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ABSTRACT 

Mismatch repair is a major mechanism for the correction of replication errors in all 

organisms and increases the fidelity of DNA replication.  Mismatch repair proteins have 

also demonstrated involvement in cellular response to the DNA damaging agent cisplatin.  

Cells deficient in mismatch repair have shown resistance to the cytotoxic effects of 

cisplatin treatment.  Proposed mechanistic models for mismatch repair involvement 

require recognition of the damage site.  To examine these models, E. coli MutS, 

S. cerevisae MSH2-MSH6, and MSH2-MSH3 were expressed to perform fluorescence 

anisotropy binding experiments and to crystallize the proteins in complex with cisplatin 

damaged DNA for comparison to mismatch DNA binding.  All three mismatch repair 

(MMR) recognition complexes proved capable of binding cisplatin damaged DNA, but 

only MSH2-MSH6 demonstrated increased affinity towards cisplatin damage compared 

to undamaged DNA.  Crystallization of a MMR protein with cisplatin damaged DNA was 

unsuccessful, but the methods presented here may be useful in further attempts.  
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INTRODUCTION 

It is a basic principle of biology that living organisms multiply for the 

continuation of the species.  Whether they are single cell or multi-cellular organisms, we 

know that the replication of genomic deoxyribonucleic acid (DNA) during proliferation is 

required to maintain complete and accurate functioning within all cells.  An organism’s 

ability to maintain DNA fidelity is essential to ensuring the accurate reproduction of 

genetic information from one generation to the next.  However, DNA polymerases, which 

are cellular DNA replicative enzymes, do not operate with absolute efficiency and are 

prone to errors.  Even polymerases containing proofreading mechanisms are not error 

free (1).  The cell makes mistakes, which in turn can create mutant proteins with altered 

cellular functionality resulting in possible harmful events such as cancer.  Living 

organisms have developed several methods by which they can correct these errors.  DNA 

damages can be repaired by base excision, nucleotide excision, and mismatch repair 

(MMR).  Mechanisms have even been developed to provide direct repair for specific 

damage events that occur with DNA. 

The work presented here will focus on accessing aspects of the functionality of 

proteins of the DNA MMR system.  MMR is a primary defense mechanism for cells 

towards the prevention of DNA mutation due to nucleotide mispairing and insertion-

deletion loops (IDL) (2).  The absence of functional MMR results in a phenotype with a 

higher frequency of spontaneous mutation (3).  The most well defined function of MMR 

proteins is strand-specific, post-replicative correction of DNA polymerase biosynthetic 

errors, including mismatch base pairing and small IDL (4).  The importance for the 

ability to correct these synthetic errors is demonstrated in its conservation between 
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prokaryotic and eukaryotic organisms and a mutation phenotype in its absence.  In 

addition, the MMR proteins are also involved in the prevention of recombination between 

divergent DNA sequences and have been suggested to be involved in DNA damage 

surveillance and cell response to that damage (4,5). 

E. coli DNA Mismatch Repair 

The study of E. coli cells containing high mutation phenotypes lead to the 

identification of four mutator genes involved in MMR; those genes being mutS, mutL, 

mutH, and mutU (2).  To initiate MMR, MutS forms a homodimeric complex that 

recognizes and binds mismatches and unpaired base loops (Fig. 1) (6).  MutS is an 

ATPase and its binding to DNA is affected by this function.  MutS binds DNA when 

ADP is bound to the nucleotide binding region.  Exchanging ADP for ATP causes a 

release of DNA or ability to move along DNA from what is believed to be a 

conformational shift (7,8). 

Following this initial step of binding, the MutS-mismatch DNA complex recruits 

a homodimer of MutL that helps in the translocation and search for a strand 

discrimination signal (Fig.1) (9). MutL also contains an ATPase activity and acts as a 

molecular matchmaker between site recognition and processing (10).  MutL not only 

helps in the translation of a strand discrimination signal, it also provides a stimulation for 

MutH endonuclease activity in an ATPase dependent manner and is required for loading 

MutU to this nick site for helicase activity (Fig. 1) (11, 12).  Strand discrimination for 

this system is needed to ensure that the newly synthesized strand is corrected and the 

original message contained in the parent strand remains unaltered.   
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MutH provides this strand discrimination based on methylation of GATC sites 

that may be located on either side of the mismatch (12, 13).  The parent strand contains 

the methylation site, while the corresponding site on the new stand has not had time to be 

modified.  The MutH provides an endonuclease activity that cleaves the newly 

synthesized strand thereby providing an opening for 3’ or 5’ exonucleases to begin 

removing nucleotides toward the mismatch depending on which side of the mismatch the 

GATC site is located (12, 13).  A polymerase is then capable of synthesizing the DNA 

with the correct base pairing and is followed by a DNA ligase that will close the 

remaining nick (Fig. 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 

 

Figure 1: The Mismatch Repair Pathways of Prokaryotic and Eukaryotic 
Organisms.  Prokaryotic organisms use a homodimer MutS complex to recognize 
mismatches and IDL and recruit downstream proteins to link recognition to repair.  
Eukaryotic organisms in similar manner use two heterodimers of MutS homologs.  
MSH2-MSH3 is used for recognition of IDL, while MSH2-MSH6 is used for recognition 
of mismatches and small IDL. (Adapted from 14) 
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Eukaryotic Mismatch Repair 

The MMR pathway in eukaryotes performs the same MMR seen in prokaryotes, but there 

are differences in the proteins and mechanisms used to complete the task.  Eukaryotes 

have six known MutS Homologs commonly referred to as MSH proteins.  MSH1 is 

involved in the maintenance of the mitochondrial genome, while MSH4 and MSH5 have 

roles in meiotic recombination, but do not provide mismatch correction (15-17).  One of 

the main differences from prokaryotes is the fact that MSH2, MSH3, and MSH6 form 

heterodimers to provide mismatch and IDL recognition in eukaryotes (Fig. 1) (18).  The 

MSH2-MSH6 heterodimer is referred to as MutSα and binds preferentially to base-base 

mispairs and +1IDLs (19).   The MSH2-MSH3 heterodimer is referred to as MutSβ and 

binds preferentially to +2-4 base IDLs (19).  MSH2-MSH6 is thought to be the major 

contributor to mismatch repair in eukaryotic cells, but both MSH2-MSH6 and MSH2-

MSH3 have some overlap in their binding preferences for IDLs.  Recent evidence also 

indicates MSH2-MSH3 is capable of providing recognition of base-base mismatches for 

repair (20). 

