent damage
signaling cascade, but the structure of MutS/MSH proteins with cisplatinated damage has
not been crystallized. To overcome this problem, structural modeling was used to define
the parameters of the “death” conformation based on the “repair” conformation. This
was accomplished by simulating the changes that occur in the “repair” conformation
when cisplatinated DNA is fitted into the binding pocket of the MutS/MSH in place of
mismatched DNA. The model of the “death” conformation was then used to identify
small molecules that bind to MutSα and induce conformational changes of these proteins
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in order to activate a cell death signaling cascade in the presence or absence of DNA
damage. Database search was undertaken to detect such compounds based on their
preferred binding to the “death” conformation versus “repair” conformation.

Cell

biology assays were used to test lead compounds in vitro to confirm the predictions made
with computational modeling and determine whether the identified compounds induce
MMR-dependent cell death in paired (MMR-proficient and MMR-deficient) cell lines.
Chapter 2 covers the computational modeling methodology, how it was used to identify
small molecules, and their predicted mode of binding to the MutS/MMR proteins. The
chapter also demonstrates the effect of the identified small molecules on cell viability and
their ability to induce a cell death pathway in cancer cells. Further, chapter 3 explores the
parameters of the identified small molecules that are needed to induce the MMRdependent cell death response in cancer cells by analyzing and testing the derivatives of
the small molecules.
Chapter 4 discusses the use of the identified small molecules in an in vitro ovarian
model, as it is a useful model to study resistance to cisplatin (70). The goal of these
studies was to determine whether the small molecules described in chapter 2 and 3 can
sensitize ovarian cancer cells that are resistant to cisplatin to cell death, since overcoming
resistance to chemotherapeutics offers patients with refractory tumors other treatment
options. In addition, potential mechanisms of action of one of the small molecules,
pertaining to its induction of a cell death response, were explored.
Chapter 5 is a general discussion that summarizes the findings from the previous
chapters. Moreover, it covers limitations of the studies, significance of the presented
work, and avenues to explore in the future studies.
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The appendix describes the in vivo pilot studies documenting the effect of
rescinnamine on the growth inhibition of colon carcinoma (SW480) and endometrial
carcinoma (Hec59(2)) xenografts.
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Abstract
Avoidance of apoptosis is one of the hallmarks of cancer development and
progression. Chemotherapeutic agents aim to initiate an apoptosis 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 (MSH2) “death conformation”. Screening
and docking experiments based on this model determined that the MSH2-dependent celldeath 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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2.1.

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 damagecontaining 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,

8).

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
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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) lends
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 the 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 found it would imply that the long-range conformational changes
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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.

2.2.

Materials and methods

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 (9); hydrogen atoms were added using the hbuild facility of
CHARMM (10) and TIP3P water molecules and counterions were added using the Visual
Molecular Dynamics (VMD) package (11). The CHARMM27 force field (12) was used
for the entire complex with additional parameters added based on pre-existing cisplatin
parameters (13). The platinum adduct crosslinks two adjacent guanines. The simulation
was performed in NAMD (14) 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 (14). 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
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radius cutoff. The structural models were taken as the centroids of the final equilibrated
cluster.

Virtual screening
AutoDock 3.0 (15) 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 (15) 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.

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
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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.
Cells are 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
and allowed to incubate for 24 hrs at indicated concentrations. Untreated cells received
fresh media containing 0.1% DMSO. One solution reagent (CellTiter 96(r) AQueous One
Solution Reagent) is 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.

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 caspase3 or other cleaved caspases. The activated caspase-3 results from cleavage at Asp. 175.
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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.

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 (see
above for sequence) was hybridized to an end concentration of 100 nM, as described
previously (3).

One oligonucleotide in the double-stranded DNA molecule is

fluorescently labeled with TAMRA (Oligos Etc.) for non-radioactive visualization on a
TYPHOONTM. One hundred nM of protein were incubated with 10 nM of unplatinated,
mismatched and platinated DNA, respectively, and binding assays were performed as
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described previously (3). Samples were separated on 6 % non-denaturing retardation
gels.

Limited proteolysis
A sample with 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. Six μl of a
320 ng/ml trypsin solution was added and the reactions were incubated at room
temperature for 15 min. The reactions were stopped by boiling for 10 min and then
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.
Biosciences) was used to analyze the lanes of the gel.

ImageQuant TL (Amersham
Pixels are shown as peak

diagrams.

2.3.

Results

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

40

region in the virtual screening -- and a conformational change in the variable loopdisordered 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 (16, 17) combining virtual screening with molecular dynamics, which
illustrates the potential utility of such an approach, this approach is novel in that it targets
specific conformations to selectively activate an endogenous biological pathway. This
raises the possibility of using conformational selectivity (18) 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
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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-apoptotic 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 a 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.
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 (Figure 2.1), is an FDA-approved,
naturally occurring indole alkaloid previously used to treat hypertension and decrease the
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reserpic acid

reserpine

Figure 2.1. Structures of reserpic acid and reserpine. Standard two-dimensional
chemical drawings of reserpine (left) and reserpine acid (right).
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Figure 2.2. 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 complex, taken from the MutS/cisplatinated DNA molecular dynamics
simulations (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. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of the article.)
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heart rate (19). 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 (Figure 2.1), are predicted to selectively bind
to the damaged structure in the same binding pocket as DNA (Figure 2.2). 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
(Figures 2.2 and 2.6), and the predicted selectivity for the pro-death conformation occurs
only in the absence of DNA.

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 (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
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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. These cells are deficient in
p53. Though this deficiency may alter sensitivity or resistance to compounds, since
isogenic strains are compared, 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 (Figure 2.3). 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 72-96 hours after exposure, while reserpine response is
already observed 24 hours after exposure (Figure 2.3).
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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(a)

(b)

(c)

Figure 2.3. MTS cell survival assay shows MSH2-dependent cell viability after
concentration-dependent (a) reserpine and (b), (c) cisplatin treatment. A representative
MTS cell survival assay of MSH2-proficient (▲) and –deficient (■) 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 24 h (a and
b) and 72 h (c) after exposure.
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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 (Figure 2.4). This
compound contains a longer hydrophobic bond between rings 5 and 6, increasing the
length of the protein without changing the functional groups of the molecule. MSH2deficient 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 et al., in press).
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.
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(a)

(b)

evodiamine

rescinnamine

Figure 2.4. 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 deviations of three independent
experiments are shown.
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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 caspase3 (17/19 kDa), after
cleavage at Asp175 was used in this assay, while uncleaved caspase-3 is not recognized.
Figure 2.5 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. These results are consistent with a MSH2-dependent
apoptotic response to reserpine.

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 (Figures 2.6a-c).

The

molecules are suggested to bind in the area occupied by the major groove at the site of a
mismatch (Figure 2.6b) or a 1,2-GpG cisplatin adduct (Figure 2.6c). 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 (Figure 2.6d). Reserpine itself has no measurable effect on the mobility of the
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Figure 2.5. 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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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 (Figure 2.6, lane 4), which is not
observed in the presence of evodiamine (lane 5), consistent with the differential effects of
the drugs in the cell (Figure 2.4). 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
shown) is present, suggesting a kinetic effect in the competition for binding of DNA and
small molecule to the protein, respectively.

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 (Figure 2.7). 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 (Figure 2.7). 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
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Figure 2.6. (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, and 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) Gel shift assay with yeast Msh2/Msh6
protein in the presence of reserpine and evodiamine, as indicated. 100nM protein were
incubated with 10nM TAMRA-labeled oligonucleotides (mismatched DNA) in the
absence or presence of 200µM reserpine and evodiamine, respectively (see Section 2).
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)
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Figure 2.7. (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 imagine
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 Section 2 for details.
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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, while such differences are less pronounced
when comparing the patterns observed with DNA damage or small molecule themselves
(lanes 2 and 3).

2.4.

Discussion
Our evidence, the first of its kind, demonstrates that a small molecule is capable

of initiating MSH2-dependent cell death, independent of DNA damage (Figure 2.3). We
show that this response is specific for certain compounds (Figure 2.4) and induces
caspase-dependent apoptosis (Figure 2.5).

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 (Figure
2.6), 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 (20), which are mostly lost in the interaction with reserpine, due to
the size difference between DNA and the small molecule (Figures 2.6b and 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.
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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 (21).
Reserpine was shown to not induce any genotoxic or chromosome destabilizing effects,
suggesting a lack of direct interactions with DNA (22, 23). 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 proofof-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 MSH2dependent cell death without DNA damage is unexpected, since MSH2/MSH6 is
typically described as a DNA mismatch and damage recognition protein complex. This
result appears to rule out the "futile" repair cycle hypothesis for cisplatin induced celldeath. The computational and 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 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
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response. The finding that this response can be triggered by a small molecule,
independent of specific DNA binding demonstrates 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. (20) 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 (24). 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 (20), 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
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response.
Though resulting in a relatively weak difference in sensitivity between MSH2proficient and deficient cells, this difference is sufficient to have clinical implications that
are observed in increased cisplatin resistance of patients with MMR defects (25).
Interestingly, the MSH2-dependent response to reserpine differs from that to
cisplatin in its time-dependence (Figure 2.3). The response to cisplatin requires 72-96
hours of exposure to show a 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 (26).
p53 deficiency may alter sensitivity or resistance to DNA damage. However, we here
compared isogenic cells that only differed in the 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 cell death are unknown; knowing that it is p53independent 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 MSH2dependent cell-death pathway might be advantageous as it would eliminate the
requirement for functional p53.
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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., MSH2dependent 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 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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Abstract
Mismatch repair proteins modulate the cytotoxicity of several chemotherapeutic
agents. We have recently proposed a “death conformation” of the MutS homologous
proteins that is distinguishable from their “repair conformation.” This conformation can
be induced by a small molecule, reserpine, leading to DNA-independent cell death. We
investigated the parameters for a small reserpine-like molecule that are required to
interact with MSH2/MSH6 to induce MSH2/MSH6-dependent cytotoxic response. A
multidisciplinary approach involving structural modeling, chemical synthesis and cell
biology analyzed reserpine analogs and novel modifications. We demonstrate that the
parameters controlling the induction of MSH2/MSH6-dependent cytotoxicity for
reserpine-analogous molecules reside in the highly specific requirements for methoxy
groups, the size of the molecule and the orientation of individual molecules within the
protein binding pocket.

Reserpine analog rescinnamine showed improved MSH2-

dependent cytotoxicity. These results have important implications for the identification
of those compounds that require functional MMR proteins to exhibit their full
cytotoxicity, which will avoid resistance in cells deficient in MMR proteins.
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3.1.

Introduction
Mismatch repair is one of the key DNA repair systems in the cell that repair

incorrectly formed base pairs and insertion/deletion loops during replication, significantly
increasing the stability of the genome (1-5). Additional importance comes from the
contribution of defects in MMR proteins to cancer development, progression and
therapeutic success.

In addition to the recognition of replication errors, key MMR

proteins MSH2/MSH6 recognize a number of DNA lesions that are irreparable by these
proteins, which, in turn, initiate a cell death pathway. The role of MMR proteins in the
cell death response to cytotoxic agents has been the subject of much debate (6, 7).
Whether DNA damage is recognized in form of a mismatch at the site of the damage, or
DNA damage itself is recognized remains subject of investigation and may vary with the
nature of the damage.

Recent data suggest that some types of DNA lesions are

recognized without the requirements for a mismatch (8). As a result of their ability to
recognize certain DNA lesions and their participation in the initiation of cell death, MMR
proteins modulate the response to certain chemotherapeutic agents. This participation is
particularly evident in cells with defects in MMR proteins which reduce the sensitivity to
chemotherapeutic agents sufficiently to prove to be a problem for the treatment of tumors
(1, 6, 9-12).
The exact mechanism of the cytotoxic response initiated by MSH2/MSH6
interactions with DNA damage remains under investigation and speculation. Recent data
suggest that the response pathway depends on the nature of the lesion rather than the
unification of different signals into a common pathway (13). At least two hypotheses
have been put forward to address the mechanism behind the MMR protein-dependent cell
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death: The “futile cycles of repair” hypothesis is based on the formation of a mismatch
opposite the DNA damage, followed by attempted repair events that retain the damage
and the formation of DNA strand breaks as factual initiators of cell death (1,4,14). The
second hypothesis suggests a direct involvement of MMR proteins in the initiation of the
cell death event. We and others have identified separation-of-function mutants that
demonstrate that repair-defective mutants of MMR proteins retain the ability to induce
cell death, suggesting that repair is not required for cytotoxic response to all types of
DNA damage (8, 15-17), but also suggesting that specific MMR proteins form
recognition complexes for both mismatch repair, and at least some types of DNA
damage. Computational modeling predicted the formation of a “death conformation”
with distinctly different features to the “repair conformation” of MutS and its homologs
(MSH).

This model of a MutS “death conformation” was validated in extensive

mutational analyses on eukaryotic proteins (8). Although the mechanistic details of this
pathway are largely unknown, targeting the apparent recognition complex for cell death,
i.e., the “death conformation,” has shown initial successes (18). Hence, we aim to exploit
this pathway via small molecule binding to the “death conformation.”
Recently, we have demonstrated that the MSH2-dependent cell death response
can be induced by small molecules that mimic binding to DNA damage and promote the
induction of this cell death (18). The prototype for this induction of MSH2-dependent
cell death without genotoxic insult is reserpine, a drug previously in clinical use for
hypertension. The predicted binding of the molecule to the protein occurs in the DNA
binding pocket and induces specific conformational changes that allow access to the
“death conformation” of the protein (18). At present, the direct binding of reserpine, and
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its derivatives, to the “death conformation” has been predicted, and the ability of
reserpine and rescinnamine to induce MSH2-dependent apoptosis has been verified
experimentally in this work as well as in an earlier study (18). Unfortunately, it does not
seem possible, with present technology, to unequivocally demonstrate physical
association between MSH2/MSH6 and either reserpine or rescinnamine. Attempts to use
SPR and calorimetry (data not shown) have lacked the precision to detect these small
alkaloids binding to such a large protein complex. We expect that the technology used to
detect such direct binding of small molecules to large protein complexes will be refined
over the next few years, and that presently challenging complexes, such as the proposed
MSH2/MSH6/rescinnamine or reserpine complex, will be directly studied. For now,
given the circumstantial evidence reported herein and in (18) we consider the hypothesis
that reserpine binds to MSH2/MSH6 as predicted to be a reasonable starting point for
further studies. Here we determine the parameters for small molecules to initiate the
MMR protein-dependent cell death response, where the cell death response is measured
via two distinct standard assays, MTS assay and caspase activation, which provide
multiple pieces of evidence for the induction of cell death. Based on our models, we
have hypothesized that specific structural parameters are required of a small molecule to
mimic the interaction of MSH2/MSH6 with DNA damage, show the correct orientation
in the protein binding pocket and initiate MSH2-dependent cell death. In a combination
of computer-based structural modeling, chemical synthesis and cell biology, we have
identified these distinct requirements, which consist of the size of the molecule, the
presence and location of methoxy groups, and the orientation of the molecule within the
protein binding pocket.

