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INVESTIGATION OF STRUCTURAL DIFFERENCES BETWEEN WILD-
TYPE AND MUTANT FORMS OF MutSa BY MOLECULAR DYNAMICS
SIMULATIONS.

SUMMARY

Cancer is the most common cause of death after cardiovascular diseases. Among the
cancer types, colon cancer, which is very common in our country and the world,
endangers human health. The aim of the studies in this thesis is to determine the
changes in the structure and dynamics of the MutSa protein due to mutations in the
protein complex associated with colon cancer. Molecular Dynamics (MD)
Simulations provide important information about protein dynamics by providing the
opportunity to observe changes in the structures and functions of proteins.
Computational methods have been a remarkable field in recent years because they
provide energetic, structural and dynamic information at the atomic level that cannot
be obtained using experimental techniques. In this study, the effects of mutations in
MutSa on protein structure and dynamics were analyzed using computational and
theoretical methods.

MutSa complex, formed by the MSH2-MSH6 heterodimer is responsible for the
recognition and repair of mismatches. Some mutations in MutSa have been
associated with cancer studies. Certain mutations that occur on protein complex cause
the accumulation of mutations in the cell and eventually causing cancer. Only some
of the mutations in protein complex have been associated with cancer, but the effect
of some mutations, defined as pathogenic variation, on protein activity is not yet
known. The MSH2 and MSH6 proteins that make up the MutSa complex are divided
into five major regions: the mismatch binding domain, the connector domain, the
lever domain, the clamp region, and ATPase domain. The mismatch binding domain
recognizes mismatched bases and binds to these bases. The connector domain is
responsible for allosteric signaling, while the lever region is thought to be responsible
for signaling between the mismatch binding domain and the ATPase domain. The
clamp domain stabilizes the DNA by interacting and bonding with the DNA
backbone. The ATPase domain is the region where the energy required for the protein
to move along the DNA is obtained by hydrolysis of ATP. MutSa complex detects
mismatches by scanning the DNA and binds to mismatch region to start repair
mechanisms.

In a healthy cell, DNA repair mechanisms work smoothly, DNA damages are
repaired, and apoptosis occurs in case of irreparable damage. However, mutations in
the proteins in the DNA repair mechanism prevent the correct functioning of the
DNA repair mechanism, causing the accumulation of damaged/mutant DNA in the
cell and causing tumor cells. Studies have revealed that specific mutations in MutSa,
one of the DNA mismatch repair proteins, can be hereditary and cause cancer. Some
mutations obtained as a result of genetic screening tests by Prof. Dr. Levent Doganay
and his research group, with samples taken from individuals with a family history of
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colon cancer have been reported to our study group. Ala733Thr, Arg577Cys and
Ser127Asn mutations were detected, and the effects of these mutations on MutSa
without DNA were investigated by performing all-atom MD simulations. In order to
look at the changes that these mutations may cause in protein function, first of all,
systems were prepared for the MD simulations of the MutSa protein using structures
with PDB ID: 208B. Two replica systems were created for each construct to compare
the simulation results for wild-type and mutant proteins. While simulating the
proteins, the required ion concentration was provided by considering the cell's
physiological conditions. After the structures were dissolved in water, short
minimization and equilibrium simulations were performed. The equilibrated
structures were simulated for 200ns. Two replicate simulations were carried out for
wild-type and three mutant proteins, and totaling 1600ns MD simulations were
performed.

Root-mean-square deviation (RMSD), root-mean-square fluctuation (RMSF), heat
capacity, interaction analysis and principal components analysis (PCA) were
performed to investigate the effect of the mutations on the MutSa complex. The
RMSD analysis gives information about whether the simulation has reached
equilibrium and whether there has been a conformational change. The average RMSD
values of mutant proteins were higher than the wild-type protein. Therefore, these
mutations resulted in changes in protein conformation and dynamics. RMSF analysis
Is used to provide insight about structural flexibility, mobility and thermal stability.
In this thesis, fluctuations were investigated for five domains separately and it was
observed that the mutant proteins had similar or higher fluctuations than the wild-
type protein in general. For the wild-type, the region with the highest fluctuations
was observed to be the clamp region. Heat capacity can provide information about
the thermodynamic properties of the protein. The findings obtained as a result of the
analysis showed higher heat capacities for all mutants compared to that of the WT
protein and show that the thermodynamic properties of the protein may have been
differentiated. As a result of the interaction analysis, it was observed that the mutants
had changes in hydrogen bond and salt bridge interactions compared to the WT
protein. With PCA analysis, the two most dominant movements in the protein were
obtained. Conformations were projected onto principal components and based on the
conformational space sampled by the proteins during the MD simulations heat map
surfaces were constructed. In this study, the effects of mutations in the DNA-free
MutSa protein structure and dynamics were investigated and it was concluded that
mutant structures showed different thermodynamic and structural properties
compared to wild-type.
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MutSo. HETERODIMERININ YABANIL TiP VE MUTANT FORMLARI
ARASINDAKI YAPISAL FARKLILIKLARININ MOLEKULER DINAMIK
SIMULASYONLARI iLE INCELENMESI

OZET

Kanser, gliniimiizde kardiyovaskiiler rahatsizliklardan sonra en ¢ok 6liime neden olan
hastalik tiiri olmustur. Kanser tiirleri icerisinde ise iilkemizde ve diinyada oldukga
stk goriilen kolon kanseri insan sagligini tehlikeye atmaktadir. Herediter Non-
Polipozis Kolorektal Kanser (HNPCC), kalitsal bir kolon kanseri tiiriidiir ve tiim
klorektal kanserlerin %3-5"ini olusturmaktadir. HNPCC ile iliskilendirilen birkag
protein bulunmaktadir. Bu proteinler, DNA onarim mekanizmalarinda goérev alan ve
DNA’da olusan hatalarin giderilmesinde gorev almaktadir. Yapilan g¢alismalar,
DNA’daki lezyonlarin onarimindan sorumlu olan proteinlerde meydana gelen
mutasyonlarin, proteinlerin dogru calismasini engelleyerek hiicrede mutasyonlarin
birikmesine neden oldugunu ve hiicrelerin kanser hiicresine doniismesine yol agtigini
gostermistir. Bu calismalarin amaci, kolon kanseri ile iligskilendirilen MutSa protein
kompleksinde meydana gelen bazi mutasyonlarin proteinin yapisinda ve dinamiginde
meydana getirdigi degisimleri tespit etmektir. Molekiiller Dinamik (MD)
Simiilasyonlari, proteinlerin yapilari ve iglevlerindeki degisimleri gézlemleyebilme
olanagi saglayarak protein dinamigi ile ilgili O6nemli bilgiler vermektedir.
Hesaplamali yontemler, deneysel teknikler kullanilarak elde edilemeyen atomik
seviyede enerjetik, yapisal ve dinamik bilgiler sunmasi nedeniyle son yillarda
oldukca dikkat ¢eken bir alan olmustur. Bu galismada, hesaplamali ve teorik
yontemler kullanilarak MutSa protein kompleksinde meydana gelen mutasyonlarin
protein yap1 ve dinamigine etkileri analiz edilmistir.

Cesitli eksojen ve endojen etkenler genoma zarar vererek hasarli DNA’ya neden
olmaktadirlar. Genomik stabilizasyon sonucunda meydana gelebilecek DNA
hasarlari, kodladiklar1 proteinlerin hatali olmasina ve hiicrenin isleyisinin aksamasina
neden olarak kanser hiicrelerine ya da hiicre 6liimiine neden olabilmektedir. Hiicreler,
hasarli DNA’y1 diizeltebilmek ve hiicrenin temel isleyisindeki aksamalari
engellemek amaciyla cesitli DNA tamir sistemleri gelistirmiserdir. Bu tamir
sistemleri, meydana gelen DNA lezyonlarinin gesitlerine ve biiylikliiklerine gore
hasarli DNA’ya miidahale ederek hasarin giderilmesini saglamaktadirlar. Yanlis
eslesme tamiri (Ingilizcesi Mismatch Repair, MMR), DNA tamir sistemlerinden
biridir. Bu sistem, replikasyon sirasinda polimerazlarin hata diizeltme (Ingilizcesi
proofreading) etkinliginden kagan yanlis baz eslesmelerinin diizeltilmesinde ve
polimeraz kaymasi nedeniyle tekrarlayan DNA dizilerinin replikasyonunda ortaya
cikabilen ekleme/silme dongiilerinin (Ingilizcesi insertion/deletion loop, IDL)
onariminda gorevlidir. MMR, MutS ve MutL protein kompleksleri tarafindan
gerceklestirilmektedir. Uyumsuzluk tanima adimiyla baglayan MMR sisteminde iki
heterodimer protein kompleksi gorev almaktadir. MutSo heterodimeri, baz-baz
uyumsuzluklarinin ve kiiciik IDL'lerin taninmasini saglarken MutSp heterodimeri,
daha biiyiik IDL'lerin taninmasinda gorev alir.
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MutSa, MSH2 ve MSH6 genlerinin kodladig1 ayn1 isimli proteinlerin dimer olarak
bulundugu kompleks yapiya verilen isimdir. MutSa, DNA iizerinde hareket ederek
yanlis eslesmis bazlari tanir ve bu bolgeye baglanarak DNA tamirini baglatir.
MutSa’da meydana gelen bazi mutasyonlar kanser ¢alismalari ile iligkilendirilmistir.
Bu kompleks proteinin iizerinde meydana gelen belirli mutasyonlar, proteinin
islevinin gergeklesmesini engelleyerek hiicrede mutasyonlarin birikmesine ve
sonucunda kansere neden olmaktadir. Bu proteinde meydana gelen mutasyonlarin
sadece bir kismu kanser ile iligkilendirilmis ancak patojenik varyasyon olarak
tanimlanan bazi mutasyonlarin protein etkinligi tizerindeki etkisi heniiz kesin
bilinmemektedir. MutSa kompleksini olusturan MSH2 ve MSH6 proteinleri bes ana
bolgeye ayrilmistir: yanlis eslesme baglanma bolgesi, baglayici bolge, kol bolgesi,
kiskag bolgesi ve ATPaz bolgesi. Bu bolgeler her iki monomerde de bulunan ve
benzer gorevleri gerceklestiren yapilardir. Yanlis eslesme baglanma bolgesi,
DNA’da bulunan yanls eslesen bazlari taniyan ve bu bazlara baglanmanin
gerceklestigi bolgedir. Baglayici bolge allosterik sinyallesmeden sorumluyken kol
bolgesinin ise yanlis eslesme bolgesi ile ATPaz bolgesi arasinda sinyal iletiminden
sorumlu oldugu diisiiniilmektedir. Kiskag bolgesi DNA omurgasi ile etkileserek ve
bag yaparak DNA’y1 stabilize eder. ATPaz bolgesi, ATP hidrolizi yaparak proteinin
DNA boyunca hareket etmesi i¢in gerekli enerjinin elde edildigi bolgedir. Bu
domainleri iceren MSH2 ve MSH6 proteinlerinin bir araya gelmesiyle olusan MutSa
kompleksi DNA {izerinde taramalar yaparak yanlis eslesmeleri tantyip bu bolgelere
baglanir, DNA tamirinden sorumlu olan diger proteinlerin de bu bdlgeye gelerek
hatanin boyutuna bagli olarak hasar tamiri ya da programli hiicre O6liimiiniin
(apoptozis) yolunu agar.