 Eukaryotic MSH2 and MSH6 contain inherent ATPase binding and hydrolysis 

activity that are required for mismatch repair (2).  While this ability is not essential for 

mismatch recognition, it does affect “sliding” along the DNA (8).  As with the 

prokaryotic system, the recognition complexes couple with homologues of MutL to 

progress to downstream repair events, including nucleotide removal, resynthesis, and 

ligation of the corrected mistake (2).  However, the process of transmitting information 

between DNA lesion recognition and nick is disputed. 

MutS and MSH DNA interactions 
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 Crystal structures determined for the prokaryotic homodimer MutS and the human 

heterodimer MSH2-MSH6 complex have provided information about how mismatch 

recognition occurs in this system.  The overall structure of the complexes are oval-like 

disc shapes with two large adjacent channels giving them the appearance of the letter “θ,” 

where each subunit makes up one half of the disc along the long axis (Fig. 2) (21-24). 

When these complexes are bound to mismatch DNA they create an approximate 60° kink 

in the DNA towards the major groove (21-24).  In both prokaryotes and eukaryotes, only 

one monomer in these complexes has specific mismatch binding contact while the other 

monomer provides only non-specific DNA backbone contacts (21-24).  In the 

MSH2-MSH6 heterodimer, the MSH6 provides the specific mismatch binding (24).   The 

MSH2-MSH3 structure has yet to be determined, but as the MSH2 does not provide 

specific binding for MSH2-MSH6, the same binding is postulated for the MSH2-MSH3 

complex.  While MSH3 may provide specific binding for MSH2-MSH3, there are likely 

differences from MSH6 binding that account for the different substrate specificity despite 

partial binding preference overlap.  MutS and MSH6 contain a conserved Phe-X-Glu 

motif that interacts with mismatched DNA (Fig. 3) (21-24).  Mismatch binding to a G:T 

mismatch is stabilized when the glutamate forms a hydrogen bond with the mispaired 

thymine while the phenylalanine forms an aromatic ring stacking (21, 22, 24).  The 

phenylalanine reaches into the minor groove to do this, which creates the DNA kink 

widening the minor groove and narrowing the major groove (21, 22, 24).  MSH3 does not 

contain the conserved Phe-X-Glu motif, which may be a reason for its different substrate 

preference. 



7 

  The structure of the human heterodimer MSH2-MSH6 has also been determined 

in complex with DNA containing an O6-methyl guanine mismatched with thymine (24). 

The structure of the complex with O6-methyl guanine is very similar to the complex 

containing only a G:T mismatch with an Cα r.m.s. deviation of 0.43, which as measure of 

structural difference between two crystal structures (24).  This is the only structure of 

MMR recognition proteins with chemically damaged DNA to provide information of 

interaction differences with an alternative type of damaged DNA.  The method by which 

MMR proteins function in cell death induced response to damaged DNA, as opposed to 

mismatch DNA, is disputed. The protein-DNA complex interactions and conformations 

in these complexes need to be determined to support the proposed hypothesis. 
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Figure 2:  The crystal structure of human MSH2-MSH6 in complex with DNA 
containing a G:T mismatch.  The human MSH2-MSH6 much like the prokaryotic MutS 
has a general oval disc-like shape with two adjacent channels, one of which is used for 
DNA binding. PDB file: 208B 
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Figure 3: The conserved Phe-X-Glu motif provides specificity for a G:T mismatch.  
The phenylalanine makes an aromatic ring stack with the thymine, while glutamate 
creates a hydrogen bond during mismatch recognition.  The phenylalanine intercalation 
of the minor groove causes a bending of the DNA strand. PDB file: 208B 
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Cisplatin DNA Damage 

Cis-diamminedichloroplatinum (Fig. 4), usually referred to as cisplatin, was first 

described in chemistry literature in 1845 (25).   

 

 

During the 1960s, Barnett Rosenburg discovered a cisplatin effect on cell growth 

and division that gave this compound modern day importance (26).  While researching 

how electric fields influence cell growth, Rosenburg observed filamentous growth of 

cells (26).  The cells would grow 300 times their normal length, but would not divide, 

indicating blocked DNA replication.  Rosenburg and fellow researchers conducted 

control experiments varying one experimental parameter at a time to determine the cause 

of the events.  This phenomenon did not appear to be caused by the electric field applied 

to the bacterial cells or factors such as ultraviolet irradiation or magnesium deficiency, 

but rather resulted from electrolysis products of the platinum electrodes used in the 

experiment (27).  The compound responsible for the anti-proliferative effect was 

subsequently identified as cisplatin.  Cisplatin was used in several successful experiments 

with cancer cells following this discovery.  Since gaining approval for drug use, it has 

become one of the most widely used chemotherapeutic drugs for cancer and tumors. 

 As a drug, cisplatin is administered intravenously and transported through the 

body by the blood.  The blood contains a higher concentration level of chloride 

(approximately 100 mM) than within cells.  While cisplatin remains in the blood the 

higher chloride concentrations maintain the compound in its natural state.  However, once 

Figure 4: Chemical structure of cis-diamminedichloroplatinum or also known as 
cisplatin. 
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transported into the cell with is lower Cl concentration, ligand exchanges on the platinum 

complex occurs (28).  Cisplatin hydrolyses to produce monoaqua ([Pt(NH3)2Cl(H2O)]+) 

and diaqua ([Pt(NH3)2(H2O)2]2+) species, which are reactive towards cellular nucleophiles 

(28).  These two species are capable of reacting with many possible targets within the 

cells (29).  The filamentous cell growth from cisplatin exposure was the first evidence 

that the ultimate target for cisplatin was DNA.  Further experimentation of the compound 

also indicated cisplatin binding to nuclear DNA was the largest reason for the anti-

proliferative effect observed with cisplatin treatments (30, 31).  However, a high degree 

of mitochondrial DNA binding has also been reported, which may cause damage that 

could lead to activation of mitochondrial cytotoxic pathways (32, 33).   