While the computational modeling assumes that the small
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molecules bind in a specific pocket and in specific orientations, as predicted, the cellular
assays do not require such assumptions. These small-molecule structural parameters will
provide the foundation for any subsequent searches for new small molecule compounds
that initiate the specific MSH2-dependent cell death targeted in this approach.

3.2.

Materials and Methods

Virtual Screening
AutoDock 3.0 was used to perform 3D docking into structural models generated
from the molecular dynamics simulations. Docking grids from 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.
The mol2 files for the small molecules were generated using MARVIN and assigned
charges and rotatable bonds using AutoDock, which was also used to perform the
preparatory work for the grid docking. The ligands were docked using default Autodock
Lamarckian genetic algorithm parameters except the number of runs was increased to
256. The structure with the lowest estimated inhibition constant, Ki, as calculated by
AutoDock was used as the docked pose (15).

Molecular Dynamics Simulations
The structures used for the docking are the centroids from the final equilibrated
clusters of two molecular dynamics simulations. The clusters were obtained by K-means
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clustering with a 1 Å radius cutoff on the alpha-carbon positions of structures in the
molecular dynamics trajectories.

The simulation protocol is largely the same as

described elsewhere, differing only 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; hydrogen
atoms were added using the hbuild facility of CHARMM and TIP3P water molecules and
counterions were added using the solvate package of the Visual Molecular Dynamics
(VMD) package. The CHARMM27 force field was used for the entire complex with
additional parameters added based on pre-existing cisplatin parameters. The platinum
crosslinks two adjacent guanines.

The simulation was performed in NAMD 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. The simulation protocol consisted of
250 ps of thermal equilibration to 300K, followed by a 10 ns production simulation 15.
The partition coefficients were calculated using extended group contribution approach. In
this approach, a chemical structure is automatically decomposed into fragments and atom
types, and the contributions of different fragments and atom types are summed together,
along with correction terms to account for interactions between different fragments (19).
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Chemical Synthesis
Methyl reserpate and benzoyl reserpine were prepared from reserpine as
previously described (20).

All other reserpine analogs were generated in a similar

fashion by condensation of methyl reserpate with the commercially available acid
chloride. All new compounds were purified by flash chromatography and characterized
by proton and carbon NMR spectroscopy and mass spectrometry (see Supporting
Information for specific compounds).

Cell Viability Assays
HEC59 cells (msh2 deficient) and the paired cell line with chromosome 2 transfer
HEC59 (2) have been extensively characterized previously (21). In addition to their
msh2 defect, these cells contain dysfunctional p53. The cells were grown in standard
growth media of DMEM-F12 +10% FBS. Cells were plated in 96 well plates at an
appropriate concentration in 100 µl media and incubated overnight. Media was replaced
with fresh media containing drug and allowed to incubate for 24 hrs at indicated
concentrations. Untreated cells received fresh media with vehicle only. One solution
reagent (CellTiter 96(r) AQueous One Solution) 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.
Dose-dependent response to nineteen increasing concentrations of the respective
compound was determined. OD measurements were used to determine cell viability at
each of the concentrations as percentage of control and analyzed for IC50 values using
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GraphPad Prism 4TM. Each compound was analyzed in triplicate. Graphs represent the
mean values and standard deviations of three independent experiments.

3.3.

Results

Functional MSH2 and MSH6 are required to induce full cytotoxic response to reserpine
and resicnnamine
Reserpine (Figure 3.1a), a small molecule identified through computational
modeling has been predicted to bind MutS homologs mimicking DNA damage (18). Cell
viability assays show that even though reserpine decreases viability of both MSH2deficient (IC50 93µM) and -proficient (IC50 61µM) cells after 24-hr treatment, it
preferentially kills MSH2-proficient cells (Figure 3.1b). The 1.5-fold difference in cell
viability between proficient and deficient cells is reminiscent of the activity of cisplatin,
though reserpine activity is observed considerably earlier. Rescinnamine (Figure 3.1a), a
derivative of reserpine that adds additional length via the substitution of the
trimethoxybenzoyl group with a trimethoxycinnamoyl group, likewise requires functional
MSH2 for full reduction of cell viability (MSH2-deficient: IC50 115µM; MSH2proficient: IC50 38µM) (Figure 3.1b).

The increase in length, without alteration of

functional groups, doubled MSH2-dependent cytotoxicity to a 3-fold difference in cell
viability between proficient and deficient cells.
We next determined if the decrease in mitochondrial integrity, as determined by
the MTS assay for cell viability is indicative of the induction of an apoptotic response
pathway. Cell extracts of treated cells were analyzed for the specific activation of
caspase-3, a proapoptotic protein commonly used as an indicator for apoptotic cell death.
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Figure 3.1. (a) Structures of reserpine and rescinnamine with their binding constants and calculated partition coefficients (see
Methods for detail). (b) MTS cell survival assay shows MSH2-dependent cell viability after concentration-dependent reserpine
(left) and rescinnamine (right) treatments. MSH2-deficient cell response is shown with squares, proficient response with
triangles. (c) Western blot shows caspase-3 cleavage in Hec59 (MSH2-deficient; left panel) and Hec59(2) (MSH2-proficient;
right panel) cells upon treatment with reserpine (85µM) and rescinnamine (60µM). The 17 and 19 kDa cleavage products of
caspase-3 are depicted. Staurosporine (STS) was used as a positive control; actin was used as a loading control. (d) Western
blot displays caspase-3 cleavage in DLD1 (MSH6-deficient; left panel) and DLD1(2) (MSH6-proficient; right panel) cells
treated with reserpine and rescinnamine.

72

The treatment of MSH2-deficient cells with reserpine (85µM), rescinnamine (60µM) or
the control compound Staurosporine for 24 hours induces caspase-3 cleavage equally and
only weakly above the untreated background control (Figure 3.1c). Drug concentrations
were chosen based on the IC50 in these cells, which is reflective of the different toxicity
of the compounds.

In contrast, in MSH2-proficient cells, caspase-3 activation is

significantly stronger. The difference in the efficiency in inducing cell death response
between reserpine and rescinnamine is apparent, as rescinnamine induces stronger
caspase-3 activation than reserpine (Figure 3.1c).
MSH2 forms a functional heterodimer with MSH6 in its ability to recognize DNA
lesions and initiate response pathways. We next determined if MSH6 is also required in
the initiation of proper responses to small molecules, such as reserpine and rescinnamine.
MSH6-deficient and MSH6-deficient cells were treated with reserpine (85µM) and
rescinnamine (60µM) for 24 hours. The detection of cleaved caspase-3 in extracts from
both cell lines revealed activation primarily in the MSH6-proficient cells, consistent with
a functional requirement of the protein for cytotoxic response (Figure 3.1d).

Combinatorial treatment of cisplatin and rescinnamine abrogates MSH2-dependence of
cytotoxic response and eliminates chemotolerance
Cisplatin is a chemotherapeutic that primarily forms (1,2)-intrastrand crosslinks
between adjacent guanines in DNA. This compound was previously used as a model
agent to characterize the MSH2/MSH6-dependent induction of a protein “death
conformation” and cytotoxic response (8). Since reserpine was predicted to likewise
stabilize the MSH2/MSH6 “death conformation” (18), and rescinnamine showed an
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improved activity over reserpine, we asked whether a combination of rescinnamine with
cisplatin would improve the activity of either drug alone.
MSH2-deficient and MSH2-proficient cells were treated with sub-lethal doses of cisplatin
(10µM) and increasing concentrations of rescinnamine (0-25µM). Cell viability was
determined after 24, 48 and 72 hours by MTS assay (Figure 3.2).

24 hours after

treatment (Figure 3.2a), a rapid decrease in cell viability was observed that led to the
complete elimination of viable cells after 48 hours at much lower concentration of either
cisplatin or rescinnamine alone (Figure 3.1b) (18). This effect on cell viability was
indistinguishable for MSH2-proficient and -deficient cells. Overall cell viability was
reminiscent of the treatment of MSH2-proficient cells with rescinnamine alone, and
increased tolerance to the drug was eliminated by the concomitant treatment with
cisplatin (Figure 3.2a). Increased exposure to the combination treatment eradicated cell
viability entirely (Figures 3.2b and c), which was previously not observed for much
higher concentrations of either drug alone (13, 18).

Full eradication of cells was

observed after 48 or 72 hour treatment with 20µM cisplatin and 15µM rescinnamine.
The IC50 values of the combination treatment confirm this result. The addition of
cisplatin resulted in a 7.3-fold decrease in IC50 value for rescinnamine after 24 hours, and
a 9.7-fold decrease after 48 hours in MSH2-deficient cells.

The same levels of

rescinnamine reduced cell viability in MSH2-proficient cells (Table 3.1). An additional
24 hours of treatment for a total of 72 hours did not significantly alter the IC50 any
further. The combination treatment results in a rapid, MSH2-independent demise of cell
viability. These findings are confirmed by immunoblotting; upon treatment with 24
hours of rescinnamine (60µM) and cisplatin (10µM) comparable levels of caspase-3
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Figure 3.2. Combination treatment of cisplatin and rescinnamine drastically reduces
cell viability within 24 hours (a) and completely eliminates all cells at 48 and 72 hours
(b and c, respectively) when cells are treated with cisplatin (10µM) and increasing
concentrations of rescinnamine (0-25µM). Cell viability is accessed via MTS assays;
MSH2-deficient cells (■) and MSH2-proficient (▲) cell response is shown. Mean
values and standard deviations of three independent experiments are shown. (d)
Immunoblotting demonstrates caspase-3 cleavage in Hec59 (MSH2-deficient; lanes 1
and 2) and Hec59(2) (MSH2-proficient; lanes 3 and 4) cells upon treatment with 24
hours of cisplatin (10µM) and rescinnamine (60µM). The 17 and 19 kDa cleavage
products of caspase-3 are depicted. Staurosporine (STS) was used as a positive control;
actin was used as a loading control.
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cleavage in MSH2-deficient and -proficient cells are observed (Figure 3.2d). At 48 and
72 hours, all cells treated with the combination treatment were eliminated and no lysates
could be collected and assessed for caspase-3 cleavage.

Structural predictions and validation of parameters required for MSH2-dependent cell
death
Next, we wanted to identify the specific parameters that are required for the
MSH2-dependent induction of cell death, and when altered, reduce or abolish this
function. Modeling of reserpine and rescinnamine into the MutS structure (Figure 3.3)
predicted functional groups and parts of the molecules with favorable (red) or
unfavorable (blue) interactions with the protein. Green depicts intermediate importance
in the interaction.
Differences in the predicted favorable and unfavorable interactions of reserpine
and rescinnamine, respectively, represent the difference in their activity. The methoxy
group on ring 1 of reserpine is predicted to be nonessential for interactions, while, in
rescinnamine, it is proposed to be important for interactions. As for ring 6, all three
methoxy groups in reserpine are predicted to have favorable interactions, but only two of
them are highly favorable for interactions between rescinnamine and MutS/MSH
proteins. In reserpine, the carbon of ring 5 that connects to carbon chain leading to ring 6
is pertinent for interactions. Nonetheless, in rescinnamine, that system is unfavorable.
These computational predictions were subsequently experimentally analyzed to
determine the validity of the prediction. Derivatives of reserpine and rescinnamine were
purchased or synthesized (if not commercially available) (see Table 3.1). Through
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Figure 3.3. Structures of reserpine (a) and rescinnamine (b) analyzed by computational
modeling depicting favorable (red) and unfavorable (blue) interactions with amino acids
within MutS binding pocket. Green indicates interactions of intermediate binding
relevance.
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Table 3.1.

IC50 values for response of MSH2-deficient and –proficient cells to

reserpine analogs.
Compound

IC50 (µM)

Fold
difference

MSH2-

95%

MSH2-

95%

deficient

CL

proficient

CL

Cisplatin

75

46-130

47

35-64

1.6

Reserpine

93

74-120

61

54-70

1.5

Rescinnamine

87

53-150

39

32-47

2.6

Rescinnamine+10µM

12

11-13

11

10-13

1.1

9.1

7-12

9.7

9-11

0.94

9.9

9-11

9.8

5-13-214

1.01

Benzoyl

110

100-120

132

107-160 0.83

3-methoxybenzoyl

83

74-92

88

75-104

0.94

4-methoxybenzoyl

68

58-81

67

59-75

1.01

3,4-dimethoxybenzoyl

85

78-93

66

59-74

1.3

3,5-dimethoxybenzoyl

36

28-48

38

30-49

0.95

Cinnamoyl

150

92-250

130

107-160 1.2

Methylenedioxybenzoyl

36

32-41

51

45-58

0.71

Deserpidine

59

51-69

48

46-51

1.2

cisplatin (24 hrs)
Rescinnamine+10µM
cisplatin (48 hrs)
Rescinnamine+10µM
cisplatin (72 hrs)
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structural predictions, the compounds were subdivided into four distinct modes of
binding to MutS/MSH proteins: reserpine-like conformation, flipped conformation,
mismatch-like conformation, and non-specific conformation (see Figure 3.5).