Saglikl1 bir hiicrede DNA tamiri mekanizmalari sorunsuz ¢alisarak DNA hasarlari
tamir edilir, tamir edilemeyecek boyuttaki hasar olmasi durumda apoptozis
gerceklesir. Ancak DNA tamir mekanizmasi igerisindeki proteinlerde meydana gelen
mutasyonlar DNA tamir mekanizmasinin dogru calismasini engelleyerek hiicrede
hasarli/mutant DNA’larin birikmesine ve timor hiicrelerine ve erken yaslanmayla
sonuglanabilecek metabolik siire¢lere neden olmaktadir.

Yapilan ¢alismalar DNA yanlis eslesme tamiri proteinlerinden olan MutSo’da
meydana gelen spesifik mutasyonlarin kalitsal olabildigini ve kansere neden
oldugunu ortaya koymustur. Kalitsal kolon kanserine neden olan varyasyonlarin
patojenitesine bakilmasi amaciyla yapilan ¢oklu gen testleri sonucunda tespit edilen
varyantlarin patojenisitesi ile ilgili olarak sonuglara varilmaya ¢alisilmaktadir. Bazi
varyantlarin patojenisitesi tam olarak tayin edilemediginden bu varyantlar klinik
onemi belirsiz varyant (ingilizcesi variant of uncertain significance, VUS) olarak
isimlendirilmektedir. Prof. Dr. Levent Doganay ve grubunun yapmis oldugu
caligmada ailesinde kolon kanseri Oykiisii bulunan bireylerden alinan &rnekler ile
yapilan genetik tarama testleri sonucunda elde edilen Ala733Thr, Arg577Cys ve
Ser1279Asn VUS’lar1 ¢aligma grubumuza bildirilmistir. Bu mutasyonlarin DNA’s1z
MutSa’ya olan etkileri tim atom Molekiiler Dinamik (MD) simiilasyonlar1 yapilarak
incelenmistir. Bu mutasyonlarin protein islevinde meydana getirebilecegi
degisimlere bakmak iizere dncelikle, MutSa proteininin MD simiilasyonlar1 icin PDB
ID: 208B numarali yapilar kullanilarak DNA’ya bagli olmayan sistemler
hazirlanmistir. Yabanmil tip ve mutant proteinler i¢in simiilasyon sonuglarini
karsilagtirabilmek {izere her yap1 igin iki replika sistem olusturulmustur. Proteinler
icin sistem hazirlanirken hiicrede bulunduklar1 fizyolojik ortam ve kosullar dikkate
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alinarak gerekli iyon konsantrasyonu saglanmistir. Yapilar, su kutusunda
¢Ozdiiriildiikten  sonra  kisa  minimizasyon Ve denge  simiilasyonlari
gerceklestirilmistir. Dengeye gelen yapilar her replika i¢in 200 ns boyunca simiile
edilmistir. Yabanil tip ve ii¢ adet mutant protein i¢in ikiser replika simiilasyon
yiiriitiilmiis ve toplamda 1600 ns uzunlugunda MD simiilasyonu gerceklestirilmistir.

Simiilasyon sonuglar ile kok ortalama kare sapmasi (RMSD), kok ortalama kare
dalgalanmasi1 (RMSF), 1s1 kapasitesi, etkilesim analizi ve temel bilesenler analizi
(PCA) gergeklestirilmistir. RMSD analizi, simiilasyonun dengeye gelip gelmedigi ve
konformasyon degisikligi olup olmadigi hakkinda bilgi vermektedir. RMSD
ortalamalarina bakildiginda mutant proteinlerin RMSD degerlerinin yabanil tip
proteine gore daha yiikksek oldugu bu nedenle mutasyonlarin protein
konformasyonunda bir miktar degisime neden olabilecegi diisiinlilmiistiir. Ancak
replikalar arasindaki RMSD degerlerine bakildiginda bazi yapilarin heniiz dengeye
gelmedigi goriilmiistiir. RMSF analizi, yapisal esneklik, hareketlilik ve termal
stabilite ile ilgili ¢gikarimlar yapabilmek i¢in kullanilmaktadir. Calismada bes bolge
icin ayr1 ayr1 dalgalanmalara bakilmistir. Yabanil tip protein ile kiyaslandiginda
mutant proteinlerde genel olarak daha yiiksek dalgalanma oldugu goriilmiistiir.
Mutasyonlarin bulundugu boélge itibariyle dogrudan etkilemeyecegi bolgelerde
meydana gelen dalgalanma hareketi, mutasyonlarin protein dinamiginde meydana
getirdigi degisimlerin farkli bolgelerde ortaya c¢iktigini da gostermektedir. Yabanil
tipe gore en ¢ok dalgalanmanin goriildiigli bolge kiskag¢ bolgesi olmustur. Bu bolge
icin simiilasyon basinda ve sonundaki degisime bakildiginda mutasyonun
gerceklestirgi proteinlerin kiskag bolgererinin mutasyondan etkilenmis oldugu
sonucuna varilmistir. Is1 kapasitesi, proteinin termodinamik 6zellikleri ile ilgili bilgi
verebilmektedir. Analiz sonucu elde edilen bulgular, tiim mutant yapilarin 1s1
kapasitesinin yabanil tip proteine gore daha yiiksek oldugunu ortaya koymakta ve
proteinin termodinamik 6zelliklerinin farklilagsmis olabilecegini gostermektedir. Bu
sonuglar, mutasyonlarin proteinin agilmasi yOniinde etkisi olabilecegini
diisiindiirmektedir. Etkilesim analizi sonucunda mutant yapilarin yabanil tip proteine
kiyasla hidrojen bagi ve tuz kopriisii etkilesimlerinde degisimler oldugu
gozlemlenmistir. Yabanil tipte siklikla gozlemlenen etkilesimlerin  bazilari
kaybolurken yabanil tipte gozlemlenmeyen yeni etkilesimler kuruldugu da
goriilmiistiir. PCA analizi ile protein igideki en baskin iki hareket elde edilmis ve
bunlarin proteinin hangi bolgelerinde etkili oldugu gozlemlenmistir. Proteindeki en
baskin hareket MSH2 proteini iizerinde goriilmiis ve protein lizerinde dondiirme
etkisi olabilecegi diisiiniilmiistiir. MSH6 proteini iizerinde ise en baskin ikinci hareket
etkilidir. Bu hareket ¢ogunlukla kiskac bolgelerinde etkili olmus ve kiskacin disari
yoniinlii hareketini etkiledigi diisiintilmistiir. Ayrica serbest enerji ylizeyinde
proteinlerin MD simiilasyonlar1 boyunca wuzayda Ornekledikleri bdlgeler
gosterilmistir.