 Cisplatin is capable of binding adenine, guanine, thymine, and cytosine, but the 

N7 site of adenine and guanine are the most preferred under physiological conditions 

(34).  The other possible binding sites are either protonated or involved in DNA base 

pairing.  Monoadducts are initially formed when binding DNA, but react further to form 

inter- and intrastrand crosslinks.  Two major products result from cisplatin binding, 1,2 

intrastrand d(GG) crosslinks encompass 60-65% of all adducts with 1,2-intrastrand 

d(AG) crosslinks comprising another 20-25% (34).  The other 10-20% are made of 1,3-

intrastrand or interstrand crosslinks (34).   This means 1,2 intrastrand d(GG) crosslinks 

are the major product of cisplatin interaction with genomic DNA, and therefore are 

considered responsible for the cytotoxic effect of the drug.  Such conclusions have not 

been proven, but there is evidence to support the hypothesis that these lesions are 

responsible.  For example, transplatin is an inactive isomer compound that is also capable 

of forming 1,3 intrastrand and interstrand crosslinks, but differs in its chemical reactivity 
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because it cannot form the 1,2 intrastrand crosslinks due to steric hindrances (35).  The 

1,2 intrastrand crosslinks are also less efficiently repaired by nucleotide excision repair 

(36).  Cisplatin lesions can be further described by their effects on the structure of the 

DNA.  Cisplatin crosslinks with DNA induce structural distortions in double-stranded 

helix DNA.    The 1,2 intrastrand d(GG) crosslink creates a 40° to 70° kink towards the 

major groove and causes some partial unwinding of the double helix (37). 

Cisplatin Damaged DNA Mismatch Repair Response 

Cisplatin damage is primarily repaired by nucleotide excision repair pathways, 

but defects in the mismatch repair pathway have been associated with an approximate 2-

fold increase in resistance towards cisplatin induced cell death (38). This association 

between MMR defect and cisplatin resistance suggests involvement of the MMR 

pathway in cisplatin induced cell death.  The mechanism that allows MMR proteins to 

contribute to induction of cell death has not been determined.  The first step of any 

possible mechanism would require recognition of the cisplatin damage.  The predominate 

1,2 intrastrand cisplatin crosslink has been demonstrated to bind purified MutS and 

MSH2-MSH6 (39, 40).  The ability of MSH2-MSH3 to bind these lesions has not been 

observed, but is examined in this work.  The means by which these proteins recognize 

mismatched DNA in comparison to cisplatin DNA lesions and exactly how those 

interactions, whether they are similar or different, lead to two alternative results has yet to 

be determined.  When MMR proteins encounter mismatched DNA, the lesion is repaired 

by the MMR pathway and the cell lives.  Alternatively, a challenge presented by a 

cisplatin lesion results in the induction of cell death. 
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 Different models have been proposed to explain the mechanism of the MMR 

pathway in the response to cisplatin and the resulting cell death.  One hypothesis suggests 

that MMR proteins are involved in futile cycles of repair at cisplatin compound lesion 

sites.  These sites are points of damage that contain a single cisplatin crosslink with a 

mismatch located directly across from the damage on the complimentary strand.  While 

cisplatin lesions present an obstruction for the DNA replication process, replication past 

the cisplatin crosslinks can be accomplished using by-pass DNA polymersases, but 

mismatches occur at an increased rate when these events occur (41). The higher rate of 

mismatches leads to compound lesions.  The futile repair hypothesis suggests that the 

MMR proteins do not recognize the actual damage site.  Instead the proteins identify the 

mismatches as being problematic and initiate the repair process of the complimentary 

strand.  As MMR is strand specific for the complimentary strand of the damage due to the 

mismatch, the cisplatin is not removed and cycles of resynthesis and repair continue 

eventually leading to strand breaks and the initiation of cell death pathways.   

An alternative hypothesis suggests that MMR proteins can recognize the DNA 

damage from cisplatin, and then initiate a stress signal response that leads to a toxic cell 

response.  The signaling model has been supported with the identification of mutations to 

MSH2-MSH6 that eliminate the MMR function while still maintaining MMR dependent 

damage response (42).  The signaling model would suggest that MSH2-MSH6 binding to 

different types of damage would create structural changes that affect interactions with 

alternative downstream proteins.  As indicated, the only structure of MSH2-MSH6 with 

damaged DNA (O6-methyl guanine damage) shows little structural difference from the 

protein in complex with G:T mismatch DNA (24). However, such a comparison can 
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provide limited information as to how MMR proteins may interact and change in 

complex with a different class of DNA damage.  A complex with cisplatin damaged 

DNA would provide a better understanding of the precise interactions as well as global 

shifts that could affect interactions with downstream effectors. 

In order to examine these hypotheses for this thesis, E. coli MutS, S. cerevisae 

MutSα, and S. cerevisae MutSβ were expressed to perform fluorescence anisotropy 

binding and to crystallize the proteins in complex with cisplatin damaged DNA for 

comparison of this type of binding compared to mismatch DNA.  Binding studies 

described here indicate that all three MMR recognition proteins are capable of binding 

DNA with cisplatin damage.  However, only MSH2-MSH6 demonstrated binding 

preference towards cisplatin damage itself and not necessarily non-specific DNA binding.  

In addition, attempts to crystallize a MMR protein with cisplatin damaged DNA have 

proven unsuccessful.  For future reference, the methods and procedures used in these 

attempts are summarized in this manuscript for others that may follow in pursuit of 

understanding these protein-DNA complexes. 
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MATERIALS AND METHODS 

Expression Plasmids 

 The pTX412 plasmid for E. coli MutS expression was provided by Dr. Karin 

Scarpinato at Wake Forest University School of Medicine.   The pET11a-MSH2 and 

pLANT2/RIL-MSH6 for S. cerevisae MSH2 and MSH6 expression were provided from 

Dr. Hingorani at Wesleyan University.  The pET28c-MSH3 plasmid for expression of S. 

cerevisae was created by using PCR to copy and amplify the MSH3 gene from yeast 

DNA plasmid pRDK-MSH3 provided by Dr. Scarpinato.  The PCR product was purified 

by electrophoresis using a 1% agarose gel and extracted with a Qiagen (Qiagen, 

Valencia, CA) Gel Extraction Kit.  The MSH3 gene and pET28 were then digested for 3 

hours at 37 °C with restriction enzymes NcoI and XhoI.  Cut MSH3 and pET28 plasmid 

was then purified by electrophoresis through 1% agarose gel and extracted with the 

Qiagen Gel Extraction Kit.  Digested MSH3 was ligated into pET28 and transformed into 

DH5α cells before plating on Luria-Bertani (LB) agar with 50 µg/ml kanamycin (Kan) 

and incubating overnight at 37 °C.  The following day individual colonies were selected 

and grown in LB media to an OD600 0.600 before using a Qiagen Miniprep Plasmid 

Extraction kit to collect the new pET28c-MSH3 plasmid. 