(1)

Reserpine-like conformation
Reserpine was identified utilizing the cisplatin-induced “death conformation” of

MSH2/MSH6 (8, 18), predicting a similar interaction with the DNA binding pocket of
MutS (Figure 3.3a). Likewise, rescinnamine is predicted to show similar interactions
(Figure 3.3b). The space occupied by either molecule largely overlaps with that of DNA.
The molecules are stabilized by hydrogen bonds between their methoxy groups and at
least three amino acids (G38, R58, R108 of MutS). These residues were previously
identified as being important for the interaction with cisplatinated DNA (18).

The

phenylalanine (F36) shown to be indispensable for mismatch repair is far removed from
the small molecules and shows no significant binding activity (8, 22). This lack of
significance is reminiscent of its failure to exhibit a significant effect on the binding to
cisplatinated DNA or, when mutated, on the cytotoxic response to cisplatin (8). Both
molecules show a characteristic bend. Previously, it was suggested that an acquired or
pre-existing bend in the ligand for MutS homologous proteins is required for robust
binding to their substrates (23). The existence of such a bend may be a prerequisite for
small molecules to specifically bind to MutS homologous proteins and induce a specific
response. However, the predicted orientation of the bend in the small molecules appears
to be inverted compared to DNA, which may suggest that the actual presence of a bend is
not a requirement for cytotoxic response. Among all the compounds tested, reserpine and
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rescinnamine are the only molecules predicted to preferentially bind in this specific
conformation and exhibit these specific interactions with the protein binding pocket.
(2)

Flipped conformation
To determine the functional requirements of a small molecule to induce

MSH2-dependent cell death, we constructed a number of analogs based on the reserpine
structure. We hypothesized, based on the structural predictions, that the methoxy groups
on ring 6 will have significant impact. We constructed several compounds that either
lack all or some of the methoxy groups, resulting in seven different molecules: benzoyl,
3-methoxybenzoyl, 4-methoxybenzoyl, 3, 4-dimethoxybenozyl, 3, 5-dimethoxybenzoyl,
methylendioxybenzoyl and cinnamoyl resperine (Figure 3.4a).

Interestingly, the

structural predictions suggest a preferred altered binding orientation of these molecules,
even for those lacking only one methoxy group (3,4-dimethoxy benzoyl; 3,5-dimethoxy
benzoyl). This altered binding mode would flip the molecule and have it oriented the
opposite way to the reserpine/rescinnamine.

The binding of each one of the five

molecules in this orientation is predicted to be strong, with predicted Ki values of 15-32
µM. Experimental determination of the cell death demonstrates the ability of these
compounds to induce cell death, however in an MSH2-independent manner (Figure 3.6a,
Table 3.1). The 3,4-dimethoxy benzoyl compound is an exception and the only molecule
that initiates a significant MSH2-dependent cell death response. The IC50 values for this
compound result in 85 µM in MSH2-deficient cells vs. 66 µM in -proficient cells, with a
1.3-fold difference, reminiscent of the response observed with reserpine (Table 3.1).
When forced by computational modeling into the “correct” orientation, the predicted
binding constant is 93 µM, which would substantiate the cell biology data and suggest a
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Figure 3.4. Structures of reserpine and rescinnamine derivatives are shown on the left and their corresponding
predicted (calculated, as described in Materials section) binding constants and partition coefficients are displayed on
the right. Derivatives are subdivided into their predicted binding modes: (a) flipped; (b) mismatch-like; and (c) nonspecific or altered (see also Figure 5).
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(a)

(b)

(c)

(d)

Figure 3.5. Predicted modes of binding of reserpine and rescinnamine derivatives
include: (a) reserpine-like; (b) flipped; (c) mismatch-like; and (d) non-specific or
altered.
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poorer binding to MutS than reserpine. The limitations of the resolution of structural
modeling make it impossible to distinguish the binding affinity of this compound from
the one of other methoxy compounds in the “correct” orientation.
Since ring 6 is attached to the remainder of the protein by a rotatable bond, the
3,4-dimethoxy benzoyl compound is indistinguishable from the 4,5-dimethoxy molecule.
Whether the presence of two methoxy groups on this ring is sufficient for the induction of
MSH2-dependent cell death, or this rotation and the resulting presence of methoxy
groups in all three positions enable the appropriate response is unknown.
Methylenedioxybenzoyl has an additional ring system on ring 6. This compound is
predicted to bind to MutS with a Ki of 19 µM; however, the predicted binding is also
found to be in a flipped conformation. The cell death response is opposite to the damage
response generally observed in dependence of mismatch repair proteins. MSH2-deficient
cells show a higher sensitivity to the compound than proficient ones (IC50 of 36 µM in
MSH2-deficient ones, vs. 51 µM in -proficient cells, Table3.1), reversing the resistance
phenotype seen with cisplatin and reserpine/rescinnamine.
Cinnamoyl reserpine is a rescinnamine derivative that lacks the methoxy groups
on ring 6, similar to the reserpine analog benzoyl. Again, similar to the corresponding
reserpine analog, the predicted binding of cinnamoyl reserpine to MutS is predicted to
occur in the flipped conformation with a binding constant of 14 µM. The compound
induces cell death that is independent of functional MSH2 (IC50 value of 150 µM in
MSH2-deficient cells vs. 130 µM in -proficient cells; Figure 3.6a, Table 3.1). This result
confirms the structural prediction.
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Figure 3.6. (a) Derivatives of reserpine and rescinnamine diminish cell viability in
an MSH2-independent manner as shown by MTS assays with an exception of 3,4dimethoxy reserpine, which demonstrates a slight dependence on MSH2. Evodiamine
has an insignificant effect on cell viability. One representative from each of the
predicted binding mode groups is shown. MSH2-deficient cells (■) and MSH2proficient (▲) cell response is shown. (b) Caspase-3 cleavage was assessed in Hec59
(MSH2-deficient; left panel) and Hec59(2) (MSH2-proficient; right panel) cells when
treated with various compounds. The 17 and 19 kDa cleavage products of caspase-3 are
depicted. Staurosporine (STS) was used as a positive control; actin was used as a
loading control. Lisinopril is an ACE inhibitor, like rescinnamine, and demonstrates
rescinnamine’s action as being independent of its anti-hypertensive properties.
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Together, these results suggest that the absence of essential methoxy groups on ring 6
that appear to position the molecules in the correct conformation triggers a different
binding mode (Figure 3.5b) that does not result in MSH2-dependent cell death. Removal
of these suggested, essential functional groups eliminates the MSH2-dependent cell death
response.

(3)

Mismatch-like binding
The methoxy group on ring 1 was predicted to show unfavorable interactions with

the MutS protein for reserpine, but not rescinnamine (Figure 3.3). A clinically relevant
compound exists that has the general structure of reserpine, but lacks this methoxy group
(deserpidine, Figure 3.4b). Though eliminating a suggestively unfavorable interaction,
the predicted binding constant is roughly 2-fold worse than that for reserpine (130 µM),
which suggests that even an “unfavorable” interaction may be required to correctly orient
the molecule in the binding pocket.
The predicted binding mode for deserpidine is reminiscent of the binding of
mismatched DNA to the protein. The molecule shows a stronger bending than other
compounds and altered orientation that results in the molecule wrapping around the
phenylalanine involved in coordinating mismatch binding (F36) (Figure 3.5c).

The

predicted specificity for the “death conformation” is reduced for this molecule, which
would further confirm the predicted “mismatched DNA”-like binding mode.
The cell biology of this compound revealed cell death induction with no
significant specificity for the presence of MSH2 (IC50 values of 56 µM in MSH2deficient vs. 49 µM in -proficient cells; Figure 3.6b, Table 3.1), confirming the structural
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predictions. This result suggests that binding in the “mismatched DNA mode” eliminates
MSH2-dependent cytotoxic response.

(4)

Non-specific and altered binding
Some compounds are predicted to bind MutS in an entirely altered conformation.

Though binding is still observed in or close to the DNA binding pocket, the general
orientation of these compounds is altered when compared to the binding of
reserpine/rescinnamine (Figure 3.5d).
Methyl Reserpate lacks the entire ring 6. This compound is predicted to bind in a
distance to the actual binding pocket with a Ki of 101 µM. The molecule only weakly
induces cell death in either MSH2-proficient and -deficient cells with no preference for
either cell line. The cell death response was not sufficient to reliably determine IC50
values.
Syrosingopine is a commercially available reserpine analog that has found
application as an anti-hypertensive drug. Its predicted binding to the mismatch repair
protein is the worst among the tested compounds, with a predicted Ki of 1310 µM. This
is largely due to the fact that its substitution on position 4 of ring 6 increases its length
considerably, which interferes with the binding to the protein (Figures 3.4c and 3.5d).
The binding of the molecule is hence highly “distorted” when compared to the interaction
of reserpine/rescinnamine with the protein (compare Figures 3.5a and 3.5d).
Evodiamine, a compound described as aiding in diet-induced obesity (24), only
contains ring systems 1-5 and lacks all methoxy groups seen in reserpine/rescinnamine.
This compound shows no specific binding in the computational docking experiments, and
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hence does not result in a predictable binding constant. In the cell system, this molecule
shows no significant cytotoxic effect, in either the presence or absence of MSH2 (Figure
3.6a). This is presumably due to the fact that evodiamine cannot establish any of the
required interactions with the MMR protein.
Cells were treated with selected reserpine derivatives to determine their effect on
cell viability and caspase-3 cleavage. MSH2-proficient and -deficient cells were treated
with

increasing

dimethoxybenzoyl

concentrations
reserpine,

(0-250µM)

of

3,5-dimethoxybenzoyl

3-methoxy

reserpine,

3,4-

reserpine,

evodiamine,

and

deserpidine for 24 hours after which time their viability was assessed via MTS assay
(Figure 3.6a and data not shown).

Upon treatment with 3,5-dimethoxybenzoyl, no

MSH2-dependent cell death was observed (data not shown). Upon treatment with 3,4dimethoxybenzoyl reserpine, however, a 1.3-fold difference between MSH2-proficient
and -deficient cells was observed, reminiscent of the increase in resistance to cisplatin in
MSH2-deficient cells. This result indicates the importance of two methoxy groups on
ring 6 of the small molecule. This cellular result provides further indirect evidence that
the computational model, which is one of direct binding to a specific protein
conformation, is valid.
Since rescinnamine exhibits the activity of an ACE inhibitor, we determined if the
observed effect on cell viability is due to this activity.

In comparison, another,

structurally different ACE inhibitor, lisinopril (25), was added and cell viability
determined. No effect on cell viability and caspase-3 activation was observed in either
MSH2-proficient and -deficient cells (Figure 3.6b), suggesting a different function for
rescinnamine in MSH2-dependent cell death.
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3.4.

Discussion
MMR is one of the primary DNA repair pathways that maintain genome stability

within every cell. Its significance is displayed by its contribution to carcinogenesis in
cells deficient for a key MMR protein. Based on the increasing number of additional
protein interactions MMR proteins undergo, they may participate in numerous other
cellular functions that remain to be understood. Among these, their participation in the
response to cytotoxic agents and the initiation of cell death is of importance, particularly
since defects in MMR proteins increase resistance to certain chemotherapeutic agents and
lead to the clonal selection of MMR-deficient cells. We have previously described the
response of MMR proteins to the chemotherapeutic agent cisplatin, and predicted a
“death conformation” that is selectively targeted. This “death conformation” can be
accessed by a small molecule, reserpine that induces DNA damage-independent cell
death. Our multiple cellular assays have provided indirect evidence that this model,
which required direct binding of reserpine, is indeed correct. However, we do look
forward to the day when direct binding can be observed with either refinements of current
technologies, or with brand new technologies. Here we have determined the particular
parameters that allow reserpine and its analogs to access the predicted “death
conformation” of MSH2/MSH6 and induce cell death. These parameters, although
predicted based on our model, were verified by cellular assays, which provided indirect
evidence for the appropriateness of our model. Our experimental data indicates that the
length of the molecule and specific functional groups are required for the induction of
cell death. In our model, these parameters are critical to maintain the correct orientation
of the small molecules within the MSH2/MSH6 binding pocket. Small changes in this
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structure of reserpine abrogate the ability to induce MSH2-dependent cell death; which
would not be surprising if our model of direct binding were correct. These results
suggest that the development of an improved molecule for the induction of cell death that
is based on reserpine will need to be closely designed upon the original structure of the
molecule. Since rescinnamine proved to be the best compound, future designs would do
well to be based on this structure. Since cinnamate, a derivative of rescinnamine without
the trimethoxy groups on ring system 6, abrogates the MSH2-dependent cell death
response, these groups are required for the observed activity.

3.5.

Conclusions
Our data demonstrate the combining virtual screening with conformational

modeling is a novel, valid approach to identify compounds that target highly specific
structures and pathways. We show that, in at least the case, molecular dynamics
simulations provide molecular conformations that are sufficiently accurate as to allow for
targeting of specific conformations associated with specific molecular functions. In
particular, we have shown that cell death can be induced by small molecules that have
been screened against models for a specific “death” conformation of the MSH2/MSH6
complexes.

We have demonstrated the effects of these small molecules, reserpine-

analogs, via two distinct cell assays: MTS assay and caspase-activation which are
standard and commonly used tests for cell viability and apoptotic cell death.
Furthermore, combinatorial treatment of reserpine and cisplatin resulted in rapid, MSH2independent cell death, suggesting that the combination treatment “overloads” the
MSH2-dependent system, and the cell induces death via a different pathway. This
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observation suggests that future mechanistic studies, well-beyond the scope of this paper
as few of the actors involved are known, would be fruitful in determining the precise
signaling pathways induced in the MSH2-dependent and MSH2-independent cell-death
pathways. A more detailed mechanistic study of the MSH2-dependent pathway would be
useful in potentially providing another protein target. Understanding the mechanism of
the MSH2-dependent pathway may provide treatment options for MMR-deficient tumors,
which are found in many patients with colorectal cancers.
Taken together, our data determine the parameters required of reserpine analogs
to induce MMR-dependent cell death that can be utilized to further develop chemicals
targeting this particular cell death pathway.
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CHAPTER 4
Mechanism of rescinnamine, a reserpine analog, in cell killing
Abstract
Ovarian cancer is the deadliest gynecological malignancy and one of the leading
causes of cancer deaths in women. The main strategies of treatment are cytoreductive
surgery with neoadjuvant or adjuvant chemotherapy.