Bu c¢alisgmada, DNA’ya bagli olmayan MutSa proteininde meydana gelen
mutasyonlarin protein yap1 ve dinamigine etkileri incelenmis ve mutant yapilarin
yabanil tipe gore daha farkli termodinamik ve yapisal 6zellikler gosterdigi sonucuna
varilmistir.
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1. INTRODUCTION

1.1 Purpose of Thesis

The main purpose of the thesis is to investigate the structural differences between
mutant and WT MutSa proteins with molecular dynamics (MD) simulations. MutSa,
one of the DNA mismatch repair (MMR) proteins, enables the recognition and repair
of damaged DNA. Mismatches/damages in MMR proteins can prevent the repair of
damaged DNA, accumulate mutations in the cell, and cause cancer. Mutations in some
MMR proteins cause pathogenic protein variants. Some pathogenic variants are known
to cause hereditary colon cancer. More than half of the mutations that cause hereditary
colon cancers are in the monomers MSH2 and MSH6, which form the MutSa complex.
Samples taken from patients with a family history of cancer were examined with
genetic screening tests by Prof. Dr. Levent Doganay and his research group, and as a
result, the investigation of Ala733Thr (A733T), Arg577Cys (R577C) and Ser1279Asn
(S1279N) mutations were deemed appropriate for further molecular testing. Within
the scope of the TUBITAK 1003 project, grant numbers 3185127 and 3185129 these
mutations were shared with Assoc. Prof. Mert Gur and his research group for
molecular dynamics investigation. In this thesis, MutSa protein systems with these
mutations were prepared and MD simulations were performed to compare molecular
structure and dynamics and also thermodynamic properties of mutants with those of
the wild-type (WT) protein.

1.2 DNA Repair Mechanisms and Mismatch Repair Proteins in Eukaryotes

1.2.1 DNA Repair Mechanisms

Cells in the human body are exposed to DNA-damaging endogenous or exogenous
agents thousands of times a day (Lindahl and Barnes, 2000; Scharer, 2003). These
factors, which cause genomic instability and structural damage in DNA (Tubbs and
Nussenzweig, 2017), can cause lesions such as base and sugar modifications, strand

breaks, DNA-protein cross-links, and insertion/deletion, (Cadet et al., 1997; Friedberg,



2003; Dexheimer, 2013) leading to disruptions in fundamental cellular processes such
as replication and transcription (Hakem, 2008). In addition, specific DNA damages
that may occur can cause aging, cancer and some diseases (Hoeijmakers, 2009). Cells
have many DNA repair mechanisms such as mismatch repair, double-strand break
repair, base excision repair, nucleotide excision repair for repairing DNA damages
(Onur et al., 2009; Dexheimer, 2013).

Base excision repair (BER) is a DNA damage repair mechanism that is responsible for
repairing damaged DNA bases to protect against cancer and aging (Krokan et al., 2000;
Fromme and Verdine, 2004). DNA glycosylases, which are lesion-specific and known
to have at least 12 types, are the repair initiation enzyme responsible for the recognition
and removal of damaged bases (Dexheimer, 2013; Krokan and Bjeras, 2013). The base
is removed by cleavage of the glycosidic bond between the damaged base and
deoxyribose, leaving behind the abasic site or AP site (Dizdaroglu, 2005). In this
region, AP-endonuclease (APE1) hydrolyzes the 5' phosphodiester backbone,
allowing the synthesis/ligation step to begin. In the synthesis/ligation step, the gap is
filled with DNA polymerase, and finally, DNA ligases establish the establishment of
the last bonds and complete the damage repair by ensuring that the gaps are completely
closed (Verdine and Bruner, 1997; Fromme and Verdine, 2004). Repair occurs in

nuclei and mitochondria (Krokan and Bjeras, 2013).

Nucleotide Excision Repair (NER) is responsible for recognizing voluminous lesions
caused by UV rays and some chemotherapeutic agents and repairing these lesions by
removing them from DNA (Schérer, 2003; Kusakabe et al., 2019). Although similar
to BER, NER has a more complex mechanism using 30 different proteins (Dexheimer,
2013; Schérer, 2013). In this mechanism, which can start in two ways: global genome
NER (GG-NER) or transcription-coupled NER (TC-NER), GG-NER provides repair
of lesions anywhere on the genome (Petruseva et al., 2014; Puumalainen et al., 2016),
while TC-NER repairs lesions formed during transcription (Hanawalt and Spivak,
2008). Disturbances in the NER mechanism have been shown to result in genetic
diseases (Kraemer et al., 2007) related to sun sensitivity such as Cockayne syndrome
and trichothiodystrophy (Gillet and Scharer, 2006), or results in cancer and premature
aging (Dexheimer, 2013). After the lesions are recognized, common reactions occur
for the mechanism that starts in both ways. As a result of the multi-step cutting and

patching process in which many different proteins are used, the excision of the region



containing the lesion of approximately 30 nucleotides takes place (Dexheimer, 2013;
Schirer, 2013). In the final step, DNA polymerase d or e correctly synthesizes the
removed region and the repaired region is completely closed with the help of DNA
ligase (Dexheimer, 2013).

Double-strand breaks (DSBs) are one of the most dangerous DNA damages and if not
corrected (Trenner and Sartori, 2019), they cause chromosome breakage and cell death
(Dexheimer, 2013), while in the case of faulty repair, they cause cancer and genomic
instability (Aparicio et al., 2014). Most of the damage to the DNA backbone is caused
by reactive oxygen species and ionizing radiation (Vilenchik and Knudson, 2003;
Vitor et al., 2020). Unlike other types of lesions, DBSs are remarkable because both
DNA sequences are damaged (Dudas and Chovanec, 2004; Schérer, 2013) . Since
there is no template available for repair, homologous recombination (HR) and non-
homologous end-joining (NHEJ) mechanisms have evolved for this condition (Paques
and Haber, 1999; van Gent et al., 2001). While HR uses the sister chromatid as the
template, NHEJ repairs the DBSs by connecting the broken ends (Vilenchik and
Knudson, 2003; Dexheimer, 2013). Many proteins are involved in the repair of DSBs
in HR. The first stage in HR is the 5’ to 3' resection (Dudas and Chovanec, 2004,
Dexheimer, 2013). At this stage, DNA ends with DSB are cut to form 3' single-
stranded DNA (ssDNA). The next step is DNA sequence homology. Single-stranded
DNA interacts with the sister chromatid, which is used as a template, and initiates
invasion. DNA synthesis is initiated from the 3' end of single-stranded DNA by DNA
polymerase h. Finally, an faultless repair is achieved by ligation with DNA ligase | (Li
and Heyer, 2008; Dexheimer, 2013). HR is a crucial mechanism, and mutations in
genes encoding BRCAL1 and BRCA2 proteins, which are among the proteins involved
in this mechanism, are associated with breast and ovarian cancers (O'Donovan and
Livingston, 2010; Trenner and Sartori, 2019).

Mismatch repair is responsible for correcting incorrect base pairings that escape the
error-correcting activity of polymerases during replication (Manhart and Alani, 2017),
and repairing insertion/deletion loops (IDL) that can occur in the replication of
repetitive DNA sequences due to polymerase slippage (Modrich and Lahue, 1996; Li,
2008). MMR is carried out by the MutS and MutL protein complexes (Modrich, 2006;
Fukui, 2010). Two heterodimer protein complexes are involved in the MMR system,

which starts with the mismatch recognition step (Kunkel and Erie, 2005). The MutSa



heterodimer is involved in recognition of base-base mismatches and small IDLs
(Drummond et al., 1995; Marsischky et al., 1996), while the MutSp heterodimer is
involved in recognition of larger IDLs (Palombo et al., 1995; Acharya et al., 1996) .
In the second step, the defective DNA strand is opened and excision of the lesion site
takes place (Dexheimer, 2013). In the last step, repair synthesis is performed after
removing the faulty DNA base, in which the gap is filled with the correct bases (Li,
2008; Dexheimer, 2013).

1.2.2 Human Mismatch Repair (MMR) Proteins

It is known that humans have many MMR proteins such as MutS, MutL, and MutH
heterodimers formed by MSH2, MSH6, MSH3, MLH1, MLH3, PMS2, and PMS1
(Wang et al., 2016; Bateman, 2021). These heterodimer proteins, nuclease, and
polymerase work together to repair defective DNA (Edelbrock et al., 2013). It is
known that the MutSa complex, formed by the MSH2-MSH6 heterodimer is
responsible for the recognition and repair of base substitution mismatches and
insertion/deletion mismatches (Warren et al., 2007; Edelbrock et al., 2013), while the
MSH2-MSH3 heterodimer, also known as the MutSp complex, is involved in the
repair of insertion/deletion mismatches (Kolodner and Marsischky, 1999; Peltoméki,
2001).

MMR system induce apoptosis by initiating a cellular response at specific DNA
damages. Missing or defective MMR proteins prevent the cell from undergoing
apoptosis despite specific DNA errors (lyer et al., 2006; Negureanu and Salsbury,
2012). It has been observed that mutations in genes encoding DNA mismatch repair
proteins may cause the inactivation of tumor suppressor genes, and as a result,
increased mutations in DNA may cause colon cancer (Fishel et al., 1993; Leach et al.,
1993). Spontaneous mutation rates in cells with defective MMR pathways increase,
resulting in cancer-prone cells (Woods et al., 2007; Hsieh and Yamane, 2008). In a
previous study, two knock-in mouse strains harboring the Msh2 G674A or Msh6
T1217D mutations were produced and the mice developed cancer as a result of the
experiment. In addition, microsatellite instability (Velho et al., 2014) and production
of embryonic fibroblasts with damaged MMR were observed in these mice (Geng et
al., 2012). Another study was conducted with Saccharomyces cerevisiae. Yeast MutSa

proteins carrying the G693A mutation in MSH2 and the G1067D mutation only in
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MSHG6 cause the dominant mutator phenotype (Drotschmann et al., 1999; Das Gupta
and Kolodner, 2000). Another consequence of the mutation in MSH2 was that the
protein retained its defective binding to MSH6 or mismatch binding activity, while
causing failure in mismatch recognition and hydrolysis (Loconte et al., 2014).
Therefore, a damaged or missing MMR pathway has been associated with cancer
(Martin et al., 2010; Negureanu and Salsbury, 2012). It was reported that almost half
of the mutations that cause HNPCC are in the genes encoding the MutSa complex
(Fishel and Kolodner, 1995; Peltoméki, 2003). Hereditary non-polyposis colon cancer
(HNPCC), which constitutes 1-5% of all colon cancers (Jacob and Praz, 2002), is the
most common type of cancer due to the inactivation of MMR proteins (Carethers and
Stoffel, 2015). Families with a history of HNPCC have a risk of colorectal carcinoma
at a rate of 70-85% (Leach et al., 1993; Peltoméki, 2001).