E. coli MutS Overexpression and Purification 

The plasmid pTX412 containing coding for 6xHis-tagged E. Coli MutS was 

transformed into BL21*(DE3) cells (Novagen, Madison, WI).  A fresh transformant was 

grown in LB media with ampicillin (Amp) at 37 °C to an OD600 0.600.  Cells were 

induced to a final concentration of 0.5 mM IPTG at 16 °C for 18 hours.  The cells were 

pressure lysed in buffer A (50 mM HEPES, pH 8.0, 20% glycerol, 500 mM NaCl).  Cell 
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debris was removed by centrifugation at 17,000x gravity and supernatant was passed over 

a 49 mL (2.5 cm i.d x10cm length) econo-chromatography column (BioRad Laboratories, 

Hercules, CA) containing NTA-Ni resin equilibrated with buffer A.  Once the supernant 

was passed through, the column was washed with buffer A + 50 mM imidazole before 

eluting with buffer A + 500 mM imidazole.  The fractions collected from the column 

were examined for the presence of MutS by SDS-PAGE and staining with Coomassie 

blue.  Fractions containing MutS were pooled.  ATP was added to pooled fractions to a 

concentration of 100 μM and allowed to incubate for 1 hr. to release any bound DNA.  

The fractions were diluted with 50 mM HEPES, pH 8.0, 20% glycerol to reduce NaCl 

concentration to 100 mM, then loaded onto a HiTrap MonoQ column (Amersham 

Biosciences, Piscataway, NJ) equilibrated with buffer B (50 mM HEPES, pH 8.0, 20% 

glycerol, 5 mM MgCl2, 2 mM DTT).  The column was washed with at least 3 column 

volumes of buffer B before elution with buffer B with a linear gradient 100-500 mM 

NaCl.  The fractions collected from the column were examined by SDS-PAGE and 

coomassie blue staining.  Fractions containing MutS were pooled and loaded onto a 

Superdex 200 (S200) size exclusion column equilibrated with buffer B + 200 mM NaCl.  

The column was run with buffer B + 200 mM NaCl until elution of MutS.  Fractions 

were again examined by SDS-PAGE and Comassie blue staining.  Fractions containing 

purified MutS were pooled together and protein was flash frozen using liquid nitrogen 

before storage at -80 °C. 

Overexpression and Purification of S. cerevisiae MSH2-MSH6 complex 
 
 The plasmids pET11a-MSH2 and pLANT2/RIL-MSH6 were transformed into 

E. coli BLR(DE3) cells for co-expression of S. cerevisiae MSH2 and MSH6.  Due to 
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failed attempts to transform both plasmids simultaneously by heat shock and 

electroporation, the plasmids were transformed individually.  The pLANT2/RIL-MSH6 

plasmid was first transformed into BLR(DE3) cells by a 42 °C heat shock transformation 

and plated on LB agar containing 30 µg/ml Kan.  Plates were incubated overnight at 

37 °C for at least 12 hours.  A BLR(DE3) pLANT2/RIL-MSH6 colony was selected and 

introduced to 50 mL of LB media containing 30 µg/ml Kan.  The culture was grown to an 

OD600 0.4 at 37 °C in a shaking incubator.  The culture was then centrifuged at 3000 

times gravity and the supernant was removed.  The BLR(DE3) pLANT2/RIL-MSH6 cells 

were resuspended in 4 °C sterile water and then centrifuged again under the same 

conditions.  The cells were centrifuged and resuspended in this manner 3 times.  After the 

third centrifugation, the cells were resuspend into 500 µL of 10% glycerol and aliquoted 

in 50 µL samples for electroporation.  The pET11a-MSH2 plasmid was transformed into 

the electro-competent cells with a Biorad Gene Pulsar  electroporator, with the 

capacitance set at 3 µF and the voltage at 2.5 kV in 0.1 cm gap electroporation cuvettes.   

The cells were plated on LB agar containing 30 µM Kan and 50 µM ampicillin (Amp) 

and incubated overnight at 37 °C for at least 12 hours.   

 A fresh transformant was grown in LB media containing 30 µM Kan and 50 

µM Amp at 37 °C to an OD600 of 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 at least 3 volumes of Buffer C + 25 mM NaCl, and then eluted with a linear gradient 

0-360 mM NaCl in Buffer C.  Fractions were examined by SDS-PAGE and Coomassie 
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blue staining.  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 were again 

examined by SDS-PAGE and staining.  ATP was added to pooled fractions to a 

concentration of 100 μM and allowed to incubate for 1 hr. to release any bound DNA.  

The pool was diluted with Buffer C to 100 mM NaCl and then passed over a HiTrap 

MonoQ column equilibrated with buffer C.   The column was washed with at least 3 

column volumes of buffer C before eluting with buffer C with a linear gradient 

100-500 mM NaCl.  Collected fractions were examined by SDS-PAGE and staining.  

Fractions with purified MSH2-MSH6 were pooled.  The protein was aliquoted and frozen 

for storage at -80 °C until needed. 

S. cerevisiae MSH2-MSH3 Overexpression and Purification 

The plasmids pET11a-MSH2 and pET28c-MSH3 were transformed into 

BLR(DE3) cells for coexpression of S. cerevisiae MSH2-MSH3 in the same manner as 

MSH2-MSH6.  A fresh transformant was grown in LB media containing 30 µg/mL Kan 

and 50 µg/mL Amp 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 at least 3 volumes of buffer C + 25 mM NaCl after loading, and then eluted with a 

linear gradient 0-360 mM NaCl in Buffer C.  Fractions were examined by SDS-PAGE 

and coomassie blue staining.  Fractions containing MSH2-MSH3 were pooled and loaded 

on a S200 size exclusion column equilibrated with buffer C + 200 mM NaCl.  The 
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column was washed with buffer C + 200 mM NaCl until MSH2-MSH6 elution.  

Fractions were examined by SDS-PAGE and staining.  ATP was added to pooled 

fractions to a concentration of 100 μM and allowed to incubate for 1 hr. to release any 

bound DNA.  The sample was diluted with Buffer C to 100 mM NaCl and then passed 

over a HiTrap MonoQ column equilibrated with buffer C.   The column was washed with 

at least 3 column volumes of buffer C before elution with buffer C using a linear gradient 

of 100-500 mM NaCl.  Collected fractions were examined by SDS-PAGE and staining.  