Chemotherapy regimen is a

combination of platinum (cisplatin or carboplatin) and non-platinum (taxane-based)
agents, though resistance of tumors to these agents is a growing problem. It remains
unclear whether the resistance is inherent or develops during the course of the
chemotherapy treatment. Using cisplatin as a model chemotherapeutic, rescinnamine was
identified to target MMR-dependent cell death pathway and was predicted to induce
conformational changes in MSH2/MSH6 proteins. It was hypothesized that rescinnamine
can overcome platinum resistance by mimicking cisplatin-induced cell death. This study
investigated whether rescinnamine can induce or potentiate a killing mechanism in
cisplatin-resistant ovarian carcinoma cells. Rescinnamine kills these cells in vitro and
achieves this effect alone without the addition of cisplatin albeit in a caspase 3- and
caspase 9-independent manner. In addition, mechanism(s) of resistance in cisplatinresistant cells were investigated to determine whether rescinnamine targets any of them.
Elevation of ERCC1, a nucleotide excision repair protein, and thymidylate synthase (TS),
an enzyme involved in purine/pyrimidine synthesis, has been observed in cisplatinresistant cells and tumors. Rescinnamine has been used as an anti-hypertensive agent; it
exhibits its action by inhibiting angiotensin-converting enzyme (ACE).
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It was

determined that rescinnamine kills ovarian cancer cells in an ACE inhibitor-independent
manner.
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4.1.

Introduction
Ovarian cancer (OC) is the deadliest gynecological malignancy and the 7th leading

cause of cancer deaths in women (1).

The progression of the disease within the

peritoneal cavity is characterized mainly by abdominal bloating and discomfort and can
be mistaken for other gastrointestinal or gynecological ailments. Another obstacle to the
correct diagnosis is the location of ovaries deep within the pelvic cavity, making them
difficult to palpate, thus, the majority of OC cases are diagnosed at later stages.
There are three main types of OC: epithelial ovarian cancer, making up 90% of
incidence; gonadal-stromal with 6% incidence, and germ cell, occurring in the last 4% of
cases (2). Epithelial OC is the most common type of OC and, therefore, will be covered
further. The majority of epithelial OC is sporadic; only 5-10% of cases are familial and
mostly associated with mutations in BRCA1 and/or BRCA2 genes, which are also
implicated in hereditary breast cancer (3).
Staging of OC is determined upon cytoreductive surgery, also known as tumor
debulking, based on the confinement of the tumor to the ovaries (stage I), involvement of
other pelvic structures (stage II), spread into the upper abdominal cavity (stage III), and
metastasis outside of the peritoneal cavity (liver, pleural effusion; stage IV) (1). The
surgery is followed by conventional chemotherapy that includes a combination of
platinum and non-platinum (taxane-based) regimen and is most beneficial to patients with
early-stage OC (1, 4). There is no evidence that neoadjuvant chemotherapy is more
beneficial prior to the cytoreductive surgery (5).

The problem with the standard

chemotherapy, however, is the development of resistance, especially to platinum agents,
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cisplatin and carboplatin. The resistance is defined as failure of tumor cells to undergo
apoptosis when treated with clinical doses of a drug, thus, resulting in the maintenance of
tumor size and/or re-growth of tumor. In patients, it is difficult to determine the level of
resistance, but through analysis of clinical studies, at least 2-fold resistance is generally
taken as a sign of tolerance to chemotherapeutics (6). In vitro, resistance in cell lines can
be much more severe and reach as much as 50-100-fold increase in the IC50 concentration
in comparison to cells sensitive to platinum compounds (7).

4.1.1. Potential Mechanisms of Rescinnamine’s Anti-Tumor Action
Rescinnamine as an ACE inhibitor
Rescinnamine is a FDA-approved drug for the treatment of clinical hypertension
(8, 9).

Hypertension is the result of a misbalance in the renin-angiotensin system.

Kidneys release renin in response to hypotension which then activates angiotensin I that
is, in turn, converted to angiotensin II by angiontesin-converting enzyme (ACE).
Angiotensin II activates a signaling cascade in vascular smooth muscle cells that leads to
an increase in blood pressure, which continuously occurs unless angiotensin II is
inhibited. Rescinnamine is an ACE inhibitor that prevents the conversion of angiotensin
I to angiotensin II, thus, leading to a decrease in blood pressure.

In our studies,

rescinnamine has been predicted to bind MSH2/MSH6 complex and induce
conformational changes resulting in the formation of the “death” conformation of the
protein complex (described in detail in Chapter 1). These changes are proposed to lead to
the activation of the damage signaling cascade by MSH2/MSH6. It is important to
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determine whether rescinnamine uses its ACE inhibitor function in binding to the MSH
proteins or whether the binding is independent of rescinnamine’s ability to target ACE.

4.1.2. Mechanisms of Resistance in Ovarian Cancer
There are a number of potential mechanisms of resistance to cisplatin that have
been identified.

They are decreased platinum compound accumulation, enhanced

platinum compound inactivation, increased repair of DNA damage caused by platinum
agents, and elevation of enzymes involved in DNA synthesis. Since cisplatin has been
used a model chemotherapeutic in these studies, its resistance mechanisms will be
discussed.

Reduced intracellular drug accumulation
Reduced intracellular drug accumulation can be the result of a decreased drug
uptake, an increase in drug efflux, or both. It was proposed that half of the initial drug
uptake occurs by passive diffusion and the other half takes place by facilitated diffusion
through a gated channel, i.e. sodium-potassium pump (10). The mechanism causing
decreased drug uptake is unclear, but is thought to be related to changes in passive drug
diffusion even though the accumulation of platinum compounds was directly proportional
to drug concentrations (10, 11). Uptake of cisplatin was decreased by the addition of a
combination of metabolic inhibitors (dinitrophenol and fluoride acetate) with ATPase
inhibitor ouabain that suggests interactions of these compounds with proteins involved in
facilitated diffusion process (12). In another study, cisplatin influx was slightly higher in
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the resistant cells, contradicting the assumption that cisplatin-tolerant cells should have
decreased uptake of the drug (13).
More is known about the drug efflux mechanisms.

Multidrug resistance-

associated family of proteins (MRP) has been found expressed in tumor cells and is
associated with drug resistance (14, 15). There are at least seven members of the MRP
family (MRP 1-7) and MRP2 is thought to be imperative for cisplatin resistance as can be
evidenced by its increased levels in cisplatin-resistant cells (14). Other studies, however,
show that MRP1 is overexpressed in resistant cells (16). Moreover, another report
depicts reduced expression of MRP1 and MRP2 in cisplatin-resistant cells (17),
indicating that a number of proteins may be involved in the drug tolerance mechanism.
Another family of proteins implicated in resistance to multiple drugs is the
multidrug resistance (MDR) family.

P-glycoprotein (P-gp) pump is a cell-surface

glycoprotein encoded by MDR1 gene. P-gp is an ATPase-like protein that belongs to the
family of ABC transporters (18). It has been shown to be required for tolerance to certain
compounds, such as doxorubicin, vinblastine, as well as a number of natural cytotoxic
agents (19). Its overexpression has been observed in ovarian (mouse and human), breast,
and lymphoblastoid cell lines and correlated with their resistance to a number of drugs
(20-22). Additionally, overexpression of the P-glycoprotein has been associated with a
poor chemotherapy outcome, thus, supporting its role in chemotherapeutic resistance
(23). Its involvement in cisplatin resistance is uncertain. Expression of the MDR1 gene
has been demonstrated to be induced by exposure to cisplatin, doxorubicin, and paclitaxel
(24), indicating its participation in the mechanism of resistance. However, a study by
Bible et al. (25) depicts that cisplatin-resistant cells had reduced rate of cisplatin efflux
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and argues against the involvement of P-glycoprotein overexpression in cisplatin
resistance, despite the cells’ cross-sensitivity to paclitaxel, doxorubicin, etoposide, and
topotecan. The conclusions of other studies support the notion of P-glycoprotein not
being involved in cisplatin tolerance (22, 26), thus, while it is certain that P-glycoprotein
is involved in resistance to some chemotherapeutics, it seems that it contributes to
cisplatin resistance to some degree, but its absolute requirement in this process is unclear.

Enhanced compound inactivation
Glutathione (GSH) is a thiol-containing tripeptide that functions in cellular
detoxification of various compounds due to its nucleophilic glutathione sulfur conjugate,
a reduced form of glutathione (27). GSH participates in the detoxification through
oxidation-reduction reactions with the help of the catalytic function of GSH-S-transferase
π (GSTπ) (28). Upon cisplatin exposure, GSH concentration increases and is thought to
induce resistance by diminishing the level of cisplatin available for interaction with target
DNA. Cisplatin binds glutathione directly to form glutathione-cisplatin chelate complex
(29). Inhibition of this binding results in reduction of intracellular accumulation of
platinum complexes. Glutathione is known to be overexpressed in cisplatin-resistant
cells, including leukemic and ovarian cell lines, but this effect can be reversed by
treatment with buthionine sulfoximine, which depletes GSH levels (30-33).
Interestingly, elevated GSH levels can lead to increased DNA repair (34, 35) or
enhanced inhibition of apoptosis in response to oxidative stress (36, 37). In terms of
DNA repair, increased number of single-strand breaks induced by radiation has been
shown to be associated with decreased cellular GSH levels, indicating that GSH depletion
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radiosensitizes cells under hypoxic conditions (this effect was not observed in the
presence of oxygen). Glutathione has been shown to stabilize DNA polymerase α and
facilitate the synthesis of DNA precursors such as deoxyribonucleotide triphosphates that
are crucial for DNA repair (38, 39). As for apoptosis, elevated GSH concentration can
increase inhibition of apoptosis together with Bcl-2 overexpression (40, 41). Bcl-2 is
known to alter the redox state of cells by decreasing the generation of reactive oxygen
species (ROS), although transiently, thus, tipping the balance toward apoptosis
prevention (42).

Increased repair of cisplatinated DNA damage
A number of cisplatin-resistant ovarian cancer cell lines display increased levels
of DNA repair evidenced by the elevated levels of adduct removal (43) and enhanced
synthesis of DNA repair proteins (44).

Increased DNA repair adds 1.5-2.0-fold

magnitude to resistance, which is considered to be significant.

The main pathway

responsible for the repair of cisplatin adducts is nucleotide excision repair (NER). NER
functions in global genome repair (GG-NER) as well as transcription-coupled repair (TCNER) of cisplatin-induced DNA adducts; increases in both types of NER aspects have
been observed (45, 46). ERCC1, one of the main proteins in NER, preferentially binds
to and repairs intrastrand platinum crosslinks in actively transcribed genes, in addition to
playing a role, along with XPA, in TC-NER, which may not be necessarily contributing
to the resistance. However, it has been demonstrated that cells deficient in TC-NER are
hypersensitive to cisplatin (47).
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The significance of enhanced DNA repair in clinical resistance to platinum agents
is supported by evidence of increased levels of NER proteins, ERCC1 and XPA, in cell
lines and clinically drug-resistant tumors compared to tumors that are responsive to
chemotherapy (48-50). ERCC1 and XPA are involved in the rate-limiting step of NER,
the damage recognition/excision, and are associated with clinical resistance to platinum
agents (51). A 10-fold increase in ERCC1 expression level observed in an ovarian tumor
sample taken after chemotherapy compared to a sample from the same patient taken prior
to treatment (51) indicated the development of acquired resistance to cisplatin and argued
against the presence of inherent tolerance. It is important to note that elevated ERCC1
mRNA was found to occur prior to the increase of XPA mRNA. In Chinese hamster
ovary cells, the sensitivity to cisplatin and melphalan was restored upon transfection and,
subsequently, overexpression of the ERCC1 gene (52).

Overexpression of XPA in

cisplatin-resistant ovarian tumors was found to be due to its regulation, for no gene
mutations or amplifications were detected (50, 53). Van der Zee et al. (54) report that
increased repair of DNA damage caused by platinum compounds occurs early and very
frequently in cultured ovarian cancer cells and suggest that this tolerance mechanism may
be the most pertinent.

Elevation of thymidylate synthase and dihydrofolate reductase
Thymidylate synthase (TS) and dihydrofolate reductase (DHFR) are enzymes
involved in purine/pyrimidine metabolic pathway (55). Since thymidylate synthesis and
its incorporation into DNA are the rate-limiting events in DNA synthesis, these enzymes
are excellent targets for chemotherapy. A number of chemotherapeutic agents have been
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developed, such as 5-fluorouracil (5-FU). Purine metabolism influences the generation
and maintenance of folate pools which modulate DNA methylation (56). TS is an
enzyme that specifically participates in thymidine metabolism to generate thymidine
monophosphate (dTMP), which is then converted to thymidine triphosphate (dTTP)
needed for DNA synthesis and repair (55). TS is also responsible for the conversion of
5,10-methylenetetrahydrofolate (MTHF) to 7,8-dihydrofolate (DHF).

DHFR then

catalyzes the conversion of dihydrofolate to tetrahydrofolate (THF). THF is, in turn,
converted back into 5,10-MTHF by serine hydroxymethyltransferase which catalyzes a
one-carbon reaction from serine to glycine. Elevation of both TS and DHFR, whose
expression is generally studied simultaneously, has been proposed as potential resistance
mechanisms to certain chemotherapeutics.
TS is therapeutically targeted by 5-FU, an agent used in treatment of various
malignancies, including ovarian cancer (57).