1.3 MutS Proteins and Human MutSa Protein Structure

1.3.1 Prokaryotic and Eukaryotic MutS Proteins

The discovery of the MutS gene dates back to the mid-1950s, and it was introduced as
a mutator gene when it was seen that mutations in this gene increased spontaneous
mutation in bacteria (Treffers et al., 1954). By the mid-1970s, a group of mutator
genes, including the MutS gene, were found to be involved in MMR (Tiraby and Fox,
1973; Fishel and Lee, 2016). MutS homologues in E.coli are found in nearly all
prokaryotic and eukaryotic organisms (Jiricny, 1998; Fishel and Lee, 2016). Studies
in E.coli revealed that there is only one gene encoding MutS proteins (Su and Modrich,
1986; Allen et al., 1997), but with human genetic studies since the early 1990s, it has
been observed that human MutS proteins are encoded by multiple mutS homologous
(MSH) genes (Culligan et al., 2000; Obmolova et al., 2000). It is also known that all
members of the MutS family have conserved ATPase activity (Jiricny, 1998).
Compared to human MutSa proteins, E.coli MutS proteins have very low homology
and are approximately 600 amino acids shorter than MutSa. For prokaryotic MutS that
share limited sequence identity, the identity with the conserved regions of MSH2 and
MSH6 of human MutSa was 21% and 24%, respectively. Therefore, the use of
prokaryotic MutS in cancer research has been limited. There are also studies showing
that the human MutSa protein is involved in apoptosis and immune enhancement, and

in this respect it differs from the prokaryotic MutS (Warren et al., 2007).
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1.3.2 Human MutSa heterodimer structure

In humans, newly synthesized defective DNAs are recognized by the MutSa and
MutSB, MutS homologs proteins (Jacob and Praz, 2002). The MutSa complex is 260
kDa and consists of MSH2 and MSH6 polypeptide subunits. In the human MutSa
structure obtained by Warren et al, a full-length structure was obtained for MSH2.
Since the protease-resistant fragment at the N-terminus of MSH6 could not be
obtained, the first 340 amino acids in the MSH6 structure are missing. However, it is
known that MSH®6 has a disordered N-terminal which differs from MSH2 (Edelbrock
etal., 2013).

MSH2 159 RQVGVGYVDSIQRKLGLCEFPDNDQFSNLEALLIQIGPKECVLPGGETAGDM-----GKL 213
MSH6 216 RAYGVCFVDTSLGKFFIGQFSDDRHCSRFRTLVAHYPPVQVLFEKGNLSKETKTILKSSL 275

MSH2 214 RQITIQRGGILITERKKADFSTKDIYQD-----—-—===—==— LNRLLKGKKGEQMNSAVLP 259
MSH6 276 SCSLQEGLIPGSQFWDASKTLRTLLEEEYFREKLSDGIGVMLPQVLKGMTSESDSIGLTP 335
MSH2 260 EMENQVAVSSLSAVIKFLELLSDDSNFGQFELTTFDFSQYMKLD---IAAVRALNLF--- 313
MSH6 336 GEKSELALSALGGCVFYLKKCLIDQEL----LSMANFEEYIPLDSDTVSTTRSGAIFTKA 391

MSH2 314 -QGSVEDTTGSQSLAALLN-----—-—-——————— KCKTPQGQRLVNQWIKQPLMDKNRIE 3
MSH6 392 YQRMVLDAVTLNNLEIFLNGTNGSTEGTLLERVDTCHTPFGKRLLKQWLCAPLCNHYAIN 4

MSH2 358 ERLNLVEAFVEDAELRQTLQEDLLRRFPDLNRLAKKFQRQAANLQ-————========== 402
MSH6 452 DRLDAIEDLMVVPDKISEVVE-LLKKLPDLERLLSKIHNVGSPLKSQNHPDSRAIMYEET 510

MSH2 403 —=-—m=—r DCYRLYQGINQLPNVIQALEK-HEGKHQKLLLAVFVTPLTDLRSDFSKFQ-- 451
MSH6 511 TYSKKKIIDFLSALEGFKVMCKIIGIMEEVADGFKSKILKQVISLQTKNPEGRFPDLTVE

MSH2 452 -EMIETTLDMDQVENHEFLV-KPSFDPNLSELREIMNDLEKKMQSTLISAARDLGLDPGK 509
MSH6 571 LNRWDTAFDHEKARKTGLITPKAGED---SDYDQALADIRENEQSLLEYLEKQRNRIGCR 627

MSH2 510 QIKLDSSAQFGYYFRVTCKEEKVLRNNKNFSTVDIQKNGVKFTNSKLTSLNEEYTKNKTE 569
MSH6 628 TIVYWGIGRNRYQLEI--PENFTTRNLPEEYELKSTKKGCKRYWTKTI---EKKLANLIN 682

MSH2 570 YEEAQDAIVKEIV---——- NISSGYVEPMQTLNDVLAQLDAVVSFAHVSNGAPVPYY A 624
MSH6 683 AEERRDVSLKDCMRRLFYNFDKNYKD-WQSAVECIAVLDVLLCLANYSRGGL vl 741
MSH2 625

MSH6 742

MSH2 673
MSH6 800
MSH2 733
MSH6 860
MSH2 793
MSH6 920
MSH2 846 QF
MSH6 980

Figure 1.3.2.1. Sequence alignment of the human MutSa protein complex subunits
MSH2 and MSH6. Residues identical in both MSH2 and MSH6 are highlighted
according to BLOSUMG62. Sequences in red are the ATPase domain sequence found
in both proteins.

In the Warren et al. study which the structure was obtained, the human MSH2 and
MSHG6 proteins and the yeast MSH2 and MSH6 proteins were structurally aligned, and
the sequence similarity of the proteins was low. The human MSH2 and MSH®6 proteins
have similar secondary structures and domains that perform similar functions (Warren
et al., 2007). The structural alignment of MSH2 and MSH6 proteins, which form the



MutSa heterodimeric structure, is given in Figure 1.3.1. The most sequence similarity
was observed in the ATPase domain, which is known to be shown the most

conservation in all MutS homologs (Sachadyn, 2010).

MSH2 and MSH6 subunits can be structurally divided into five domains, each
consisting of at least 800 residues. These domains are named lever domain (residue
300 to 456 and 554 to 619 in MSH2, residue 718 to 934 and 1009 to 1075 in MSH6),
clamp domain (residue 457 to 553 in MSH2, residue 935 to 1008 in MSH6), mismatch
binding domain (residue 1 to 124 in MSH2, residue 326 to 518 in MSHG6), connector
domain (residue 125 to 297 in MSH2, residue 519 to 717 in MSH6), and ATPase
domain (residue 620 to 855 in MSH2, residue 1076 to 1355 in MSH6) (Warren et al.,
2007; Mukherjee and Feig, 2009; Negureanu and Salsbury, 2012).

Mismatch

Connectors

ATPase

Figure 1.3.2.2. Domains of the MutSa protein. Mismatch binding domain, connector
domain, levers domain, clamp domain and ATPase domain are found in both MSH2
and MSH6 monomers colored as blue, green, yellow, magenta, and red, respectively.

The mismatch binding domain on MSH6 is a conservative structure, it recognizes the
mismatch region and establishes specific contacts. The connector domain also called
the interdomain, is where allosteric signals occur. The lever domain is responsible for

signaling between ATPase and DNA binding domains, while the clamp domain



stabilizes DNA by non-specific binding to the DNA backbone (Mukherjee and Feig,
2009).

1.4 Domains of Human MutSa Protein Complex

The mismatch binding domain (Figure 1.3.2) is the domain that binds to the
mismatches on the DNA. DNA binding domains have o/f structure and their structures
and functions differ in MSH2 and MSH6 subunits (laccarino et al., 1998). It is known
that the 14 amino acids in the N-terminal of MSH2 block the DNA binding face and
establish only one connection with the DNA backbone to stabilize DNA .stabilizing
DNA. The domain in MSH6 stabilizes MutSa on substrates such as C-C mispair by
establishing non-specific interactions with DNA (Warren et al., 2007). Studies show
that the mutations in the mismatch binding domain can cause the blocking mismatch
binding to DNA and affect the apoptosis process (Dufner et al., 2000; Lin et al., 2004).