Fractions with purified MSH2-MSH6 were pooled.  The protein was aliquoted and frozen 

for storage at -80 °C until needed. 

DNA Oligonucleotides and Cisplatin Damaging 

The oligonucleotides used were purchased from Operon Biotechnologies 

(Huntsville, AL).  All oligonucleotides used in this study are listed in Table 1.  

Oligonucleotides cannot be purchased with cisplatin damage, so cisplatin lesions were 

created in the laboratory.  Since cisplatin is capable of forming interstand crosslinks with 

double-stranded DNA, all cisplatin damaging was performed with single-stranded DNA.  

Oligonucleotides 3 and 7 were designed to have a single site for cisplatin damage,  a 1,2 

GpG intrastrand crosslink.  The oligomers were mixed with 1.2 equivalents of cisplatin in 

1 mM Na2HPO4 (pH 7.4), 3 mM NaCl and incubated at 37 °C for 16 hours.  Any excess 

and unreacted cisplatin was removed by dialysis in deionized H2O.  The oligomers were 

then lyophilized by vacuum centrifugation and resuspended in deionized H2O.  

Oligomers were annealed to obtain desired double-stranded DNA by mixing equal 

equivalents in 2.5 mM MES (pH 6.5), 20 mM NaCl, and 2.5 mM MgCl2 and heating to 

95 °C and allowed to cool for 2 hours to room temperature. 
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Table I 
       

List of 5ʹ to 3ʹ Oligonucleotides 
       

Oligonucleotide Sequence 
  
1 [6-FAM]GACAGTGTTGAGACAGGACCAGACAGGTAG 
       
2 [6-FAM]GACAGTGTTGAGACAGGATCAGACAGGTAG 
       
3 CTACCTGTCTGGTCCTGTCTCAACACTGTC 
       
4 CTACCTGTCTGATGTCCTGTCTCAACACTGTC 
       
5 AGCTGCCAGGCACCAGTGTCAGCGTCCTAT 
       
6 ATAGGACGCTGACACTGGTGCTTGGCAGCT 
       
7 ACCTGTCTGGCAACACTGTCACCGTCGTAT 
       
8 ATACGACGGTGACAGTGTTGTCAGACAGGT 
       
9 ATACGACGGTGACAGTGTTGCCAGACAGGT 
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Fluorescence Anisotropy 

 For all fluorescence anisotropy experiments, a DNA 30-mer was labeled at the 5ʹ 

end to include 6-carboxyfluorescein (6-FAM).  Experiments were performed in black 

Corning (Corning Life Science, Corning, NY) 384-well round bottom assay plates and 

measured with a Tecan SafireII (Mannedorf, Switzerland) set with an excitation 

wavelength of 470 nm and an emission wavelength of 525 nm.  DNA and protein were 

diluted in 20 mM Tris-HCl (pH 7.5), 5 mM MgCl2, 100 µM DTT, and 10 µM EDTA.  A 

final DNA concentration of 1 nM provided a sufficient signal for all of the anisotropy 

experiments.  Protein was titrated into the reactions with concentrations of 0, 10, 25, 50, 

75, 100, 200, 350, 500, and 1000 nM.  These experiments were performed with E. coli 

MutS, S. cerevisae MSH2-MSH6, and S. cerevisae MSH2-MSH3 binding to 

Watson-Crick, G:T mismatch, 1,2 GpG-CDDP crosslink, 1,2 GpG-CDDP/:T compound 

lesion, and +2 IDL DNA.  All experiments were performed in triplicate.  Each data set 

was normalized by subtracting the anisotropy value with no protein (A0) from each 

anisotropy value (A) and plotted versus protein concentration.  A single site binding 

equation was fit using least-squares regression in SigmaPlot to determine a disassociation 

constant (Kd) for each interaction. 

E. coli MutSΔ800 Crystallization 

 E. coli MutSΔ800 was screened for crystallization capability in Corning 24-well 

sitting drop plates with 500 µL of well solution and drops containing 2 µL of protein 

solution mixed with 2 µl of well solution.  MutSΔ800 is a truncated version of MutS with 

the final 53 amino acids removed.  This construct is the only form of MutS that has been 

successfully crystallized and is thus the construct used in these attempts.  MutSΔ800 was 
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concentrated to 12.1 mg mL-1 and screened with conditions 7% - 16% polyethylene 

glycol (PEG), 100-400 NaCl, 100-200 mM HEPES (pH 7.5), 10 mM MgCl2, 100 µM 

ADP for crystallization with annealed oligomers 5 and 6 (Table 1).  These trial conditions 

were based on previous studies (19). The protein to DNA ratio in the drops was 2 to 1 

due to the homodimer nature of MutS.  Crystal formation of this complex occurred most 

readily at 9% PEG, 400 NaCL, 100 mM HEPES (pH 7.5), 10 mM MgCl2, 100 µM ADP.  

These crystallization trials were also attempted with full-length MutS to determine the 

unknown full structure of the protein. 

 Crystallization trials for MutSΔ800 in complex with cisplatin damaged DNA 

(oligomers 7 and 8) were attempted within the same screening conditions with and 

without microseeding from crystals of MutSΔ800 in complex with G:T mismatch DNA.  

MutSΔ800 complexed with cisplatin damaged DNA was also carried out in 96-well 

Corning sitting well plates to expand screening conditions to include the Index Screen, 

Crystal Screens 1 and 2, PEG/Ion Screen (Hampton Research, Aliso Viejo, CA) and an 

incomplete factorial screen.  Crystal trials conducted in Corning 96-well plates used 100 

µL of well solution with the drops containing 2 µL of protein solution mixed with 2 µL 

of well solution.  Protein concentrations were varied from 9 to 12 mg mL-1 and 

temperatures of 4 °C and 20° were attempted. 