5-FU indirectly inhibits TS: 5-FU is

converted to 5-fluorodeoxyuridine monophosphate (FdUMP), which then binds and
inactivates thymidylate synthase, depleting pools of dTMP (58). Cisplatin and 5-FU are
known to act synergistically which leads to enhanced cytotoxicity against tumors (55,
59). Cisplatin exposure alone results in increased folate pools and, if preceded by 5-FU
treatment, enables 5-FU to be converted to FdUMP, leading to a greater degree of TS
inhibition by FdUMP (58). Scanlon et al. (55, 59) examined mRNA levels of TS and
DHFR in A2780 ovarian cancer cells resistant to cisplatin that were cultured in vitro as
well as cancer cells established from ovarian tumors of patients who have undergone
treatment with cisplatin and 5-FU. In vitro, in A2780 cisplatin-resistant cells, 2- to 3-fold
elevation in TS and DHFR mRNA levels was observed that was not due to gene
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amplification, indicating posttranscriptional modification of the message levels of these
enzymes. Elevation in DHFR mRNA was reported to be debatable, since the cells were
grown in medium with folic acid which is reduced to DHF. In tumor samples of patients
where therapy with cisplatin and 5-FU failed, an increased TS and DHFR expression was
detected and it was concluded to be the result of enhanced gene expression and increased
copy number of TS and DHFR genes. It can be speculated that an increase in TS and
DHFR mRNA can occur upon cisplatin exposure without pre-treatment with 5-FU, thus,
leading to the overexpression in TS and DHFR protein levels, and can potentially
coincide with or result in tolerance to cisplatin. It is interesting, therefore, to determine
the levels of these proteins in the A2780 cisplatin-resistant cells used in the studies
presented in this dissertation.

It is not clear if one particular mechanism is predominant in resistance to platinum
compounds; it is possible that multiple mechanisms play a role in this avoidance of
apoptosis. Inherent or acquired resistance to chemotherapeutics is a major problem in
cancer treatment. This part of the work builds on previous chapters that identified
rescinnamine, a reserpine analog, as a putative anti-cancer agent. The mechanism of
action of rescinnamine is unclear and this chapter discusses this aspect. In addition, this
chapter focuses on rescinnamine’s potential for overcoming resistance to cisplatin in
ovarian cancer cells.

The long-term goal of these research objectives is to create

alternative treatment options for patients with tumors that are wild-type for MMR and/or
resistant to the current therapy agents.
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4.2.

Materials and Methods

Cell lines
A2780 cells were purchased from the Wake Forest University Cell and Virus
Core Lab. A2780cis (resistant to cisplatin) cells were purchased from Sigma-Aldrich
(catalog no. 93112517).

Both cell lines were maintained in RPMI1640 medium

supplemented with 2mM glutamine and 10% FBS. The resistance of A2780cis cells to
cisplatin was maintained by the addition of 1µM cisplatin to the cell culture medium
every 2-3 passages. Both cell lines were kept at 37˚C in a 5% CO2 atmosphere.

Chemicals and antibodies
Cisplatin (Sigma Aldrich) was dissolved in DMSO to a stock concentration of
100mM.

Rescinnamine (Pfaltz & Bauer, Inc.) was dissolved in DMSO to a stock

concentration of 200mM. Verapamil (Sigma Aldrich) was dissolved in methanol to a
stock concentration of 102mM.

Caspase 9 (9505) and cleaved caspase 3 (9661)

antibodies was purchased from Cell Signaling Technology. ERCC1 antibody (556452)
was purchased from BD Pharmingen.

TS antibody (35-5800) was purchased from

Invitrogen.

MTS assay
A2780 and A2780cis cells were grown in standard growth media of RPMI1640
supplemented with 10% FBS.

105 cells/well were plated into 96-well plates and

incubated overnight to allow the cells to attach. The next day, cells were treated with
either vehicle control or the indicated drug concentrations. After the appropriate time
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point, one solution reagent (CellTiter 96 Aqueous One Solution) was added to the cells in
each well (20µL/well) and allowed to incubate for 3-4 hours. Plates were read at 490nm
to generate OD measurements in SoftMax software. OD value of the blank wells (media
alone) was subtracted from the OD values of the wells with cells to generate raw OD
measurements. Each drug concentration was done in triplicate and was averaged to yield
one raw OD value. These raw OD values were used to calculate percent viability. OD
value of the wells with vehicle-treated cells was set at 100% viability. Final raw values
from treated cells were divided by the OD value of the vehicle-treated cells to determine
percent viability.

Preparation of whole cell lysates
Cells were grown in 1000-mm dishes until 80-90% confluency and then treated
with the indicated treatments for the appropriate time.

After completion of the

treatments, cells were harvested and collected into 15-ml tubes. Cells were washed with
PBS and stored at -80˚C overnight. The next day, cells were resuspended in NP40 lysis
buffer (50mM TRIS pH 8.0, 5mM EDTA, 150mM NaCl, 0.5% NP40) with protease
inhibitors (“Complete”; Boehringer Mannheim 1697498) and transferred to Eppendorf
tubes. 0.1mg/ml of PMSF was added to each tube after sonication on ice for 15 seconds.
Then, the lysates were cleared by centrifugation at 13,000rpm for 15 minutes at 4˚C and
supernatants were aliquoted into new Eppendorf tubes and stored at -80˚C until ready to
use. Total protein concentration of each sample extract was determined by BCA Protein
Assay Kit (Thermo Scientific) as per manufacturer’s instructions.
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Immunoblotting
Sample extracts were loaded onto either 4-20% or 16% Tris-Glycine pre-cast gels
(Invitrogen) and allowed to separate by SDS-PAGE. Proteins were then transferred onto
PVDF membrane (Millipore). Membranes were incubated in blocking buffer and probed
with primary and secondary antibodies as per manufacturer’s instructions. ECL Plus
Western Blotting Detection System (GE Healthcare) and Fujifilm ImageReader LAS-300
were used to detect, develop, and create an image.

Multi Gauge software and

ImageQuant were used to visualize and perform densitometric analysis, where
appropriate. All densitometry measurements were normalized to actin loading control.
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4.3.

Results

Rescinnamine decreases cell viability of ovarian cancer cells in vitro
Resistance in ovarian cancer can develop during treatment and lead to
chemotherapy failure. A2780 cells are ovarian carcinoma cells that are sensitive to
cisplatin. A2780cis cells have been developed by chronic exposure of A2780 cells to low
concentrations of cisplatin (60). A2780cis cells are also cross-resistant to melphalan,
adriamycin (doxorubicin), and irradiation. Thus, A2780 and A2780cis cells are a good
system to study cisplatin cytotoxicity and resistance in vitro. Since cisplatin has been
used as a model chemotherapeutic for the computational modeling studies, the
mechanism of action of rescinnamine in killing cells was investigated. First, the effect of
rescinnamine on A2780 and A2780cis cells as a single agent was determined. Cells were
treated with 0-100µM rescinnamine for 24 hours. Viability of cells was assessed by a
standard MTS assay. Both cell lines were sensitive to rescinnamine with A2780 cells
being more responsive (Figure 4.1). The viability of A2780cis cells was only impacted
by about 20% at 25µM of rescinnamine when more than 50% of A2780 were not viable
(IC50 of A2780 cells is 18µM and IC50 of A2780cis cells is 29µM; Table 4.1). However,
the cell killing by rescinnamine leveled off for A2780 cells at 40µM and at 70µM for
A2780cis cells. Longer exposure to rescinnamine will likely result in decreased IC50
concentrations.

Therefore, both cell lines are sensitive to rescinnamine, indicating

rescinnamine’s ability to kill different types of cancer cells.
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Figure 4.1. Rescinnamine decreases cell viability of A2780 and A2780cis cells.
Both cell lines were treated for 24 hours with 0-100µM rescinnamine and their cell
viability was assessed by MTS assay. Percent survival is calculated in reference to
untreated cells. This is a representative of at least three separate experiments with
standard deviation values. GraphPad Prism 4 software was used to graph the results and
calculate IC50 values.
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Rescinnamine decreases cell viability of cisplatin-sensitive as well as cisplatin-resistant
cells independent of cisplatin in vitro
The response of A2780 and A2780cis cells to the combinatorial treatment of
cisplatin and rescinnamine was determined. First, both cell lines were treated with 10µM
cisplatin and 0-100µM rescinnamine for 24 and 72 hours (Figure 4.2a and c). The curves
of cell viabilities of both A2780 and A2780cis cells were similar after 24-hr treatment;
cell viabilities leveled off at 40% (Figure 4.2a). The IC50 for A2780 cells with this
treatment has been determined to be 14µM and IC50 of A2780cis cells is 24µM, thus,
A2780cis appear to be slightly more tolerant, though this effect is not statistically
significant (Table 4.1). At 72 hours, the cell viabilities of both cell lines decreased
drastically at 25µM rescinnamine (+10µM cisplatin) (Figure 4.2c) and dropped to almost
zero at higher concentrations of rescinnamine. The IC50s were 11µM for A2780 cells and
17µM for A2780cis cells (not statistically significant; Table 4.1). These results indicate
that both A2780 and A2780cis cells are sensitive to the combination treatment with
10µM cisplatin and 0-100µM rescinnamine and that this response is time-dependent.
Optimal cell killing occurs upon treatment with 10µM cisplatin and ~20µM rescinnamine
for 72 hours.
Alongside, A2780 and A2780cis cells were also treated with 20µM rescinnamine
and 0-50µM cisplatin for 24 and 72 hours (Figure 4.2b and d). At 24 hours, the cell
viability of A2780cis cells was only slightly decreased and dropped to about 60% at
higher concentrations of cisplatin (IC50: 32µM), indicating the maintenance of cisplatin
resistance in A2780cis cells. Only about 20% of A2780 cells were viable at 20µM
rescinnamine and 50µM cisplatin (IC50: 18µM) (Figure 4.2b). Both IC50 values,
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Figure 4.2. Combination treatment of cisplatin and rescinnamine decreases cell
viability of A2780 and A2780cis cells at 24 hrs (a and b) and 72 hrs (c and d) when
treated with 10µM cisplatin and 0-100µM rescinnamine (a and c) and 20µM
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GraphPad Prism 4 software was used to graph the results and calculate IC50 values.
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however, were not statistically significant. The curves of cell viabilities of both cell lines
were similar to each other when treated for 72 hours, with IC50 for A2780 cells being
12µM and 31µM for A2780cis cells. However, the standard deviations were high and
IC50 values were not statistically significant, but these results depict a trend seen in the
treatment with 10µM cisplatin and 0-100µM rescinnamine where the response to the
combination treatment of cisplatin with rescinnamine is time-dependent.
Next, to further confirm these findings, both cell lines were treated with vehicle
(DMSO), 10µM cisplatin, 20µM rescinnamine, and combination of cisplatin with
rescinnamine for 24 and 72 hours. Upon 24-hr cisplatin treatment, about 25% of A2780
cells died, while 90% of A2780cis cells remained viable (Figure 4.3a). Rescinnamine
treatment killed about 50% of A2780 with cell viability of A2780cis cells was slightly
higher at 70%. Combinatorial treatment of cisplatin and rescinnamine left only 30% of
A2780 cells and 65% of A2780cis cells viable. Thus, A2780 cells are sensitive to all the
treatments, with combination treatment being the most effective.

A2780cis cells,

however, are marginally affected by cisplatin, indicating their resistance to the drug, and
show no difference in effect by rescinnamine or a combination of cisplatin with
rescinnamine. After 72-hour treatment, cisplatin decreased the viability of A2780 cells
by 50% and only by 20% in A2780cis cells (Figure 4.3b). Rescinnamine treatment
almost completely killed off both cell lines, thus, indicating that rescinnamine alone can
significantly reduce the cell viability of ovarian cancer cells and the presence of cisplatin
does not have an additive effect. Combination treatment of cisplatin with rescinnamine
had the same effect of eradicating both cell lines.
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Table 4.1.

IC50 values (µM) for A2780 and A2780cis cells in response to the

indicated treatments.
A2780

A2780 CL

A2780cis

A2780cis CL

Rescinnamine (24 hrs)

18

13.0-24.7

29

14.8-57.3

Fixed cisplatin (24 hrs)

14

5.3-38.4

24

18.7-31.6

Fixed cisplatin (72 hrs)

11

3.9-33.2

17

13.1-22.3

Fixed rescinnamine (24 hrs)

18

2.79-113.6

32

18.9-54.7

Fixed rescinnamine (72 hrs)

12

1.5-94.4

31

15.0-64.1
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The differences in the IC50 values between all the combinatorial treatments are
due to the variability in the OD measurements that were used to calculate the percent
viability. However, the results indicate that rescinnamine alone can significantly reduce
the cell viabilities of both cisplatin-sensitive and –resistant cells without the need for
cisplatin co-treatment.

Cisplatin, rescinnamine, and combination treatment induce cleaved caspase 3- or
cleaved caspase 9-independent cell death in A2780 and A2780cis cells
In figures 4.1, 4.2, and 4.3, it was observed that treatment with rescinnamine and
combination of cisplatin with rescinnamine decreased cell viability of A2780 and
A2780cis cells after 24 and 72 hours of treatment, with 72-hour treatment being more
effective. To further confirm that these cells undergo cell death, they were treated with
vehicle (DMSO), cisplatin (10µM), rescinnamine (20µM), and combination of cisplatin
with rescinnamine for 24 and 72 hours. After treatment, cell pellets were collected and
whole cell lysates were prepared. Western blotting was used to determine the status of
cleaved caspases 3 and 9 in A2780 and A2780cis cells upon each treatment (Figure 4.4).
At 24 hours, cisplatin and combination treatment weakly induced caspase 3 cleavage in
A2780 cells; no such effect was observed in A2780cis cells. At 72 hours, there was some
caspase 3 cleavage in A2780 cells treated with rescinnamine and combination and none
was observed in A2780cis cells upon any treatment conditions. The bands for cleaved
caspase 3 could only be observed by increasing the contrast of the blot upon detection.
These results indicate that A2780 and A2780cis undergo cell death as can be evidenced
by the decrease in their cell viabilities (Figures 4.1, 4.2, and 4.3), but this response is
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Figure 4.4. Cisplatin, rescinnamine, and combination treatment induce cell death
in A2780 and A2780cis cells independently of caspase 3 and 9. Cleavage of caspase
3 and caspase 9 was assessed by immunoblotting in A2780 and A2780cis cells treated
with vehicle control (U), cisplatin (C), rescinnamine (R), and combination (C+R) at 24
and 72 hours. LoVo cells treated with staurosporine (LoVo STS) were used as a
positive control. Actin was used as a loading control.
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independent of caspase 3 or caspase 9 activation. It is possible that other caspases are
activated in A2780 and A2780cis upon treatment with cisplatin and/or rescinnamine,
such as caspase 6 and 7. Another indicator of cell death is cleavage of poly(ADP)ribose
polymerase (PARP). Further investigation is needed to determine the marker of cell
death for A2780 and A2780cis cells.