The connector domains (Figure 1.3.2) are located between the levers and ATPase
domains, making allosteric signaling between them. The MSH2 and MSH6 connector
domains are located in different positions. It is thought that domains containing three
surface loops can regulate the protein-protein interaction (Warren et al., 2007) and
interacts with MutL homologs (Mendillo et al., 2009).

Lever domains (Figure 1.3.2) with long a-helical structures interact with the ATPase
and the clamp domains. Although this domain is a less conserved structure among
other homologous proteins, the presence of a highly conserved loop region within the
domain suggests that this loop provides signal transduction between ATPase and
mismatch binding domain (Warren et al., 2007).

The clamp domain (Figure 1.3.2) in MSH6, which consists of a short a-helical and
largely B-strand structure, makes contact with approximately six base pairs of B form
DNA, while domains in MSH2 make contact with bases on either side of the mismatch
(Warren et al., 2007). Clamp and lever domains show conformational changes during
DNA binding, allowing the gaps in the protein to be opened or closed. When MutSa
recognize a mismatch on DNA, it formed clamp around the mismatch (Groothuizen et
al., 2015). In one of the studies on DNA-free MutSa, when the DNA in the MutSa
structure was removed and the behavior of the structure was examined with MD

simulations, it was seen that after 40 ns, the clamp and lever domains moved in the



opposite direction and opened the cavity where the DNA should have been (Mukherjee
and Feig, 2009). Therefore, it was concluded that binding the clamp domain to DNA
stabilizes the protein. Else, the protein showed other conformations (Warren et al.,
2007; Mukherjee and Feig, 2009).

MSH2 MSH6

%

Figure 1.4.1. MutSa heterodimer with DNA and ADP. ADP (red) and Mg?* ions
(green spheres), and DNA (yellow ribbon) are represented. The ATPase domains of
MSH2 and MSH6 monomers interact, and ADP and Mg?* ions are found in the
interface of ATPase domains, shown in the extended panel.
The last domain, the ATPase domains (Figure 1.4.1), are a region located at the C-
Terminal of MSH2 and MSH6 and members of the ATP binding cassette (ABC)-
transporter superfamily (Gorbalenya and Koonin, 1990; Lamers et al., 2003). Both
MSH2 and MSH6’s ATPase domains have highly conserved sequences and interact
with each other. These interactions are necessary to stabilize the ATPase interface in

the absence of ATP (Warren et al., 2007; Mendillo et al., 2009).



1.5 Human MutSa Substrate Recognition and Reaction Cycle

MutSa should detect the smallest anomaly in long DNA strands (Heinen, 2016).
Studies with prokaryotic MutS reveal that correctly synthesised and defective DNA
binding to MutSa is different. The interactions of prokaryotic MutS with defect-free
DNA do not cause bending in DNA (Schofield et al., 2001; Warren et al., 2007).
However, it has been concluded that the protein interacting with the faulty DNA causes
sharp bends on the DNA, thus can make extra interactions with the defective DNA.
Studies show that MutSa binding changes according to the errors that occur in DNA.
For example, in MutSa and GeT mispaired DNA complex, Glu434 residue in the DNA
binding domain of MSH6 makes a hydrogen bond (H-bond) with mispaired thymine.
Following the hydrogen bonding of Glu and thymine, the backbone carbon of VVal429
forms a hydrogen bond with Guanine. As a result of hydrogen bonds and other non-
specific interactions, the mispaired thymine area is bent, resulting in the widening of
the minor groove (Warren et al., 2007). However, MSH2 does not establish H-bond
or non-specific interactions with DNA (Schofield et al., 2001; Warren et al., 2007).
The fact that MSH6 makes interactions that can provide DNA bending alone confirms
that MSH2 does not have similar interactions. On the other hand, Glu434 cannot form
hydrogen bonds in cases such as C-C mispair. Therefore, non-specific interactions
seem sufficient to perform DNA binding and bending functions (Bowers et al., 1999;
Warren et al., 2007).

In the MMR system, signalling must inform other repair proteins while preserving the
information about the location of a lesion that has occurred in the DNA (Stojic et al.,
2004). Three models have been proposed for how DNA excision repair works. The
first model is that MutSa induces DNA bending to denote the mismatch site and bring
other necessary repair factors into close proximity (Blackwell et al., 1998; Blackwell
et al., 1998). In the second model, MutSa bound to the mismatched substrate induces
ATP-dependent conformational change (Gradia et al., 1997; Gradia et al., 2000). It
moves on the DNA to encounter other repair proteins such as endonucleases,
exonucleases and helicases. In the last model, it is thought that mismatch binding and
ATP binding occur simultaneously (Junop et al., 2001; Alani et al., 2003). In this way,
starting repair is prevented before connecting to mispair bases (Alani et al., 2003;
Warren et al., 2007).
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1.6 Molecular Dynamics (MD) Simulation

Proteins are stable dynamical systems in which internal movements determine their
function. In recent studies, the dynamics of structure-function relationships of proteins
have been investigated and concluded that movements in the protein cause net atomic
displacements (McCammon, 1984; Negureanu and Salsbury, 2012). Movement in
protein dynamics has been associated with critical properties in proteins, such as
binding and signal transduction. While it is challenging to investigate the dynamics of
proteins experimentally at atomic resoltion, MD simulations provide a crucial atomic
insight to understand the effect protein dynamicson protein function. MD simulations
correlate the movements occurring in the protein on the scale of space and time,
allowing the movements in the protein to be sampled (Debrunner and Frauenfelder,
1982; Negureanu and Salsbury, 2012).

Most of the studies on mismatch repair have been performed with prokaryotic MutS
protein (Negureanu and Salsbury, 2012). The increase in studies with eukaryotic
MutSa is an essential step toward understanding the function of this protein and the
communication between domains in the protein. The increase in MutSa studies will
provide insight into the detection of cancer-causing mutations in MMR proteins, the
effects of these mutations and the changes in the conformation of the protein
(Mukherjee and Feig, 2009; Negureanu and Salsbury, 2012).

Here, the atomic details of the structural differences between WT and mutant forms of
MutSa are investigated, based on MD simulations of MSH2 (1-854)- MSH6 (362-
1335) with ADP and without DNA. Simulations were initiated from the crystal
structure PDB ID: 208B (Warren et al., 2007) in the absence without the DNA found

in the crystal structure.
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2. METHODS

2.1 Starting Structure and System Preparation

The all atom MD simulations can be used to examine the structure and dynamics of
proteins at all atom resolution. They mimic the physiological conditions in which
proteins are found, and allow the behavior of proteins to be studied in the environment.
The systems were prepared for MD simulations using the crystal structure with PDB
ID: 208B (Warren et al., 2007). In this structure, the MutSa complex is bound to ADP
and DNA with G:T mismatch. Bound DNA structures were removed, and all
simulations were carried out with the protein bound to an ADP. The DNA-free
structure was dissolved in the TIP3P solvent box with 12 A padding in each direction.
The system was ionized with 20 mM sodium chloride (NaCl) and 210 mM potassium
chloride (KCI) because of the cell nucleus's physiological conditions (Nagy et al.,
1981; Bischof et al., 2017). The final dimensions of the solvated and ionized systems
were 137 x 136 x 103 A3 with 211,803 atoms (Figure 2.1.1).

e

Figure 2.1.1. MutSa protein shown as blue (MSH2) and purple color (MSH6) in
water box which have 210 mM KCI and 20mM NaCl ion concentration.
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Mutations of MutSa protein A733T, R577C and S1279N (Figure 2.1.2) were
performed by using the VMD Mutator plugin (Humphrey et al., 1996).

2.2 Molecular Dynamics Simulations

CHARMM36 all-atom force-field (Best et al., 2012) was used to describe molecular
interactions and simulations were run with NAMD 3.0alpha8 software (Phillips et al.,
2005; Kim et al., 2020). SHAKE algorithm was used for all MD simulations with a 2
fs time step. The Particle Mesh Ewald (PME) technique was used to calculate long-
range electrostatic interactions, and also cut-off of 12 A was applied for Van Der Waals
(vdW) interactions. All simulations were carried out in the NPT ensemble and keeping
the pressure 1 atm using the Langevin Nosé—Hoover method with an oscillation period
of 100 fs and damping time scale of 50 fs. The temperature was kept constant at 310
K using a 1 ps damping coefficient for Langevin dynamics to maintain isothermal

conditions.

Figure 2.1.2. Front (left) and top (right) view of the MutSa protein ATPase domain. Two of the
performed mutations are in the ATPase domain and the other is close to this domain. Mutated residues
are shown in yellow. ADPs are represented with red color, and the green spheres represent Mg?*
atoms.

The systems were firstly minimized and equilibrated by harmonic constraints on the
protein’s Cq, ADP and Mg?* atoms allowing only the water molecules to move freely.
For this purpose, systems were minimized for 10,000 steps without any constraints.
Then heavy atoms of protein, ADP and Mg?* atoms were fixed, and water molecules
were equilibrated for 2 ns. The second minimization was performed with 10,000 steps
without any constraints. After all atoms in the systems were minimized, systems were
equilibrated for 20 ns with 2 kcal-mol A2 harmonic constraints on the protein’s C,

ADP and Mg?" atoms. Subsequently all constraints were removed and a final
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equilibration simualtion of 5ns lengt were performed. Then, production runs were

initiated each being of 200ns length.