S. cerevisae MSH2-MSH3 Crystallization 

 Crystallization of S. cerevisae MSH2-MSH3 was also attempted in the 96-well 

plate set up with the Index Screen, Crystal Screens 1 and 2, PEG/Ion Screen and an 

incomplete factorial screen.  Experiments were carried out at both 4 °C and 20 °C with a 

protein concentration of 4 mg mL-1. 
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RESULTS 

Fluorescence Anistropy 

 In order to determine the binding capabilities of all of the MMR recognition 

proteins, fluorescence anisotropy experiments were carried out with 5ʹ labeled DNA 

containing either cisplatin, mismatch, a combination of cisplatin and mismatch, IDL, or 

no damage.  Fluorescence anisotropy is a technique that measures the binding interaction 

between two molecules, in this case, a MMR recognition complex and a strand of 

damaged or undamaged DNA.  The basic principle of fluorescence anisotropy is that a 

fluorophore excited by a polarizing light will emit a polarizing light.  A moving molecule 

in solution will emit some of this light in a different direction than the incident light, thus 

depolarizing the light to some degree.  This depolarization is greatest when the molecule 

is tumbling freely and decreases with the rate of tumbling.  When a larger molecule binds 

the fluorophore, the rate of tumbling slows down, creating a more polarized emission.  

By titrating increasing amounts of protein into the solution, a binding curve is generated 

and Kd can be calculated.  The DNA concentration was kept low to maintain equilibrium 

binding, but high enough to provide sufficient signal for measurement.  The protein 

concentrations used in the experiments were decided upon in attempts to keep 

approximately half of the concentrations above and half below the estimated Kd. 

 In the initial attempts to obtain DNA binding data with these proteins, problems 

were encountered when results indicated very low levels of DNA binding even with 

substrates that have previously been used by other researchers.  Protein concentrations of 

the proteins being tested were examined by spectroscopy absorbance measurement at 

280 nm.  The concentrations were correct, but spectroscopy measurements were also 
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taken at 260 nm to examine possible DNA contamination.  The absorption ratio between 

260 nm and 280 nm is commonly used to assess the purity of protein with respect to 

DNA contamination.  The A260 measurements were higher than A280 measurements 

giving a A260/A280 ratio of 1.48 indicating a significant DNA contamination.  This 

contamination was thought to be a reason for the lack of DNA binding.  The proteins 

were being purified with DNA in the binding region.  To correct this problem, the 1 hour 

incubation step with ATP was introduced to the protein purification method.  After this 

new procedure, the A260/A280 ratio was reduced to 0.734, and most importantly DNA 

binding was observed in the fluorescence anisotropy experiments.  The fluorescence 

anisotropy experiments presented here had no ADP or ATP added, ATP was only used 

during the purification procedure.   

 The fluorescence anisotropy data for E. coli MutS reveals little difference 

between the binding Kd to the various types of damaged DNA (Table 2).  Not only is 

there little difference between the tested substrates (Fig. 5-9), MutS has a Kd lower than 

55 nM for each oligonucleotide, which is lower than those seen with the eukaryotic 

complexes of MSH2-MSH6 and MSH2-MSH3.  These data indicate that E. coli MutS 

has affinity for all of the DNA substrates used in these experiments; however they 

provide no information about a preference for cisplatin damage.  The Watson-Crick DNA 

would be expected to have a lower affinity than the other substrates if there were 

specificity for cisplatin or mismatch DNA.   

 The S. cerevisae MSH2-MSH6 was found to bind all the DNA substates as well, 

but there were differences between the Kd between damaged and undamaged DNA.  

S. cerevisae MSH2-MSH6 demonstrated at least twice the affinity for the damaged 
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substates being tested.  There was also a notable 4-fold increase in affinity for the DNA 

containing a compound lesion of cisplatin and mismatch compared to strands only 

possessing a single type of damage.  This result could suggest that MSH2-MSH6 is 

capable of recognizing the mismatch and cisplatin in a different manner that creates an 

additive effect to the Kd when both types of damage are present (Fig. 10-14). 

 The S. cerevisae MSH2-MSH3 complex had binding differences among the 

substrates not seen with the MutS or MSH2-MSH6 complexes (Fig. 15-18). The 

MSH2-MSH3 complex did have the greatest affinity for the +2 IDL, which is considered 

to be its main recognition substrate.  MSH2-MSH3 also had high affinity for substrates 

containing mismatches.  Its affinity dropped to approximately the same lower levels for 

the cisplatin only damage and Watson-Crick paired DNA.  This pattern would indicate 

that MSH2-MSH3 has no specificity for cisplatin damage.  It is interesting that the 

MSH2-MSH3 complex would have a lower affinity for the cisplatin damaged subtrates 

not seen in the MSH2-MSH6 complex. 
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Table II 
      

Disassociation Constants of MMR Recognition Proteins with Damaged and Undamaged 
DNA (nM) 

      

 G:T Cisplatin/G:T Cisplatin Watson-
Crick +2 IDL 

      
MutS 9.9 ± 1.3 55.9 ± 9.0 38.3 ± 8.6 7.2 ± 1.2 17.3 ± 2.5 

      
MSH2-MSH3 72.5 ± 9.8 96.6 ± 17.8 258.7 ± 52.4 265.2 ± 44.2 52.3 ± 5.2 

      
MSH2-MSH6 71.5 ± 20.5 21.0 ± 12.3 87.3 ± 13.1 162.7 ± 30.4 N/D 
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MutS binding 30mer w/ G:T mismatch
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Figure 5: E. coli MutS binding to a 30 nucleotide DNA strand containing a G:T 
mismatch. 
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Figure 6: E. coli MutS binding to a 30 nucleotide DNA stand containing cisplatin 
damage with a G:T mismatch. 
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MutS binding 30mer w/ Cisplatin Damage
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Figure 7: E. coli MutS binding to a 30 nucleotide DNA strand containing cisplatin 
damage. 
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Figure 8: E. coli MutS binding to a 30 nucleotide DNA strand with Watson Crick 
pairing. 
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MutS binding 30mer with +2 IDL
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Figure 9: E. coli MutS binding to a 30 nucleotide DNA strand with a +2 IDL. 
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Figure 10: S. cerevisae MSH2-MSH3 binding to a 30 nucleotide DNA strand 
containing a G:T mismatch. 
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MSH2-MSH3 binding 30mer w/ Cisplatin Damage and a G:T Mismtch
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Figure 11: S. cerevisae MSH2-MSH3 binding to a 30 nucleotide DNA strand 
containing cisplatin damage with a G:T mismatch. 
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Figure 12: S. cerevisae MSH2-MSH3 binding to a 30 nucleotide DNA strand 
containing cisplatin damage. 
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MSH2-MSH3 binding Watson Crick DNA
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Figure 13: S. cerevisae MSH2-MSH3 binding to a 30 nucleotide DNA strand with 
Watson Crick pairing. 
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Figure 14: S. cerevisae MSH2-MSH3 binding to a 30 nucleotide DNA strand with a 
+2 IDL. 
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MSH2-MSH6 binding 30mer w/ a G:T Mismatch
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Figure 15: S. cerevisae MSH2-MSH6 binding to a 30 nucleotide DNA strand 
containing a G:T mismatch. 
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Figure 16: S. cerevisae MSH2-MSH6 binding to a 30 nucleotide DNA strand 
containing cisplatin damage with a G:T mismatch. 
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MSH2-MSH6 binding 30mer w/ Cisplatin Damage
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Figure 17: S. cerevisae MSH2-MSH6 binding to a 30 nucleotide DNA strand 
containing cisplatin damage. 
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Figure 18: S. cerevisae MSH2-MSH6 binding to a 30 nucleotide DNA strand with 
Watson Crick pairing. 
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Crystallization of E. coli MutSΔ800 and S. cerevisae MSH2-MSH3 