Rescinnamine does not act as an ACE inhibitor in its cell killing
Since rescinnamine is an ACE inhibitor, it was important to determine whether it
acts as such when it induces cell death. A2780 and A2780cis cells were treated with
cisplatin (10µM), rescinnamine (20µM), and lisinopril (1µM), another ACE inhibitor
used to treat clinical hypertension (61). Viability of cells was assessed by a standard
MTS assay (Figure 4.5). Rescinnamine treatment resulted in complete abrogation of cell
viability of both cell lines whereas lisinopril did not affect the cells at all, thus, indicating
that rescinnamine decreases cell viability in an ACE inhibitor-independent manner. This
suggests that rescinnamine does not target ACE when it acts as an anti-tumor agent.

Elevation of ERCC1 as a potential mechanism of resistance to cisplatin
One of the potential mechanisms of resistance to cisplatin in ovarian cells is upregulation of ERCC1, a protein involved in nucleotide excision repair. To determine
whether ERCC1 expression levels are altered by rescinnamine, A2780 and A2780cis
cells were treated with vehicle (DMSO), cisplatin (10µM), rescinnamine (20µM), and
combination of cisplatin with rescinnamine for 24 and 72 hours. Cell pellets were
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collected and whole cell lysates were prepared. ERCC1 levels were assessed by western
blot (Figure 4.6a).

Figure 4.6b displays the quantification of the immunoblotting.

Untreated A2780cis cells had slightly higher levels of ERCC1 at 24 hrs compared to
A2780 cells.

Upon cisplatin and rescinnamine treatments, A2780cis cells exhibited

higher levels of ERCC1 (11-fold and 3.3-fold, respectively); however, both cell lines had
similar levels of ERCC1 when exposed to combination treatment for 24 hrs. At 72 hrs,
there were larger differences in ERCC1 levels between the two cell lines upon cisplatin
(3.2-fold higher in A2780cis cells) and rescinnamine (2.3-fold higher in A2780cis cells)
treatments. When the cells were treated with combination of cisplatin and rescinnamine,
A2780 cells had 1.4-fold higher ERCC1 expression as A2780cis cells. These results
suggest that cisplatin-resistant cells have higher levels of ERCC1 than their sensitive
counterparts, but these protein levels are unaffected by rescinnamine treatment. Further
studies are needed to confirm these phenomena.

Elevation of thymidylate synthase as a potential mechanism of resistance to cisplatin
TS is an enzyme that generates thymidine monophosphate (55). The involvement
of TS in resistance to cisplatin is not completely clear, but an increase in TS mRNA
levels and TS enzyme activity was observed in patient ovarian tumor samples and the
A2780 cisplatin-resistant subline (59, 62). TS protein levels needed be determined in
untreated and rescinnamine-treated ovarian cancer cells. The two cell lines were treated
with vehicle (DMSO), cisplatin (10µM), rescinnamine (20µM), and combination of
cisplatin with rescinnamine for 24
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and 72 hours. TS protein levels were assessed by western blot (Figure 4.7a). At 24 hrs,
A2780cis cells had elevated TS levels when treated with vehicle control, cisplatin, and
rescinnamine, compared to A2780 cells (levels quantified in Figure 4.7b). Rescinnamine
treatment did not significantly alter TS protein levels compared to the levels in the
untreated A2780 cells; A2780cis cells had 1.4-fold higher TS levels upon rescinnamine
when compared to vehicle control. A2780 and A2780cis cells had comparable levels of
TS when treated with combination for 24 hours. At 72 hours, elevated TS levels were
observed in A2780cis cells upon treatment with vehicle control, cisplatin, and
rescinnamine, compared to A2780 cells. When treated with rescinnamine, both cell lines
had lower TS levels at 72 hours (5.77-fold and 1.80-fold decrease in A2780 and
A2780cis, respectively, compared to vehicle control). However, combination treatment
of cisplatin with rescinnamine resulted in similar levels of TS protein in both cell lines.
This indicates that either combination treatment may downregulate TS protein expression
in A2780cis cells (compared to cisplatin treatment at 72 hrs). Overall, these results
signify that A2780cis cells have higher levels of TS compared to A2780 cells, but
rescinnamine does not seem to affect TS protein levels at 24 hours, but may have an
effect at 72 hours. Further studies are needed to confirm these effects.

Verapamil has no effect on the efflux of cisplatin
P-glycoprotein is a protein responsible for efflux of various drugs. Verapamil is a
calcium channel blocker and is also known to interact with and inhibit P-glycoprotein
(63). Treatment with verapamil to inhibit P-glycoprotein was utilized to determine

121

(a)

24 hrs
A2780
U

C

R

72 hrs
A2780cis

C+R

U

C

R

A2780
U

C+R

C

A2780cis
R

C+R

U

C

R

C+R

TS
Actin

1.5

A2780
A2780cis

1.0

0.5

R

+R
C

C

U

R

+R
C

C

0.0
U

Relative TS Protein Level

(b)

24 hrs

72 hrs

Figure 4.7. TS levels in A2780 and A2780cis cells. Cells were treated with vehicle
control (U), cisplatin (C), rescinnamine (R), and combination (C+R) for 24 and 72
hours. TS levels were assessed by immunoblotting (a). (b) Relative levels of TS.
ImageQuant was used to quantitate the intensity of the bands that was then normalized
to actin, loading control.

122

whether sensitivity to cisplatin can be enhanced in A2780 cells or restored in A2780cis
cells by the inhibition of the efflux of cisplatin and to determine whether this process
occurs via P-glycoprotein. A2780 and A2780cis cells were treated with a combination of
10µM cisplatin and 0-100µM verapamil for 24 hours. Cell viabilities were assessed by a
standard MTS assay (Figure 4.8).

A2780 cells were only slightly sensitive to the

combination of cisplatin and verapamil. Their cell viability dropped to 80% at 10µM
cisplatin and 55µM verapamil and then increased to 90% at higher verapamil
concentrations. Cell viability of A2780cis cells, however, was increased to above 100%
at all concentrations of verapamil in co-treatment with 10µM cisplatin. This indicates
that verapamil does not affect cytotoxicity of cisplatin in A2780 and A2780cis cells, but
seems to decrease sensitivity to cisplatin in A2780cis cells even more.
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4.5.

Discussion
In this part of the study the effect of rescinnamine on the ovarian carcinoma cell

lines that are either sensitive (A2780) or resistant (A2780cis) to cisplatin was explored.
In addition, mechanisms of cisplatin resistance as well as a potential mechanism of
rescinnamine’s cell killing were investigated.
Rescinnamine kills both A2780 and A2780cis cells with cisplatin-sensitive cells
being more affected as can be seen by IC50 difference (18µM for A2780 vs. 29µM for
A2780cis; Table 4.1) after 24 hours of treatment. Since rescinnamine is potent in other
cell lines tested (endometrial and colon cancer cells), it indicates that rescinnamine’s
ability to decrease cell viability is not cell type-specific even though cell type can
influence the degree of sensitivity to this agent.

Interestingly, rescinnamine very

efficiently kills cells resistant to cisplatin treatment. When A2780 and A2780cis cells
were treated with different combinations of cisplatin and rescinnamine (see Figure 4.2
and 4.3), it was determined that a combination treatment with 10µM cisplatin and 20µM
rescinnamine for 72 hours yielded the optimal cell kill of both cell lines. However,
treatment with 20µM rescinnamine for 72 hours alone could achieve the same effect
without the addition of cisplatin, suggesting that rescinnamine could overcome cisplatin
resistance in cisplatin-resistant cells. This result has potential application as a new
treatment option for patients with tumors that are either inherently resistant to cisplatin or
develop resistance during the course of treatment.
Since resistance to cisplatin is a prevalent obstacle in treating ovarian tumors, two
of the potential mechanisms of resistance to cisplatin in vitro were examined, specifically
elevation of ERCC1 and TS. Moreover, it was determined whether rescinnamine has the
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ability to target these proteins. To address this, expression levels of these proteins were
studied by immunoblotting. ERCC1 is one of the main players of NER and has been
shown to be induced upon exposure to cisplatin. Cisplatin-resistant cells had increased
ERCC1 levels after 24-hour treatment with cisplatin and rescinnamine, but not after
combination treatment of cisplatin with rescinnamine (Figure 4.6a and b). Rescinnamine
did not have an effect on ERCC1 protein levels compared to other treatments. These
results suggest that elevation of ERCC1 represents a potential resistance mechanism in
cisplatin-resistant ovarian cancer cells and that rescinnamine does not target this protein.
TS is involved in purine/pyrimidine synthesis. It is not clear how TS is involved
in cisplatin resistance. Protein expression levels of TS have not been extensively studied
directly, but increases in TS mRNA levels and its enzyme activity have been observed in
cisplatin-resistant ovarian cancer cells.

Unlike ERCC1, TS protein was elevated in

cisplatin-resistant cells at both 24 and 72 hours (Figure 4.7). Rescinnamine did not affect
TS protein levels at 24 hrs, but there was a decrease upon rescinnamine treatment in both
cell lines at 72 hrs, suggesting that the agent may have an effect on TS protein levels.
Thus, cisplatin-resistant ovarian cancer cells can up-regulate the TS pathway as a way to
reduce the cytotoxicity of cisplatin, but it remains unclear whether rescinnamine targets
this enzyme.
Another mechanism of resistance that was not fully explored through these
studies is an increase in efflux of cisplatin. This can occur by overexpression of P-gp, an
ATPase pump, and this phenomenon can be inhibited by various compounds, such as
verapamil, a calcium channel blocker. Cisplatin-sensitive and –resistant cells did not
show sensitivity by decrease in their respective cell viabilities when treated with cisplatin
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and verapamil; in fact, cell viability of cisplatin-resistant cells was increased. This was
an unexpected result. It can be speculated that P-gp may not be involved in modulating
cisplatin efflux or that higher concentrations of verapamil are needed to inhibit P-gp and
prevent cisplatin efflux, thus, enhancing the cytotoxicity of the drug.

Interestingly,

reserpine has been shown to interact with and inhibit P-gp and it will be of interest to
determine whether this inhibition of P-gp can be observed in ovarian carcinoma cells
used in these studies. It is not known whether rescinnamine inhibits P-gp and, since it is
a derivative of reserpine, it may induce this effect.
Rescinnamine has been shown to decrease cell viability in both cisplatin-sensitive
and cisplatin-resistant cells, but it was unclear whether it does induce cell death. It was
undertaken to determine whether both of these cell lines die via a caspase-dependent cell
death upon rescinnamine treatment. No caspase 3 or caspase 9 cleavage was observed
(Figure 4.4), suggesting a mechanism of apoptosis that is independent of caspase 3 and 9.
Other events may occur in these ovarian cancer cells, such as cleavage of other caspases
or PARP. However, this result seems to be specific to these two ovarian carcinoma cell
lines, since in endometrial and colon cancer cell lines rescinnamine activates a caspase 3dependent cell death mechanism (see chapter 2).
Rescinnamine is an ACE inhibitor that is used to treat clinical hypertension. It
was examined whether it uses its ACE inhibitor function to kill ovarian carcinoma cells.
In comparison to rescinnamine’s significant decrease of cell viability of cisplatinsensitive and –resistant ovarian cancer cells, lisinopril, another ACE inhibitor, had no
effect on both cell lines (Figure 4.5). This indicates that rescinnamine acts as an antitumor agent independently of its ACE inhibitor function. Differences in the structure,
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particularly functional groups between these compounds may play a role in this different
response, and a structurally more closely related ACE inhibitor, such as captopril, may be
used to verify these results.
Overall, it has been shown that rescinnamine significantly reduces the viability of
ovarian carcinoma cells that are sensitive and resistant to cisplatin. It does so by a
mechanism that is caspase 3- and caspase 9-independent and ACE inhibitionindependent. Mechanisms of resistance have been investigated in ovarian cancer cells
resistant to cisplatin. Elevation of ERCC1 and TS has not been ruled out as potential
means of resistance. In addition, it has been observed that rescinnamine does not target
ERCC1. Further studies are needed to determine these mechanisms of resistance and to
establish whether rescinnamine has an effect on them. Nonetheless, rescinnamine’s
ability to kill ovarian-resistant cells independently of cisplatin presents a new option for
treatment of tumors that are not sensitive to cisplatin.
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CHAPTER 5
General Discussion
This work is based on the hypothesis that a combination of computational
modeling, chemical synthesis, and biological assays is a novel approach for identifying
small molecules to target a specific conformation of MutS/MSH proteins and induce a
damage signaling cascade. MutS/MSH proteins are proposed to exist in at least two
different conformations, “repair” and “death.”

