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MOLECULAR DYNAMICS SIMULATION ANALYSIS OF HIS226
MUTATION ON THE DYNAMICS OF THE ATPASE DOMAIN OF DNAK

SUMMARY

Hsp70s are evolutionarily highly conserved ATP-dependent molecular chaperones
which are ubiquitously expressed in the cell. They are found in three domains of life
and have essential roles in cells, such as aiding proper folding of nascent
polypeptides, prevention of polypeptide chains from misfolding and translocation of
proteins across membranes. The diverse cellular functions of Hsp70s are based on
the recognition of hydrophobic sequences of client protein. Hsp70s corporate with
other co-chaperones like nucleotide exchange factors and J-domain proteins.

In our study, we used DnaK which is an Escherichia coli homolog of Hsp70. DnaK
have an N-terminal nucleotide-binding ATPase domain (NBD) and a C-terminal
substrate-binding domain (SBD). These two domains are connected by a highly
conserved hydrophobic interdomain linker. There is an allosteric communication
between the domains via the hydrophobic linker. Substrate affinity is regulated by
ATP binding and hydrolysis, which results in conformational changes in both
domains, while ATP hydrolysis is stimulated by substrate binding. In 2007, Swain et
al. revealed that the conserved hydrophobic ***VLLL3% sequence of the interdomain
linker is responsible for the allosteric communication between NBD and SBD.
According to this study, DnaK (1-392) behaves like the substrate-stimulated DnaK
that is pH-dependent, and shows higher activity than that of the unstimulated full-
length protein. In contrast, DnaK (1-388) mimics the activity of the substrate-free
form of the full-length DnaK. Which amino acids in the catalytic site are responsible
in allosteric communication and pH-dependent ATPase activity in the presence of
linker are not enlightened so far, however there are several research trying to find out
the key residues and reveal the detailed mechanism of DnaK.

In this study, the effect of linker ***VLLL3% on the ATP-bound protein conformation
and H226A mutation on ATP-bound DnaK’s (1-392) construct were investigated by
using molecular dynamics simulations. MD simulation trajectories were analyzed by
root mean square deviation (RMSD) and, root mean square fluctuation (RMSF)
analysis, also by distance measurement in a time-dependent manner and, principle
component analysis. From these analysis it was found that distance between the
helices which contain His226 and its neighbour helix is closer to each other in DnaK
(1-388) constructs. Moreover, this study reveals that His226 contributes the
stabilization of residue Thr199 which is suspicious as a phosphate acceptor after the
hydrolysis of ATP.
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HiS226 MUTASYONUNUN DNAK ATPAZ DOMENI UZERINDEKI
DINAMIKLERININ, MOLEKULER DINAMIK SIMULASYONLARI iLE
ANALIZI

OZET

Proteinler, canlilar icin yasamsal acidan Onemli makromolekiillerdir.
Sentezlendikten sonra fonksiyonel ozelliklerini kazanmalar1 i¢inse dogru sekilde
katlanmalar1 sarttir. Peptid zinciri sentezlenirken, ti¢ boyutlu yapisini kazanmasi
stirecinde goriilen ilk etkilesimler hidrofobik etkilesimlerdir. Sonrasinda ise iyonik
etkilesimler,van der Waals etkilesimleri, dipol-dipol etkilesimleri, hidrojen baglart ile
birlikte peptit zincirleri fonksiyonel hale geldigi {i¢ boyutlu yapisina ulasir. Bazi
kiiglik proteinler bu sekilde tek basina katlanabilirken, pek ¢ok protein katlanabilmek
icin saperonlara ihtiya¢ duyar. Proteinlerin diizglin katlanamamasi ise, Alzheimer,
Parkinson gibi gesitli ndrodejeneratif hastaliklara sebebiyet verebilir.

Saperonlar ilk kez 1978 yilinda Ron Laskey tarafindan bulundu. 1987 yilinda R.
John Ellis tarafindan yapilan ¢alismalarla birlikte, bu konudaki arastirmalar hiz
kazandi. Eksikliklerinde norodejeneratif hastaliklarin olustugunun kesfedilmesi ile
beraber, saperonlar ile ilgili ¢alismalar oldukga sik glindeme gelmeye baslamistir.

Saperonlar, normal sartlarda hiicrede normal seviyelerde sentezlenir. Stres kosullar
ise bu durumu degistirebilir. Saperonlar hiicrenin asir1 1s1 ve pH degisiminden
olumsuz etkilenmemesini saglamanin yaninda oksidatif stres ve kimyasal stres gibi
durumlara karsi da hiicreyi korur. Bu gibi streslere karsi hiicrenin bir savunma
stratejisi olarak, saperonlarin ekspresyonlar1 artar ve tehdit altinda olan hiicre ici
yasamsal Oneme sahip enzimlerin ve diger proteinlerin yapisinin bozularak
fonksiyonel olarak zarar gormeleri engellenir.

Hsp70, saperon ailesinin en bilinen ve en yaygin iiyesidir. Saperonlar evrimsel
siirecte korunmus molekiiler saperonlar arasinda yer almaktadir. Bakteri, arkea ve
Okaryotlarda olmak iizere neredeyse tiim hiicrelerde bulunurlar ve hayati agidan
onemli rollere sahiptirler. Ornegin, yeni eksprese edilmis peptit zincirlerinin
katlanmasi, agregat olusumunun Onlenmesi ya da proteinlerin belirli organellere
translokasyonu Hsp70 tarafindan gergeklestirilir. Hsp70, katlanacak proteinin
hidrofobik bolgelerine baglanarak bu bdlgelerin birbirleriyle dogru olmayan sekilde
etkilesmesini Onler, bu sayede proteinin yanlis katlanmasini engeller. Bu sebepten
otiirli, Hsp70’in proteinlerin katlanmasinda katalizér gorevi gormedigi, katlanmasi
gereken proteinler i¢in uygun ortam olusturdugu diisiiniilmektedir.