 When purified E. coli MutSΔ800 was obtained, the first priority was to replicate 

crystallization of the protein (21), to verify the construct would crystallize in the same 

manner as previously performed.  The crystallization trials with E. coli MutS using the 

G:T mismatch DNA composed of oligomers 5 and 6 (Table 1) proved successful.  The 

conditions published for the crystallization of MutSΔ800 provide a range of possible 

concentrations of the different components in the well solution used by the authors.  This 

required that the components be screened at different concentrations.  During the initial 

screens, the conditions were of a broader scope and resulted in some small nucleation 

events in some of the wells.  The crystalline formation only required about 8 hours to 

provide noticeable nucleation events.  The conditions were then altered to screen around 

the successful nucleation events, but there was limited improvement in the crystal 

formations.  The crystals developed were small despite several fluctuations made to the 

well conditions, but a condition of 9% PEG, 400 mM NaCl, 100 mM HEPES (pH 7.5), 

10 mM MgCl2, 100 µM ADP worked best.  Using these conditions, new crystallization 

plates were constructed, but the small crystals developed from previous plates were used 

to microseed the new plates.  Microseeding from previous crystals proved to be much 

more successful and provided larger crystals with sharper edges. (Fig. 19a)  Further 

experimentation to optimize these crystals for X-ray diffraction was not pursed as this 

structure has already been determined.  The crystal formation was enough to verify that 

this construct would crystallize as required for experimentation with a different cisplatin 

damaged substrate.  The DNA substrate was then altered to the cisplatin damaged stand 

made of oligomers 7 and 8 (Table 1).  Altering the DNA substrate changed the 
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crystallization of MutSΔ800.  Under the same conditions, crystal formation was 

negatively impacted.  In some plate wells, small crystalline balls with rough, jagged 

edges were observed (Fig. 19b).  Other wells had no crystalline formation at all.  These 

results indicated that the conditions that worked well for complex formation with G:T 

mismatch DNA would not work well for an altered strand with a cisplatin crosslink and 

G:T mismatch.  Trials were attempted with the original broader screening conditions and 

with commercially available screens that provide a wide range of buffer types, pH, and 

precipitant concentrations.  These broader screens provided no crystallization in any of 

the conditions used.  Altering protein concentration and incubation temperatures didn’t 

provide different results with the cisplatin damaged substrate. 

 Full-length MutS was also experimented with in trials using commercially 

available screens.  MutSΔ800 was constructed based on earlier publications that indicated 

a 53 amino acid C-Terminus truncation was required.  Experiments with full-length MutS 

were attempted to verify this requirement and test possible changes in commercially 

available screens that may have not been available or attempted before.  The 

crystallization attempts with the full-length protein provide no positive results. 
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a)  

b)  

Figure 19: Photographs of E. coli MutSΔ800 crystallization in complex with a) G:T 
mismatch DNA and b) cisplatin and G:T mismatch compound lesion. 
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DISCUSSION 

 The MMR pathway has been suggested to be involved in a cell death response to 

cisplatin treatment when DNA damage is not repaired (31).  The mechanisms by which 

MMR proteins are involved with this cell death response are not known.  Proposed 

hypotheses suggest that the MMR recognition proteins are involved in two possible ways.  

The futile repair cycle hypothesis suggests that when cisplatin forms a lesion, the cell is 

incapable of replicating DNA past the lesion without using an error prone by-pass 

polymerase that will frequently create a mismatch at the site of the cisplatin crosslink.  

The MMR recognition proteins interact with the mismatch as they do in their normal 

processing of mismatches and begin the process of repairing the mismatch.  A dilemma is 

created by the strand discrimination of the MMR pathway.  The cisplatin remains 

unrepaired on the parent strand and the cell must again by-pass the lesion with the error 

prone polymerase.  This result of continued cycles of repair leads to eventually DNA 

breaks that signal for cell death initiation by other proteins.  This hypothesis suggest that 

MMR repair proteins do not have to recognize the cisplatin lesion, but their ability to 

recognize DNA mismatches are the only crucial requirement.  The futile repair cycle 

hypothesis would thus not require that the MMR recognition proteins used in the binding 

studies presented here have any affinity for the DNA substrates damage by cisplatin, but 

only those containing a mismatch.  The results from the fluorescence anisotropy indicate 

that all the MMR recognition proteins have an affinity for DNA with a mismatch.  The 

fact that some of the proteins also contain an affinity for DNA with a cisplatin crosslink 

does not refute any principles of the futile repair cycle hypothesis.  However, other 
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studies have shown by amino acid mutation MMR recognition and repair can be 

eliminated and a MMR dependent cell death response still occurs (42, 43). 

 The signaling hypothesis suggests a mechanism of MMR recognition proteins 

signaling to other proteins the initiation of cell death due to recognition of cisplatin 

damage.  This hypothesis requires that the MMR protein specifically recognize the 

cisplatin damage and not necessarily any possible mismatches that may be across from it 

due to a by-pass polymerase error.  Although this hypothesis requires specific recognition 

of cisplatin, there are a couple of ways in which cell death could be signaled.   

One such method would be conformational shifts within the protein complex that 

would allow binding to other proteins in a cell death response pathway.  The idea of a 

conformational shift has been scrutinized due to a lack of significant conformational 

shifts in the structure of human MSH2-MSH6 in complex with DNA containing an O6-

methyl guanine mismatched with thymine (24).  However, this structure is of limited use 

to analyze how these proteins may interact with cisplatin.  A cisplatin lesion is different is 

several ways, including the size of the lesion to how it affects the DNA structure.  The 

MSH2-MSH6 complex with O6-methyl guanine is however the only structure of a MMR 

recognition protein with chemically damaged DNA, which only emphasizes the need for 

a structure with a cisplatin lesion. 