The crystal structure of the “repair”

conformation has been determined for both bacterial MutS (1, 2) and human
MSH2/MSH6 complex (3). The structure of MSH2/MSH6 with methylated mismatch,
i.e. damaged mismatched DNA, has been described as well, but may not represent the
true damage, since the presence of a mismatch may conceal the effects of the damage.
Cisplatinated DNA damage is believed to induce conformational changes that are distinct
from those induced by a methylating agent and was used in the studies depicted in this
work as a model for the induction of a damage signaling pathway (4-7). Cisplatin 1,2intrastrand crosslinks are the only known DNA lesions to induce futile cyclesindependent, MMR-dependent cell death mechanism (7). The structure of the “death”
conformation, i.e. MutS2/MSH6 in complex with cisplatinated DNA, has not been
solved, thus, it is only speculated to exist. However, computational modeling predicted
the conformational changes that MutS/MSH proteins undergo when bound to
cisplatinated DNA, including the specific interactions between the damage and amino
acid residues within the DNA binding pocket of the proteins (4, 6). The existence of this
predicted “death” conformation is evidenced by a number of reports that describe
mutations in bacterial MutS homodimer and yeast MSH2/MSH6 heterodimer. These
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mutations portray the separation of function between “repair” (an increase in mutation
rate signifies defective repair) and “death” (the formation of colonies in the presence of
cisplatin denotes the loss of the ability to signal cell death) (5, 6, 8, 9). The differential
response of the mutants indicates that two distinct pathways can be activated that lead to
either survival (if a mutation leads to an increase in mutation rate) or the induction of cell
death (if a mutation results in cell death upon cisplatin exposure).
In addition to the mutation data that supports the existence of the “death”
conformation, there is a report that describes a cell death pathway induced by cisplatin.
This chemotherapeutic is known to induce a MMR-dependent cell death mechanism that
involves an intrinsic apoptotic pathway (7). The damage signaling cascade initiated by
cisplatin is said to be different from that induced by a methylating agent, MNNG. The
MMR-dependent apoptosis involves the activation of caspases 3 and 9, and cleavage of
PARP (7); the process occurs independently of p53 activation. The fact that a MMRdependent cell death pathway is activated upon cisplatin exposure suggests that cisplatin
induces a MutS/MSH conformation that is different from the “repair” conformation.
Therefore, the structural aspects of cisplatinated DNA within the DNA binding pocket of
MutS/MSH proteins were used for computational modeling to define the requirements for
a small molecule to induce the cell death response that is comparable to cisplatin.
Reserpine and its derivative rescinnamine have been identified through the
computational modeling of the “death” conformation of the MutS/MSH proteins.
Virtually, reserpine and rescinnamine are predicted to interact with glutamate38 that is
important for the interactions of MutS with damaged DNA. The predicted mode of
binding for these compounds overlaps with that of DNA binding. In chapter 2, the gel
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shift assay showed that reserpine competes with DNA for binding to the protein, at high
concentrations only, which is expected, since DNA makes many more contacts with the
proteins due to its large surface area compared to the small molecules. Reserpine has
been reported to bind GC-rich sequences and intercalate with DNA (10); there is no
evidence that rescinnamine has any such DNA interactions. The binding constants have
not been determined experimentally due to certain limitations (their predicted inhibition
constants are listed in chapter 3): (i) inadequate aqueous solubility of the compounds; (ii)
the size of the compounds is too small compared to the size of the protein complex; and
(iii) molecules’ absorbance spectra overlapping with that of proteins at 265nm. The
technologies to measure binding constants for molecules with these restrictions are likely
to be available in the near future. Meanwhile, it is clear that reserpine and rescinnamine
induce MSH2- and MSH6-dependent cell death in endometrial and colon carcinoma
cells, and may target other proteins in vitro to induce this response as well.
In chapter 2, it has been shown that these small molecules induce MSH2- and
caspase 3-dependent cell death in endometrial carcinoma cells (Figures 2.3a, 2.4a, and
2.5). MSH2-deficient endometrial carcinoma cells are still sensitive to reserpine and
rescinnamine, but are at least 1.6-fold less so compared to MSH2-proficient cells,
indicating that these compounds have other off-target effects besides binding to
MSH2/MSH6 complex. The response to reserpine and rescinnamine is also dependent on
MSH6 in colon carcinoma cells, as depicted in chapter 3 (Figure 3.1d). Other off-target
effects will need to be determined, since it is likely that reserpine and rescinnamine will
induce a cell death pathway by targeting not only the “death” conformation of
MSH2/MSH6, but some other protein(s) that may function in a cell death pathway. The
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predicted inhibition constants are in the micromolar range, which is not an optimal
binding, thus, leaving room for speculation that reserpine and rescinnamine do indeed
bind other targets. It remains to be determined whether reserpine and rescinnamine can
stabilize the “death” conformation of MutS/MSH proteins in the presence of DNA and
induce the damage signaling cascade. Therapeutically, it may be more beneficial for
reserpine or rescinnamine to be used in combination with a DNA-damaging agent, such
as cisplatin: the majority of the MSH proteins will be engaged in recognizing the need for
the activation of the damage signaling by binding to the cisplatinated DNA as well as to
reserpine or rescinnamine (plus potentially binding to other yet unknown targets), thus,
potentially inducing a stronger response. Figure 3.2 gives credence to this possibility and
shows that combination treatment (cisplatin and rescinnamine) abrogates the MMRdependent response in endometrial cancer cells, killing both MSH2-proficient and –
deficient cell lines similarly.

There is also a possibility that the predicted “death”

conformation is not a true conformation that the MSH proteins assume, thus, either these
two molecules do not bind the MSH proteins at all or they bind the “repair”
conformation, which has been predicted to be unlikely by the molecular simulations. If
they do bind the “repair” conformation, then upon binding of the small molecules to the
MSH proteins, the proteins will have to discriminate and relay the appropriate signal
downstream, be it “cell death” or “survival.” It was unexpected that reserpine and
rescinnamine were speculated to bind MutS/MSH proteins in the absence of DNA
damage, since these proteins have been described as DNA-binding. Since paired cell
lines were used (one cell line had a chromosome 2 transfer to restore MSH2 expression,
which makes them not strictly isogenic), further experiments will need to be conducted to

138

determine whether the response to reserpine and rescinnamine is indeed MSH2- and
MSH6-dependent. This can be achieved by the RNA interference that is utilized to
knock down individual MSH proteins to determine whether the response of cells to
reserpine and rescinnamine will be altered in comparison to the cell line with
chromosome 2 complement.
In a human system, reserpine and rescinnamine are indole alkaloids used to treat
clinical hypertension (11, 12). Reserpine prevents the storage of catecholamines, such as
dopamine and epinephrine, while rescinnamine inhibits angiotensin-converting enzyme.
Since reserpine and rescinnamine act as anti-hypertensive agents and are predicted to
bind the MSH proteins in the studies described in this dissertation, it is likely that these
small molecules do not target the MSH proteins exclusively in vivo in addition to their
anti-hypertensive targets. It is possible that the ‘collective’ targeting of all the proteins
will produce the cell death response.
Chapter 3 explored the functional aspects of the small molecules to determine the
parameters needed for the induction of a MSH2-dependent response. With the help of
computational modeling and molecular dynamics simulations, the inhibition constants
and the binding modes of each individual derivative were predicted. Cell viability assays
verified the predictions and confirmed that the size of the molecule, the presence of at
least two methoxy groups on ring 6, and a correct orientation within the DNA binding
pocket of the MSH proteins are prerequisites for the activation of a MMR-dependent
response. Since reserpine and rescinnamine have been used to treat hypertension and,
thus, have other known targets besides potentially binding to the MSH proteins, studies
need to be planned to identify whether derivatives of reserpine and rescinnamine have
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decreased affinity for their targets important in treating hypertension. If that is the case,
then treating with a reserpine or rescinnamine derivative will avoid the anti-hypertensive
effects, but still provide the anti-cancer benefit. If the derivatives possess the same
affinity for their known targets, then other functional groups of the compounds need to be
identified that will decrease the binding affinity of the derivatives to their hypertensive
targets. It is also possible that the new compounds that are discovered to bind the MSH
proteins have no other targets, making them more specific for the MSH proteins.
However, the binding studies may determine that none of the derivatives bind to the
MSH proteins, a new search can then be planned to identify new molecules that can
potentially bind the MSH proteins.
The identified molecule rescinnamine has been tested in an in vitro ovarian cancer
model. Ovarian cancer is a type of malignancy that is likely to be resistant to cisplatin
treatment. It is unknown whether resistance is inherent or develops during treatment.
One of the cell lines used is cisplatin-resistant (A2780cis) and has been established from
a parental cell line (A2780) through a chronic exposure to low concentrations of cisplatin
(13). A2780 and A2780cis cells respond differentially to cisplatin, i.e. A2780cis cells are
less sensitive to cisplatin compared to A2780 cells; however, no significant difference in
response to rescinnamine has been observed between the two cell lines (Figure 4.3). This
indicates that rescinnamine can sensitize both cell lines to cell death, regardless of their
cisplatin resistance status, thus, killing both cell lines independently of cisplatin treatment
or their cisplatin resistance status. It has not been determined whether response to
cisplatin and rescinnamine in these two cell lines is MMR-dependent.

Since

rescinnamine has been identified to potentially bind the MutS/MSH proteins, it is
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plausible to speculate that it causes decrease in cell viability through MMR-independent
pathway(s): Miyamoto et al. (14) show that rescinnamine increases the anti-tumor effect
of CAP-2, an antileukemic agent.

However, there are no reports investigating the

mechanisms of the anti-tumor action of rescinnamine. First, it needs to be established
whether A2780 and A2780cis differ in their MMR status. These cell lines will need to be
tested for their MMR activity to determine whether they are MMR-deficient or –
proficient.

The mechanism of cisplatin resistance in A2780cis cells is unclear, but

several reports suggest MLH1 promoter hypermethylation to be responsible for the
resistance to cisplatin (15, 16).

If A2780cis cells indeed have MLH1 promoter

hypermethylation, then restoration of MLH1 expression by treatment with a
demethylating agent, such as 5-aza-2’-deoxycytidine, is expected to yield a similar
response to cisplatin as in the parental A2780 cells. However, since rescinnamine kills
both cell lines independently of their cisplatin resistance status, it indicates that it most
likely acts through a MMR-independent mechanism in cisplatin-resistant cells. These
experiments will help define A2780 and A2780cis cells as an in vitro system for testing
of the identified small molecules based on their MMR status (if there is a difference in
MMR protein expression). These two cell lines are still useful for determining the
precise resistance mechanism(s) to cisplatin and finding ways to overcome this tolerance
to treatment.
Other potential mechanisms of cisplatin resistance in A2780cis cells were
explored as well as whether rescinnamine targets any of these mechanisms.

The

expression of ERCC1, a protein involved in nucleotide excision repair (NER), was
evaluated. ERCC1 was chosen, for cisplatin adducts are repaired by NER (17, 18) and

141

ERCC1 is involved in the rate-limiting step of this process, the damage
recognition/excision (19). Levels of ERCC1 have been found to be elevated in drugresistant tumors compared to tumors that are responsive to chemotherapy (20-22). The
levels of ERCC1 were assessed by immunoblotting in A2780 and A2780cis cells treated
with cisplatin, rescinnamine, and a combination of the two (Figures 4.6). A2780cis cells
have elevated levels of this protein at 24 and 72 hours when untreated, indicating that the
overexpression of this protein may play a role in the resistance to cisplatin. The ERCC1
levels were also increased when A2780cis cells were treated with cisplatin and
rescinnamine, compared to the untreated A2780cis cells.

This suggests that, upon

cisplatin treatment, ERCC1 levels stay high to increase repair of as many of the cisplatin
adducts as possible in order to maintain the resistance. When cells were treated with
rescinnamine, ERCC1 levels were higher than in untreated cells, but only slightly lower
than in cisplatin-treated cells. This indicates that rescinnamine may affect the ERCC1
levels by possibly influencing gene expression or the protein’s stability. There are no
reports on rescinnamine’s ability to bind DNA, as does reserpine, or ERCC1 directly. In
addition, there is no evidence that it has any effects on post-translational modifications or
protein stability. Identifying all potential targets of rescinnamine will define a network of
direct and indirect targets that allow it to produce the cell death response that is seen in
the ovarian cancer cells in vitro.
The levels of another protein that was chosen to be evaluated is thymidylate
synthase (TS). TS is an essential enzyme in DNA synthesis that is inhibited by FdUMP,
a 5-FU metabolite (23). Ovarian tumors as well as cisplatin-resistant cells have elevated
levels of TS mRNA and protein (24-26). It appears that this protein may play a role in
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resistance to cisplatin; therefore, it was investigated whether the elevation of this protein
may be responsible for the cisplatin resistance in A278cis cells and whether rescinnamine
targets TS. The levels of TS were assessed by immunoblotting in A2780 and A2780cis
cells treated with cisplatin, rescinnamine, and a combination of the two (Figures 4.7).
A2780cis cells have elevated levels of these proteins at 24 and 72 hours when untreated,
indicating that elevation of TS may be responsible for the resistance to cisplatin. At both
time points upon cisplatin treatment, levels of TS stay about the same compared to the
untreated cells. Rescinnamine treatment, however, results in a decrease of TS levels
(larger decrease at 72 hours), suggesting that rescinnamine may have an effect on TS.
There is no evidence that rescinnamine directly binds TS or affects the enzyme’s gene
expression or protein stability.
When both A2780 and A2780cis cells were treated with the combination
treatment, the levels of ERCC1 and TS were similar in both cell lines at both time points,
suggesting that cisplatin and rescinnamine may have an additive effect. If cisplatin
targets DNA (and then activates MMR-dependent pathway), but rescinnamine activates a
different pathway, then it indicates that these two agents may act synergistically, in which
case the response to the combination treatment is expected to be greater compared to the
response to either agent alone (and greater than additive effect). Further studies need to
be done to determine whether cisplatin and rescinnamine have an additive or synergistic
effect.
In addition, potential mechanisms of action of rescinnamine in ovarian cancer
cells were explored. Since rescinnamine has been initially discovered to be an ACE
inhibitor, it was determined whether it acts as such when it decreases cell viability of
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A2780 and A2780cis cells (Figure 4.5). Cell viability of both cell lines in response to
rescinnamine were compared to those in response to lisinopril, another ACE inhibitor.
Lisinopril did not have any effect on the cell viabilities whereas rescinnamine almost
completely annihilated cells. It may suggest that rescinnamine decreases cell viability in
an ACE inhibitor-independent manner. However, it may also indicate that not all ACE
inhibitors have the ability to induce apoptosis, i.e. differences in the molecular structure
can make a compound more suitable for inducing cell death (either in a MMR-dependent
or –independent manner) or exhibiting an anti-hypertensive effect. Testing an ACE
inhibitor that is similar in structure to rescinnamine, such as captopril, may be a better
comparison between the two ACE inhibitors and their anti-tumor properties.
Interestingly, lisinopril and captopril have been shown to inhibit FAS-induced apoptosis
in endothelial cells in vitro and in vivo (27, 28). There are no reports on how these two
ACE inhibitors affect intrinsic or extrinsic apoptotic pathways in malignant cells.
Nonetheless, the data suggest that not all ACE inhibitors have anti-tumor properties.
This dissertation presents and discusses a novel approach to identify novel
molecules to target a specific pathway of interest, in this case MMR-dependent cell death
pathway. The identified small molecules, reserpine and rescinnamine, induce MSH2and MSH6-dependent and caspase 3-dependent cell death in endometrial and colon
carcinoma cell lines in vitro. The MMR-dependent response to these small molecules
needs to be defined further: whether it occurs strictly in a MMR-dependent manner or
targets other pathways, which may be true for ovarian carcinoma cells. In these cells,
rescinnamine has the potential to sensitize cisplatin-resistant ovarian cancer cells to cell
death and to be used as a chemotherapy agent for treatment of cisplatin-resistant tumors.
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Rescinnamine can also be used for the treatment of cisplatin-sensitive tumors, since
rescinnamine is likely to yield less severe side effects, while still providing satisfactory
tumor eradication.