2.3 RMSD Analysis

The structural distance at certain coordinates can be calculated by Root-Mean-Square
Deviation (RMSD) analysis. Using the RMSD, the distance between the backbone
atoms of the protein can be measured, and conclusions can be drawn about its
structural change and stability (Phillips et al., 2005). RMSD between two structures is

calculated according to equation 2.1.

we(Fa(tj) — (Fa))? (2.1)

RMSDa(tj) = j No

The number of atoms by which the change between positions is measured is No.
ra(tj) mean position of a atom’s at time tj and (Fa) mean average value of a atom

positions, which is compared to Fa(tj).

2.4 RMSF Analysis

Root Mean Square Fluctuation (RMSF) measures a residue’s elasticity, or deviation,
from its mean position throughout the simulation. With the RMSF calculation, the
most fluctuating structural regions can be identified. RMSF values are calculated

according to equation 2.2.
(ARPYY? = ((R; — (Ri) )})'/? (2.2)

The average of the coordinates of the i" C,, atoms during the simulation is (R;) and R;

is the i!" C,, atoms instant coordinate.

2.5 Heat Capacity Analysis

The heat capacity is important to investigate the effects of temperature on the phase
and reaction equilibrium, and order-disorder phase transition of protein folding (Yeh
et al., 2008). As previously mentioned under the heading "Molecular Dynamics

Simulations”, all MD simulations were performed under NPT conditions (constant
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pressure (P), temperature (T), and particle (N)). The heat capacity under constant
pressure was calculated according to equation 2.3.

C, = (8H/dT) (2.3)

The heat capacity can be calculated as the Mean Squared Fluctuation of energy values
in equation 2.4 (Jorgensen, 1982; Prabhu and Sharp, 2005).
(H?) — (H)*

T AT 2.4
C, E (2.4)

Enthalpy values are extracted from MD simulations by assuming that the potential
energy of the force fields applied in the MD simulations is the same as the enthalpy
(van der Kamp et al., 2018). Thus, the necessary information to calculate the variance
of the enthalpy values is available in the MD simulations. Potential energies for each
time instant along the MD simulations were obtained using the NAMDEnergy plugin
of the NAMD software (Phillips et al., 2005).

2.6 Principle Component Analysis

The MutSa conformations sampled during MD simulations were structurally aligned
with the C, atoms of the helical and beta sheet regions.. Thus, removing translational
and rotational movements of the protein while keeping the internal movements of the
protein. For Principle Component Aanalysis (PCA), the covariance matrix C was
constructed using the 3x1147 configuration vector with the instantaneous C, atom of

the helical and beta sheet regions of the protein calculated according to equation 2.5.
€ =((R—(RN(R—(RN") (2.5)

3N dimensional configuration vector is represented as R, and trajectory average of
configuration vector is represented as (R). The eigenvalue decomposition of C for

PCA is calculated according to equation 2.6.

3N
C= Z op;ip’ (2.6)
i=1
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Each pi specifies a PC corresponding to the oi variance. PC values are sorted in
descending order of oi values. Therefore, pl (first PC) has the largest variance and
represents the most significant move. The conformations that the MutSa proteins
sample in MD simulations are used to create the free energy surface. PC1 shows the

most dominant movement and PC2 shows the second most dominant movement.
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3. RESULTS AND DISCUSSION

3.1 RMSD Analysis

All conformations sampled in the MD simulations were aligned via their alpha helix
and beta sheet C, atoms to their starting structures, and subsequently the RMSD to
their starting structures were evaluated. Two replica of MD simulations were
performed for each of the A733T, R577C, S1279N mutants, and WT. The evolution
of RMSD values along their trajectories are shown in Figure 3.1.1. They all converged

within 200 ns of simulation lengths.
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Figure 3.1.1. MutSa protein RMSD results for two replicas shown as a) WT, b)
A733T mutant, ¢) R577C mutant, and d) S1279N mutant.

The RMSD curves for the WT replicas showed similar characteristics and converged
towards each other. Similarly, the RMSD curves of A733T converged toward each
other. However, for R577C and S1279N, the RMSD curves of the replicas for each

mutant on the other showed different characteristics and converged to different values.
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Figure 3.1.2. Average RMSD value of WT and mutant MutSa proteins based on the
replica of MD simulations. Average RMSD values of WT (black), A733T mutant
(blue), R577Cys mutant (red), and S1279N mutant (green) are shown.

The average of the curves shown in Figure 3.1.1 are shown in Figure 3.1.2.Based on
the replica averages it is seen that the average RMSD values of all mutant proteins
were slightly higher than the WT protein. Thus, mutations caused changes in the

dynamics and structure the protein.

3.2 RMSF Analysis

RMSF calculation was performed to determine the structural flexibility and changes
in residue fluctuations. Since MutSa is a large protein with many domains, RMSF
values of each domain were investigated separately. The RMSF analysis results for the
mismatch binding domain are shown in Figure 3.2.1. RMSF values were evaluated by
combining the two replicas of trajectories into a single trajectory. To calculate MSH6
RMSF values all conformations were aligned with their starting conformations via the
MSH2 alpha helical and beta sheet C, atoms. Similarly, for MSH2 RMSF calculations
conformations were aligned via MSHG6. This was performed to highlight the relative
residue fluctuations of MSH2 and MSH6.
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Figure 3.2.1. RMSF values of WT and mutant MutSa protein’s mismatch binding
domains are shown. WT, A733T, R577C and S1279N mutants are colored black,
blue, red, and green, respectively. The blue bar indicates the location of the mismatch
binding domain on MSH2, and the second bar indicates the MSH6’s domain.

Overall, RMSF values of mismatch binding domains in MSH2 and MSH6 are higher
in mutant proteins compared with the WT. Upon visual inspection of the graphs, it
may be concluded that among the mutants the R577C mutation in MSH6 resulted in
the largest increase in  MSH2 fluctuations compared to WT. S1279N, on the other
hand, resulted in the lowest change in in MSH2 fluctuations compared to WT.
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The A733T and R577C mutations resulted in high fluctuations in the first 30 residues
and residues between 112 and 114 in the MSH2 mismatch binding domain. Since the
first 30 amino acids are located in the N-terminal and have loop structure, such larger

fluctuations can be expected.

Each structure has two replicas, and all mutations give higher RMSF values than WT.
Thus, mutations may cause more fluctuation of the MSH2 mismatch binding domain
than WT. Based on our simulations especially R577C and A733T mutations appear to

cause increased level of flexibility and stability of MSH2.
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Figure 3.2.2. RMSF values of WT and mutant MutSa protein’s connector domains
are shown. WT, mutant A733T, mutant R577C and mutant S1279N are colored
black, blue, red and green, respectively. The blue bar indicates the connector domain
on MSH2, while the purple bar (after the line) showas MSH6 connectors.
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Among the tested mutations, A733T mutation on MSH2 affected the mismatch
binding domain structure and dynamics in MSHG the least. Interestingly, fluctuations
in the C-Terminal region of the domain were reduced compared to WT. It was
observed that mutations on MSH6 did not affect the fluctuation in the domain as much

as the MSH2 mismatch binding domain.
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Figure 3.2.3. Average RMSF values of their two replicas of MutSa protein’s long a-
helical lever domains are shown. WT, A733T, R577C, and S1279N mutants are
colored black, blue, red and green, respectively. Doman consists of two sequences
for each MSH proteins. The blue bar indicates the Domain 3a the lever domain on
MSH2, while the purple bar represents MSH6 levers. Domain 3b part of the graphics
also consists of MSH2 and MSH6 parts.

RMSF values of the second domain, the connector domain, are represented in Figure
3.2.2. According to Figure 3.2.2, it is seen that mutations do not cause a considerable
overall change in fluctuation of the connector domain. The effect of mutations is more

focused. The residue between 245 to 263 in the loop structure fluctuates more in the
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mutant structures. Although the R577C mutation is located in the connector domain of
MSHBS6, it did not cause a considerable change in the overall fluctuation in MSH

connector domains compared to WT.
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Figure 3.2.4. RMSF values of WT and mutant MutSa protein’s clamp domains are

shown. WT, A733T, R577C, and S1279N mutants are colored black, blue, red and

green, respectively. The blue bar indicates the clamp domain on MSH2, while the
purple bar showas the MSH6 clamp domain.

The lever domain consists of two sequence ranges (300 to 456 and 554 to 619 in
MSH2; 718 to 934 and 1009 to 1075 in MSH6), and the fluctuations in the domains
are shown in Figure 3.2.3. The R577C and S1279N mutations on MSH6 did not result
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in extensive changes in the fluctuation profile in the lever domains of either MSH
protein. Most of the fluctuations profiles of the mutant proteins followed a very similar
fluctuation pattern to the WT protein, while local deviations from WT were observed.
The region where mutant MSH6s fluctuated more in the lever domain (Figure 3.2.3,
Domain 3a) is a long a-helix structure. Both mutations cause the same region of the
level domain to fluctuate more on average than WT. The A733T mutation caused
comparable average fluctuation magnitudes with the WT MSH2 lever domain, but

lower average fluctuations according to WT MSH6 domains.
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Figure 3.2.5. RMSF values of WT and mutant MutSa protein’s ATPase domains are
shown. WT, A733T, R577C, and S1279N mutants are colored black, blue, red and
green, respectively. The blue bar indicates the ATPase domain on MSH2, while the

purple bar showas the MSH6 ATPase domain.
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AT33T mutation causes especially increased fluctuation in the MSH2 clamp alpha
helixes(Figure 3.2.4). In MSHG, on the other hand, the mutation appears to cause less
fluctuation compared to WT. The R577C mutation does not appear to considerably
affect MSH2 clamp domain fluctuation, but has a larger effect on fluctuations in
MSH®6. The S1279N mutation appears to cause the highest change in fluctuation of the

clamp domain among all mutants.