Another way the signaling method may work still requires that the MMR 

recognition protein specifically bind a cisplatin lesion, but instead of directly signaling 

for cell death initiation, it remains bound to the lesion and prevents DNA replication 

leading to cell death initiation.  This proposed method would require that the MMR 

recognition proteins have a high affinity for the cisplatin lesion and possibly altered 
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ATPase activity to prevent release from the DNA.  If one were to disregard the possibility 

of conformational shifts caused by cisplatin due to the structure containing O6-methyl 

guanine, this method would still provide the possibility that MMR recognition proteins 

are responsible for a signal for cell death in cisplatin treatment even if they do not 

provide the signal directly.  If the binding of MSH2-MSH6 to O6-methyl guanine is to be 

considered representative of how these proteins may interact with cisplatin as some have 

tried to suggest, the observations of human cells treated with methylators arresting in the 

second G2 phase would support this stalled replication method of signaling (44).  The 

binding data presented in this study indicates that MutS and MSH2-MSH6 both have 

high affinity for DNA containing cisplatin with or without a complimentary mismatch.  

MSH2-MSH3 does not show this same high affinity for cisplatin if a complimentary 

mismatch is not present, and this result could be used as evidence that MSH2-MSH3 is 

not responsible for the MMR dependent cell death response in cisplatin treatment. 

MSH2-MSH3 demonstrating different affinity characteristics for cisplatin in 

comparison to MutS and MSH2-MSH6 is not entirely unexpected as the MSH3 and 

MSH6 proteins are thought to provide the specific recognition interactions for these 

complexes.  Both MutS and MSH6 have a conserved Phe-X-Glu motif that is not present 

in the MSH3.  It is possible that the non-specific interactions of MSH2 in both complexes 

may provide the reason for some of their shared substrate affinities but allows for 

different specific functions.  The binding data in this study does not provide evidence that 

would contest either the futile repair cycle or signaling model of cell death induction.  

The data here would provide possible support for either hypothesis.  However, evidence 
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is present to suggest that the MSH2-MSH3 complex would not be involved in the cell 

death initiation for the signaling model. 

Further experimentation into the interaction of these proteins with cisplatin and 

mismatch damaged DNA could provide a firmer grasp on the mechanisms being used.  

Competition binding assays could provide more information into the ligand preferences 

and complex stability.  Surface plasmon resonance experiments could not only provide 

binding on and off rates, but they could provide information into how the ATPase activity 

of the recognition proteins plays a role in binding these ligands by including ADP and 

ATP in the buffers used during the experiments. Selected mutations within the different 

heterodimer subunits could also provide information about which subunit provides the 

cisplatin recognition.  These areas of study should be considered for future examination 

of these proteins’ damage and mismatch DNA binding.  

A large amount of information about how these proteins are involved in cisplatin 

cell response could be obtained from the X-ray crystallographic structure in complex with 

cisplatin damaged DNA.  Unfortunately, the attempts presented here were met with 

limited success.  Crystal formation in the presence of cisplatin damaged DNA was seen, 

so it is encouraging that this structure could eventually be determined if specific 

crystallization variables could be elucidated.  The inability to obtain well organized 

crystals could have been due to several reasons.  The altered DNA sequence could have 

affected crystal packing, as the previous MutS structure only has 16 nucleotides present 

in the structure while the other 14 are believed to be involved in the crystal packing (21).  

Also the nature of the cisplatin damage to DNA may have been an inhibiting factor itself.  

When cisplatin creates a crosslink to DNA, it alters the DNA structure by creating a kink 
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and disrupting local nucleotide interaction.  This bending of the DNA could easily inhibit 

crystal packing, although it should be noted that the binding of MutS and MSH2-MSH6 

induces DNA bending.  Another point to consider is the possibility of conformational 

shifts of MutS due to binding the cisplatin.  The mechanism of action is still unknown 

and one of the main hypotheses suggests possible conformational shifts that could alter 

crystal formation.  The unsuccessful attempts to develop this complex crystal could also 

simply have been a result of the method chosen to pursue it.  The altering of the DNA 

sequence and damage type at the same time may have been too dramatic a change to 

expect maintaining crystallization under the chosen conditions or even the ranged 

conditions around the original G:T mismatch complex conditions.  Alternative methods 

to attempt could involve developing specific crystallization condition for the new DNA 

sequence and then introducing the damage.  Crystallization of the protein with only 

cisplatin incubated with no DNA could also be attempted to access possible binding to 

the protein in the DNA binding region.  The ways in which to further pursue 

crystallization to obtain information about interaction with cisplatin and cisplatin damage 

have not been exhausted. 

The crystal structure for the MSH2-MSH3 complex has not been determined to 

date in any capacity.  The structure alone or in complex with DNA would provide the 

first detailed information as to the functioning of this protein in MMR or other types of 

DNA damage.  While the binding data suggests that MSH2-MSH3 may not be involved 

in cell response to cisplatin damage within certain hypothesis, it cannot be ruled out.  The 

failed attempts to crystallize MSH2-MSH3 in this study were not comprehensive.  Many 

avenues remain to be explored in possible conditions and methods to develop crystal 
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formation.  One of the limiting factors in this study was the protein obtained from the 

purification procedure used.  A possible solution to alleviate such a hindrance is the 

engineering of an affinity tag to the protein that may be cleaved off by Prescission 

protease (GE Healthcare Life Sciences).  Of note in this consideration, a construct of 

MSH2 with a C-terminal 6x histidine tag was construct in this research for this purpose, 

but expression of the complimentary MSH3 or MSH6 was eliminated during co-

expression (Data not shown).  Purification of larger scales of protein would be extremely 

useful in pursuing a large number of possible concentrations and well conditions. 

In conclusion, these studies indicate that only the MSH2-MSH6 complex 

demonstrates a binding preference for cisplatin, even though all MMR recognition 

protein complexes are capable of binding DNA with cisplatin damage.  This finding does 

not rule out the possibility of either MSH2-MSH6 or MSH2-MSH3 being involved in the 

cellular death response to cisplatin treatment as the mechanism is still undetermined.  

Crystallization of these proteins with cisplatin damaged DNA appears possible, but 

specific conditions and methods in which to do so remain for further investigation. 
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