Overall, the combination of computational modeling, chemical

synthesis, and cell biology assays provides basis for the new methodology in targeted
drug discovery.

Significance
Currently, fewer and fewer novel anti-cancer agents are discovered while it is
difficult and takes longer to approve and market new drugs. Researchers must find more
efficient methods to identify novel compounds to target a specific molecule/pathway.
Computational modeling and molecular dynamics simulations represent a novel approach
to single out agents that have the anti-cancer potential. Combined with chemical and cell
biology assays, predictions of the identified compounds can be tested in vitro as well as
in vivo. Experiments described in this work identify two compounds that are currently in
use as anti-hypertensive agents, but possess the ability to inhibit cancer cell growth. One
of these compounds can sensitize cisplatin-resistant cells to cell death, thus,
demonstrating its potential as a useful agent to be utilized in the treatment of tumors
resistant to standard chemotherapy. This work demonstrates the validity of a novel
approach in targeted drug discovery.
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APPENDIX
Rescinnamine as an Anti-Tumor Agent In Vivo
Abstract
Rescinnamine is an indole alkaloid and has been used to treat hypertension by
acting as an ACE inhibitor. Through computational modeling and molecular dynamics,
rescinnamine has been identified to bind to MSH2/MSH6 mismatch repair complex.
Rescinnamine has been shown to decrease cell viability and induce caspase 3-dependent
cell death in vitro. It was important to determine whether rescinnamine has an effect on
tumor growth in vivo. Reserpine, the first compound isolated from Rauwolfia serpentina
and an analog of rescinnamine, has been demonstrated to have anti-tumor properties in
vivo. No studies were done to determine the effect of rescinnamine on tumor growth in
vivo, thus, pilot in vivo studies were undertaken to examine the ability of rescinnamine to
inhibit tumor growth. Rescinnamine decreases tumor cell growth in vivo in a dosedependent manner without severe side effects in mice in two separate in vivo pilot studies
using two different cell lines as means to establish xenograft tumors. This suggests that
rescinnamine is a potential anti-tumor agent.
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A.1.

Introduction
The purpose of the studies discussed in the previous chapters was to identify

small molecules that will target and bind to the ‘death’ conformation of MSH2/MSH6
complex.

These proteins will then undergo conformational changes and activate a

damage-signaling cascade.

Reserpine and rescinnamine were identified as the lead

compounds that were predicted to bind to MSH2/MSH6 in the absence of DNA damage.
Reserpine and rescinnamine has been shown to decrease cell viability and induce caspase
3-dependent cell death in a MSH2- and MSH6-dependent manner in vitro. Rescinnamine
has also been shown to decrease cell viability of cisplatin-sensitive and cisplatin-resistant
ovarian cancer cells in caspase 3- and caspase 9-independent manner.
The ability of reserpine alone or in combination with other agents to decrease
tumor volume in vivo has been studied to a limited extent (1). A number of the studies
were done on leukemia (L1210) xenografts treated with reserpine. In one such study,
xenografts, formed by leukemia (L1210) cells and allowed to establish as detectable
tumors, were treated with a single dose of reserpine (10-40mg/kg) (1).

Reserpine

treatment resulted in complete disappearance of the tumor at the site of inoculation and
mice demonstrated a 3-fold increase in lifetime survival. Reserpine (2.5mg/kg given as a
single dose or as a number of doses totaling 2.5mg/kg) also demonstrated a synergistic
effect

on

L1210

xenografts

with

1-γ-chloropropyl-2-chloromethylpiperidine

hydrobromide (CAP-2), another anti-tumor agent that resulted in an increased survival of
mice (2). Fondy et al. (3) observed an increase in lifespan of mice with L1210 xenografts
after reserpine treatment, but speculated that it was due to the reserpine-induced
hypothermia. At doses of 0.5mg/kg for 2-5 days, reserpine treatment showed to up to
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70% inhibition of lymphoma (L1) and sarcoma (S37) xenografts; however, at high doses,
mice experienced drowsiness and decreased food intake (4).
These studies demonstrate that reserpine, in addition to its hypotensive effects,
can be used as an anti-tumor agent. As for rescinnamine, no in vivo studies were
conducted. Thus, it was undertaken to determine whether rescinnamine has the ability to
inhibit or decrease tumor growth in vivo.
Retrospective studies depicted the carcinogenicity of reserpine associated with the
occurrence of breast cancer (5). The risk of reserpine use was disputed when prospective
studies and meta-analysis only showed a weak correlations between reserpine and breast
cancer (6, 7). Reserpine has also been shown to induce transformation in Syrian hamster
embryo cells in vitro at high concentrations, but no gene and/or chromosome mutations
were detected, indicating the lack of genotoxic effects of reserpine (8). Further, two
groups investigated the effects of reserpine on the induction of stress signals in E. coli
and observed no genotoxicity or mutagenicity in response to reserpine (9, 10).
Reserpine’s carcinogenic potential has also been evaluated in a DNA repair-deficient
transgenic mouse model and no effect was observed in short-term testing. Overall,
reserpine use may be associated with minimal risk of tumorigenesis and is unlikely to
have any significant genotoxic and mutagenic effects.

A.2.

Materials and methods

Reagents
Rescinnamine (Pfaltz & Bauer, Inc.) was dissolved to an appropriate dose in 70%
DMSO and 30% of 0.5% acetic acid solution. SW480 cells were purchased from ATCC
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and maintained in Leibovitz L-15 medium supplemented with 10% FBS. Hec59(2) cells
a gracious gift from Dr. Tom Kunkel (NIEHS) and were maintained in DMEM/F12
medium supplemented with 10% FBS; geneticin at 400µg/mL was added to the medium
to maintain the chromosome 2 transfer.

Mice
NCr nu/nu female mice of 5-8 weeks of age were purchased from NCI and
maintained in the animal facility.

All animal procedures were in agreement with

institutional policies and have been approved by the institutional committee.
“Donor” mice were injected subcutaneously into the right flanks with equal
volumes of cells (4*106/mouse) suspended in PBS and Matrigel. The xenografts were
allowed to grow for about three weeks after which time the mice were sacrificed and their
tumors were cut into 2-3mm pieces. “Experimental” mice were then implanted into the
right flanks with these tumor pieces under isofluorane anesthesia and allowed to recover
for 1 week. At that time, mice were injected intraperitoneally with appropriate treatments
on days 1-5 and 6-10 (total of 10 injections). General health of the mice was monitored
daily. Tumor measurements were taken weekly using a caliper to determine tumor
volume using the following calculations:
Estimated tumor volume (mm3) = length of the tumor x width of the tumor2
Estimated tumor weight (mg) = (length of the tumor x width of the tumor2)/2
The mice were sacrificed after 57 days unless their health declined due to tumor burden.
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A.3.

Results

Rescinnamine decreases tumor growth in a dose-dependent manner in colorectal cancer
xenografts
SW480 cells were isolated from a primary colorectal carcinoma (11).
express high levels of mutant p53 (12) and are tumorigenic in vivo (13).

They
9 mice

implanted with tumors established from these cell lines were divided into three groups of
three mice each on the day of the first day of treatment: vehicle, 0.0325mg/kg/day, and
0.065mg/kg/day. Mice in 0.0325mg/kg/day group received a total of 0.325mg/kg of
rescinnamine over the course of the treatment. Mice in 0.065mg/kg/day group received a
total of 0.65mg/kg of treatment. Over the period of the whole study, mice looked healthy
and maintained their body mass (Figure A.1b). All 9 mice had similar tumor latency at
the beginning of the study until 4 weeks after tumor implantation (Figure A.1c). At 6
weeks, the two groups of mice treated with rescinnamine had comparable tumor volumes;
however, one mouse in the 0.065mg/kg/day group never developed a tumor. At the end
of the study (8 weeks), the average tumor volume of mice in 0.0325mg/kg/day was about
half of the volume of the mice in the vehicle group and the average tumor volume of
mice in 0.065mg/kg/day was half of the volume of the mice in the 0.0325mg/kg/day
group. These results indicate that rescinnamine shows a trend toward slowing down
tumor growth in a dose-dependent manner in colorectal cancer xenografts. A study with
more mice will need to be conducted to determine whether the difference between the
groups is statistically significant.
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Figure A.1. In vivo pilot study I. Rescinnamine decreases tumor volume in a dosedependent manner in colorectal cancer xenografts. (a) Representative images of
tumors from each of the three treatment groups. (b) Mice were weighed weekly and
were found to maintain their weight during the study. (c) Tumors were measured
weekly to determine the tumor volume. Rescinnamine shows a trend toward decreasing
tumor volume in a dose-dependent manner.
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Rescinnamine decreases tumor volume in a dose-dependent manner in endometrial
cancer xenografts
Hec59(2) cell line is an endometrial cancer cell line that is proficient for MSH2
protein unlike Hec59, which are deficient in MSH2 due to the mutations in both alleles of
the gene (14). Hec59(2) cells cells are also proficient in mismatch repair activity. These
cells have not been shown to be tumorigenic in vivo prior to this study. However, it was
observed that these cells were able to establish tumors, but it took them longer to form
detectable tumors compared to SW480 tumors. 9 “experimental” mice were implanted in
the right flanks with Hec59(2) tumors and were then divided into three groups (vehicle,
1mg/kg/day, and 5mg/kg/day) on the day before the first treatment injection. The mice in
1mg/kg/day group received a total dose of 10mg/kg of rescinnamine and the mice in
5mg/kg/day group received a total dose of 50mg/kg of rescinnamine.

Mice in

5mg/kg/day group lost about 15% of the weight between weeks 2 and 3 (the second week
of treatment injections) and were observed for signs of distress. However, they recovered
and regained their weight once the treatment was completed. Other mice were healthy
and maintained their weight for the duration of the study (Figure A.2b). No mice had any
palpable tumors for the first three weeks of the study, in line with the observation that
Hec59(2) tumors took longer to form in the “donor” mice. Interestingly, there was a
mouse in each group that did not develop a tumor over the whole 8 weeks of the study.
At the end of the study, two groups that received rescinnamine treatment had tumors that
were much smaller than tumors in the vehicle-treated group (Figure A.2c). Thus, these
results, as with SW480 tumors, point to a trend toward rescinnamine’s ability to decrease
tumor volume in a dose-dependent manner. Bigger effect of rescinnamine on Hec59(2)
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Figure A.2. In vivo pilot study II. Rescinnamine decreases tumor volume in a
dose-dependent manner in endometrial cancer xenografts. (a) Representative
images of tumors from each of the three treatment groups. (b) Mice were weighed
weekly and were found to maintain their weight during the study. (c) Tumors were
measured weekly to determine the tumor volume. Rescinnamine shows a trend toward
decreasing tumor volume in a dose-dependent manner.
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tumors may be due to the slow growth of these tumors and higher doses of rescinnamine
used for intraperitoneal injections. A larger in vivo study is required to establish the
statistical significance of this anti-tumor effect of rescinnamine in vivo.

A.4.

Discussion
Rescinnamine proved to be a potent agent for decreasing cell viability in

endometrial cancer cells and inducing caspase 3-dependent cell death. In ovarian cancer
cells, rescinnamine decreases cell viability but in caspase 3- and caspase 9-independent
manner. This part of the study explored the effect of rescinnamine on tumor growth
inhibition in vivo. Two different pilot studies were conducted to determine the outcomes,
using colorectal and endometrial cancer cell xenografts. In both studies, rescinnamine
reduced tumor growth in a dose-dependent manner without adverse effects on the health
of the mice. These results depict rescinnamine as a novel anti-tumor agent in vivo.
Immunohistochemical analysis of xenograft tumors needs to be done to determine the
tumorigenic pathology. Since rescinnamine is presumed to induce cell death in treated
tumors, the levels of cleaved caspase 3, marker of apoptosis, or levels of other apoptotic
markers, will be determined to compare the rescinnamine-treated tumors with those of
the vehicle-treated tumors. Larger in vivo studies are needed to prove the significance of
rescinnamine treatment in tumor growth reduction.
Moreover, since rescinnamine is predicted to target and bind to MSH2/MSH6
complex, studies will need to be conducted on the dependency of the presence of this
complex in rescinnamine-treated tumors. This presents a challenge. Even though we
established the tumorigenicity of Hec59(2) cells in vivo (although slow-growing), there is
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a requirement to compare the tumors that are MMR-deficient to those tumors that are
proficient for these mismatch repair proteins.

Ideally, a study will be designed to

compare the growth of a tumor that is MMR-proficient growing subcutaneously on one
flank and MMR-deficient on the other flank. It is expected that rescinnamine will exhibit
a greater effect on the growth inhibition of the MMR-proficient tumors. However, this
may not be a requirement for rescinnamine’s ability to decrease tumor growth in vivo,
rescinnamine can still be a potent anti-tumor agent.
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