RMSF values of the ATPase domain for the WT and mutants are shown in Figure
3.2.5. The A733T mutation is located in the MSH2 ATPase domain, and there was no
considerable fluctuation difference in both the MSH2 domain and the MSH6 ATPase
domain. The other two mutations show mostly similar fluctuations with the WT.
However, the R577C and S1279N mutations showed considerable higher fluctuation
in the C-Terminal of MSH6. WT and mutant MSH2 and MSH6 domain conformation
at the end of MD simulations are shown in Figure 3.2.6.

Serl279Asn

Mismatch Binding
Domain

Connector
Domain

Lever
Domain

Figure 3.2.6. MutSa protein’s WT, A733T, R577C, and S1279N mutants specific
residue interval structures at the end of the MD simulations according to RMSF
differences.
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3.3 Heat Capacity Analysis

The heat capacity (Cp) calculation is related to the enthalpy values of the structures
sampled in the conformation space. Changes in heat capacity provide information
about the thermodynamic properties of proteins (Cooper, 2005; Prabhu and Sharp,
2005). The heat capacity changes of two replicas of all structures are given in Figure
3.3.1. Since the starting conformations are different in each production MD simulation,
it is expected that there will be differences between replicas at the beginning of the
simulations since they sample different regions at the beginning. However, it can be
thought that these samples will converge towards each other when the MD simulation
are performed long enough. For all systems the heat capacities obtained from the

replicas started to converge towards each other.
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Figure 3.3.1. Change of heat capacities for WT and mutant MutSa proteins for two
replicas. a) WT, b) mutant A733T, c) mutant R577C and d) mutant S1279N are
shown.
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The average heat capacity curves for the WT and mutants are given in Figure 3.3.2.
Compared to the WT structure, the Cp values of the mutant proteins were higher. Since
higher heat capacity may be associated with protein unfolding (Cooper, 2005), the
R577C mutation may be the most susceptible mutation to protein unfolding among the
tested mutations. The highest Cp value was calculated as 1386.53 kcal/mol.K for the
R577C mutant. The other two mutations gave similar but higher Cp values compared
to WT. It can be said that all mutations make the protein structure more susceptible to
unfolding compared to WT. However, the heat capacity difference with WT was low
for S1279N.
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Figure 3.3.2. WT and mutant MutSa protein’s average heat capacity results. WT,
mutant A733T, mutant R577C and mutant S1279N are colored as black, blue, red
and green, respectively.

3.4 Interaction Analysis

The ATPase domains are the domains though which MSH2 and MSH6 proteins
interact with each other. Tested mutations are either on and close to the ATPase
domain. Interaction analysis between ATPase domains was performed to observe how

the mutations would affect their interactions. For the H bond interaction analysis, the
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cut-off was taken as 3.5 A, and interactions observed with a frequency of 15% or more
were taken into consideration. 11 hydrogen bonds were observed in WT protein, nine
in A733T mutant protein, 15 in R577C mutant and 12 in S1279N mutant. While the
least number hydrogen bonds were observed for A733T, the highest number was
observed in S1279N. The frequency of hydrogen bonds throughout the trajectory
decreased in mutants compared to WT.

MSH2-MSH6 ATPase domain interaction for first replica of WT MSH2-MSHB ATPase domain interaction for second replica of
protein WT protein

- ‘I‘I I Im'l‘\l ”III \P ! |I\I ‘“ (R A NIRRT I LT Tt g ]
i |I}MIII\IJIIIIIIIIIII 1 1 N O HOERN A
L1 T F*M\Imml%l#

T724-N1136
rr3z-m1307 |||
§755-H1250
T756 H1248
¥757-51251
5835-D1223
GB27-D1223
G753-N1136
H7B3-T1221
D758.G1299
3717-G1178

]
571761179 |
1828-D1223 | 1 i
D716-51180

F723N1130 " : (NI 1 1

F725-N1136

HB39-F1234 ”l | I | I ul |ml |l ” ‘ I |
v757-N1327 || | I RN W | (R LT TN (e AR NEIY I | 1] 11 1 |
T756-T1221 1 |I|
TB10-E1187

MB13-G1186 ‘ ‘ ‘ |

La11-51188

A733-A1306

Y815 E1187 | | Fm Hllll\ [N e re
TB12-E1187 11 | (- [ |
MB13-£1187

N&71-51188 1

T756-H1250 | Mmoo I (LT B || RN NI Y O (|
3723-M1137 ‘” |

T7seH1zas [ | 110 LI mi 0TI (A T LLILRIN I

MB13-F1187

E749-R1217

D716-K1101

0 50 100 150 200 0 50 100 150 200

Time (ns) Time (ns)

Figure 3.4.1. Hydrogen bond (red) and salt bridge (yellow) interactions between
ATPase domains of WT MSH2 and MSH6 proteins.

For the salt bridge interaction analysis in the ATPase domain, the cut-off was taken as
6 A, and salt bridges that could be observed with a frequency of 15% or more
throughout the trajectory were included in the analysis. Four of seven salt bridges
observed in the WT protein were observed with high frequency. Seven salt bridges
were observed in the A733T mutant protein, among which 3 were observed with high
frequency, while two were observed with moderate frequency. For the R577C mutant,
two out of seven salt bridges were observed with high frequency. In the S1279N

mutant protein, there are nine salt bridge interactions.
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Figure 3.4.2. Hydrogen bond (red) and salt bridge (yellow) interactions between
ATPase domains of MSH2 and MSH6 proteins with A733T mutation.

Interactions in the WT ATPase domain along the trajectory lengths are shown in
Figure 3.4.1. H bonds that were observed with a frequency higher than 15% at any
point along the trajectory are Asn671-Gly1218, Thr724-Asn1136, Arg737-Asn1307,
Ser755-Hsd1250, Thr756-Hsd1248, Tyr757-Ser1251, Ser825-Aspl223, Gly827-
Aspl223, Gly753-Asn1136, Hsd783-Thr1221, and Asp758-Gly1299. In addition, salt
bridges observed with a frequency of more than 15% were observed as Asp758-
Lys1296, Glu768-Lys1315, Glu850-Argl1334, Lys773-Glul311, Lys847-Aspl255,
and Arg737-Glu1311.

The interactions observed in the A733T mutant protein are given in Figure 3.4.2.
Unlike WT, only two hydrogen bonds were frequently observed. One of them is the
Thr733-Alal306 hydrogen bond. Another observed hydrogen bond was between the
Tyr815-Glul1187 residues. Especially in the second replica of MD simulation, this
hydrogen bond was observed with high frequency. The Asp758-Arg1321 salt bridge

observed in the mutant protein was not observed in the WT protein.

The interaction graph over MD simulation time for the R577C mutant is provided in
Figure 3.4.3. Both new interaction and also losses of interaction in the ATPase domain

compared to WT were observed. Tyr757-Ser1251 interaction was rarely observed in
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the mutant protein. Furthermore, it hydrogen bonds Ser717-Gly1178, and Asp716-
Ser1180, which were observed mainly in the second replica of the WT protein, were
absent in the mutant protein. Hydrogen bonds Phe725-Asn1136, Tyr757-Asn1327 and
Thr756-His1248 that were not observed for WT, were observed to form. Glu853-
Argl1334 and Asp758-Argl321 salt bridges not present in WT were formed in this
mutant, while the Glu850-Arg1334 interaction present in mutant was observed with a

considerably lower frequency.
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Figure 3.4.3. Hydrogen bond (red) and salt bridge (yellow) interactions between
ATPase domains of MSH2 and MSH6 proteins with R577C mutation.

The interaction graph of the S1279N mutant is given in Figure 3.4.4. Gly827-Asp1223
interaction observed in WT appears less frequently in the mutant protein. It was also
observed that the mutant protein's hydrogen bonds of Ser717-Gly1178 and Asp716-
Ser1180 were absent in the WT. The hydrogen bond interaction in the mutant protein
was higher in number compared to WT. The hydrogen bonds formed with the highest
frequency were 11e828-Asp1223, His839-Glul234 and Thr756-His1248. These
interactions have not been observed in the WT protein. Futhermore, the observed

number of salt bridges were more than those observed in the WT. Salt bridges, which
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were not observed in WT but were observed with high frequency in S1279N were
GluB852-Arg1334, Glu850-Arg1331, and Asp758-Arg1321.

MSH2-MSHE ATPase domain interaction for first replica of MSH2-MSH6 ATPase domain interaction for second replica of
Ser1279Asn mutant protein Ser1279Asn mutant protein

I ] | m
iz 11 w'”l [ r‘\m .'I"h'h'HII'J\MIIII-I'H" T T 0 b
=755H Y Il \F i ! i i ﬁ WIHWIII ‘
T7se thzao " o IIIIW Il lr..IM.Tm" 1 W\II HII LT IIIIIHH\ [
7777777 |

1 mmml nl | | (1]

5827- DIZZJ
G7sNIIe I L1} I‘r 1-lll-lll-ll-l-lll | N W
afh [L}]
s
<

i I TR TR TN R ‘-T-IIIIIIIIIIIIIII-IIII\II T T T I
s I I RRREUMR L | 0000000 RO 0T O RORNRD LT U R
’;Ez&l:; |||HHW%W Yami \lllwllwww.hmluwlw HIFIII']IIFIIHI‘I W,
M ! o Imimmm | N0 EE W ll\‘ 1
; L ]k ™ " e Y

- S T

1187

0 500 100 150 200 o] 50 100 150 200

Time (ns) Time (ns)

Figure 3.4.4. Hydrogen bond (red) and salt bridge (yellow) interactions between
ATPase domains of MSH2 and MSH6 proteins with S1279N mutation.

3.5 Principle Component Analysis (PCA)

In this study Principle Component Analysis was performed and the two principal
movements in the MutSa protein are shown in Figures 3.5.1 and 3.5.2. The most
dominant movement, i.e. PC1, for WT and mutant proteins occurred mostly in the
MSH2 protein. The motion vector is inward/outward in the WT and A733T mutant
proteins (Figure 3.5.1 A, B). In the R577C mutant, the PC1 in the lever and connector
domains of MSH2 was observed inward/outwards, while the mobility in the clamp
region was observed in the outward/inward direction to the protein (Figure 3.5.1, C).
In the S1279N mutant, the most dominant movement was observed in the clamp
domains of MSH2 and MSH6 proteins (Figure 3.5.1, D).
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Figure 3.5.1. PC1 of WT and mutant MutSa protein obtained by PCA analysis. A)
Frontal and side view of the most important movements in WT MutSa B) Front and
side views of the most important movements in the A733T mutant C) R577C mutant

D) S1279N mutant.
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Figure 3.5.2. PC2 of WT and mutant MutSa protein obtained by PCA analysis. A)
Frontal and side view of the most important movements in WT MutSa B) A733T
mutant C) R577C mutant D) S1279N mutant.

The second most dominant movements, i.e. PC2, in MutSa are shown in Figure 3.5.2.
Most of the movement of PC2 was observed in MSH6. In WT, the movements were
observed in the mismatch binding, connector and clamp domains in MSH2 (Figure
3.5.2, A). In the A733T mutant, the MSH6 clamp domain was the region where the
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PC2 movements were most common, and it appears to be in the inward/outward
directions of the clamp domain (Figure 3.5.2, B). In the R577C mutant protein, PC2
movements that are effective in the inward/outward movement of the MSH6 clamp
domain were observed. In addition, it has been observed that the PC2 is also effective
in the MSH2 mismatch binding domain (Figure 3.5.2, C). The PC2 in the S1279N
MutSa protein mutant is shown in the Figure 3.5.2 D panel, where PC2 movemetns
are large in MSH2 and MSH6’s clamp and mismatch binding domains. While the
movement in the clamp domain shows the inward/outward movement of the region,

the mismatch binding domain shows the movement outward/inwward of the protein.

The locations where both replicas of the proteins were sampled in space during the
simulation with PCA analysis are shown as the heat map (Figure 3.5.3). The selected
space was divided into 50x50 grids. Conformations were clustered into grids. Number

of conformations were normalized and distributions were obtained. The purple star is
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Figure 3.5.3. During the MD simulations, the regions sampled by the proteins in
space are shown. The magenta star shows the initial positions of the crystal structure,
yellow and black star replicas in space. a) WT, b)A733T, ¢c)R577C and d)S1279N.
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4, CONCLUSION

Colorectal cancers are among the most common types of cancer. When early
diagnosis of colorectal cancer is detected, the 5-year survival rate is around 90%.
Some types of colon cancers are known to be inherited. As a result of hereditary
transfer of pathogenic variants in cancer susceptibility genes, it causes the emergence
of similar or related cancer types in next generations. Many of the cancer-associated
genes control DNA damage repair or cell cycle. When the MutSa complex formed by
MSH2 and MSH6 proteins encounters damaged DNA, it recognizes the damaged area
on the DNA and binds to defect and initiates the MMR pathway. The MutSa complex
is formed by the combination of MSH2 and MSH6 monomers, which consist of
mismatch binding domain, connector domain, lever domain, clamp domain and
ATPase domains. Domains that have various roles in DNA binding, ATP hydrolysis,
acting on DNA, interacting with other proteins and initiating repair are very important

for the correct functioning of the MutSa complex.

Various variations were idnetified through genetic screening tests of people having
cancer family history performed by Levent Doganay and his research group within
the scope of the TUBITAK 1003 project that also funded this thesis work. In this
thesis, and the effects of these variations on protein structure and dynamics were
investigated. Point mutationsA733T, R577C, and S1279N were introduced and MD
simulations were performed. Changes in protein structure and dynamics and also
thermodynamics with respect to WT were performed. For this purpose, RMSD,
RMSF and heat capacity analyzes of the protein were performed based on MD

simulations trajectories.

Similar RMSD values were observed during the MD simulation in both replicas of
the WT structure. Also the RMSD values sampled in replicas of the A733T mutant’s
MD simulation gave comparable values. The difference between the RMSD values
of the R577C mutant was comparably higher between the replicas. For the S1279N
mutant the RMSD values diverged between the replicas after 150 ns. This difference

between replicas may suggest that S1279N might be sampling a larger conformational
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space. The average RMSD values of WT protein were generally lower than the
mutants. Therefore, it can be said that mutations cause changes in protein
conformation and dynamics. By extending the MD simulation time, a better
understanding of the extent of the conformational changes would be probably

observed.

Since the MutSa protein is such a large protein, it is difficult to understand the effect
of mutations on the whole protein and the stability of conformations. Since RMSF
analysis is a way of effectively quantifying the fluctuations of each residue in the
protein structure throughout the simulation length, it provides insight regarding the
rigidity of the domains in the proteins. The changes in the domains of the fluctuations
during the simulation were examined separately. Figure 3.2.1 shows the changes in
fluctuations caused by mutations in the mismatch binding domain. In particular, the
fluctuations in MSH2 increased compared to WT. Mutations may have caused
conformational deviation in MSH2 compared to WT. In MSHB6, on the other hand, it
was observed that the mutations causing the highest changes in RMSF were R577C
and S1279N. Changes in the connector domain were more effective in the domain in
MSH2. Fluctuations in the lever domain appear to be much more affected by the
AT733T mutation than R577C and S1279N. The mutation decreased fluctuation in the
highly mobile regions of the WT protein. The other two mutations showed similar
and high fluctuations between residues 825-875 of MSH6.

Previous studies have shown that the clamp and lever domains undergo large
conformational changes in DNA-free MutSa, and these domains move in the opposite
direction, causing the protein to open at the DNA binding site (Mukherjee and Feig,
2009). In this study, mutations in the structure caused the clamp region to gain a more
emphasized degree of movement than WT (Figure 3.2.4). In the MD simulations the
clamp regions were closed in the WT and mutant DNA-free structure. Different
results may have been obtained from the above mentioned work in the literature due
to the fact that the missing structures were completed in the mentioned study or the
simulated conditions were slightly different. The mutations seem to have caused
much more activity in this region. Although clamp domains also fluctuated largely in
the WT structure, it can be said that mutations increase the fluctuation here even

further. Thus, rigidity appears to be reduced in this domain. Although mutations are
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at or close to the ATPase region of the protein, they may also allosterically affect

clamp domain.

Two of the mutations (A733T and S1279N) occur in the ATPase domain of both MSH
proteins. No considerable change were observed in MSH2. It is seen that there are
fluctuations in the ATPase domains where the R577C and S1279N mutations occur.
Since the ATPase domain is located at the C-Terminal, an increase in fluctuation in
the terminal residues can be expected, but it can also be thought that the higher

fluctuation compared to WT and A733T may be also partly caused by mutations.

Heat capacity values averaged over replicas showed that the Cp values of all
mutations, especially the R577C mutation, were higher than WT. The increase in Cp
valuemay be related to a higher susceptibility to unfolding. In particular, MD
simulations showed that the R577C mutation caused more opening in the structure of
the protein. This may be potentially the partial cause in the differences on binging or
recognizing mechanism to defective DNA.

As a result of the interaction analysis, the composition and frequency of salt bridges
and hydrogen bonds in the structure were affected. The A733T mutation caused
additional hydrogen bond formation at the location where the mutation occurred.
Single point mutations both prevented some of the interactions and also resulted in

new additional interactions in the ATPase region.

The two most dominant movements in the protein were determined as the principal
vectors by the PCA analysis. The first two PCs mainly affected different regions of
the proteins. Heat maps were generated to investigate the conformational space the
proteins sampled during MD simulations. The sampled regions varied between
replicates of each system. While PC1 mainly affected MSH2, the PC2 mostly affected
MSHS6 clamp domain. For the WT in the absence of DNA opening from the clamp
to some degree was observed, potentially facilitating DNA scanning and binding to
mismatched bases.This thesis showed via MD simulations that A733T, R577C, and
S1279N mutation affect MutSa structure and dynamics. Especially, the effect on the
clamp domain structure and dynamics could potentially affect the protein’s DNA
binding effectivity. Thus, suggesting an atomic insight to these mutations relevance

to colon cancer.
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