Calismamizda kullanilan E.coli Hsp70 homologu olan DnaK iki domenden
olusmaktadir. Bunlardan biri amino (N) ucunda bulunan niikleotit baglayan ve
ATPaz aktivitesi olan 44 kDa’lik Niikleotit Baglanan Domen (NBD), digeri ise
karboksil (C) ucunda bulunan ve substrat baglayan 25 kDa’lik Subsrat Baglanan
Domen (SBD)’dir. Bu iki domen ise olduk¢a korunmus, domenler arasinda bulunan
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hidrofobik bir baglag ile baglanir. NBD ve SBD arasinda allosterik bir etkilesim
mevcuttur. Bu i1ki domen arasindaki iletisim ise domenler arasindaki baglag
tarafindan saglanmaktadir. Her iki domende de ger¢eklesen konformasyonel
degisiklikler sonucunda, ATP baglanmasi ve hidrolizi substrat affinitesini
diizenlerken, ATP hidrolizi ise substrat baglanmasi ile tetiklenmektedir. Yapilan
kristalografi ve NMR ¢alismalar1 sonucunda elde edilen yapilarda, ADP bagh halde,
bu iki domen ve baglag birbirinden ayr1 sekilde gozlemlenmektedir. Bu durumda
SBD’nin substrata olan afinitesi yliksektir ve dolayisiyla SBD, katlanacak protein
tizerine kapanmis durumdadir. NBD’ye ATP baglandiginda ise, SBD acik bir
konformasyonda ve baglacti NBD’nin iglerine alacak sekilde NBD ile
etkilesmektedir. Bu konformasyonda SBD’nin substrata afinitesi diisiiktiir ve
katlanmis proteinin salinmasi ATP bagl halde gergeklestirilir. Sonrasinda, SBD’ye
baglanan katlanmasi gerekli yeni bir protein, NBD’ye bagli halde bululanan ATP’nin
hidrolizini tetikler. ATP’nin ADP’ye hidrolizi sirasinda SBD katlanmasi gereken
proteinin iizerine kapanir, NBD ve SBD birbirinden tekrar ayrilir ve mekanizma bu
dongii ile devam eder. Bu dongiliye kosaperonlar eslik eder. Hsp40 ailesi ve niikleotit
degisim ailesi bu dongiide gorevli kosaperonlar olarak bilinir. Hsp40 ailesi (DnaK
icin DnaJ), ATP hidrolizini hizlandirmakla gorevliyken, niikleotit degisim faktorleri
(DnaK i¢in GrpE) ise hidroliz ile olusan niikleotiti degistirmek ve Hsp70’yi yeni
dongiiye hazirlama gorevindedir. Mayer ve Bukau’nun 2015 yilinda yaptig1 son
calismalar, ATP ile indiiklenen substrat saliniminin, substratin baglanmasiyla
uyarilan ATP hidrolizine gére saperonun aktivitesinde daha dnemli bir rol oynadigini
ortaya koymaktadir.

2007 yilinda, Swain grubu tarafindan yapilan caligmalarla, domenler aras1 baglacin
hidrofobik 3**VLLL*? sekansmin NBD ve SBD arasindaki allosterik iliskiden
sorumlu oldugu bulunmustur. Yine bu ¢alismaya gore, bagla¢ varliginda DnaK (1-
392), substrat tarafindan uyarilmis yabanil tip DnaK gibi davranmaktadir. Yabanil
tip, substrat ile uyarilmamis DnaK’nin aksine, DnaK (1-392)’nin pH bagimli ve daha
yiikksek ATPase aktivitesi vardir. Diger bir taraftan ise, bagla¢ yoklugunda DnaK (1-
388), substrat tarafindan uyarilmamis yabanil tip DnaK’yi taklit etmektedir.

Molekiiler dinamik simulasyonlari, 1950 yillarinin ikinci yarisina dogru ortaya
cikmistir. 1960’larda daha da gelismis ve ilk kez 1977 yilinda bovin pankreatik
tripsin inibitorii ile birlikte proteinler iizerinde kullanilmaya baglanmstir. In vivo ve
in vitro olarak gozlemlemekte giic olabilecek bazi konularda fikir vermek igin
kullanilan 6nemli yollardan biri haline gelmistir. Biyokimya ve biyofizikte olduk¢a
genis bir uygulama alan1 bulmustur.

Bu calisma DnaK (1-392) ve (1-388) kesik yapilarinda, ATP baghi durumda
konformasyonel ve dinamiksel farkliliklar1 gdstermeyi amaglamanin yanisira 226.
konumdaki histidinin alanine mutasyonu halinde genel konformasyon ise de nasil bir
degisim oldugunu molekiiler dinamik analizleriyle gbstermeyi amaclamaktadir.

Kesik yapilar 4JN4 kodlu PDB (protein data bank) dosyasindan modifiye edilip,
NAMD/CHARMM-GUI kullanilarak 200 ns boyunca yiiriitiilmiistiir. Bu siiregte
ortalama karekokten sapma (RMSD) ve ortalama karekok degisimi (RMSF) gibi
temel molekiiler dinamik analizlerinin yanisira, Baslica Komponent Analizi (PCA),
hedef amino asitler i¢in zamana bagimli uzaklik 6l¢iimleri ve proteinin ne kadar
kompakt oldugunu 6lgmek amaciyla doniis cap1 (Rg) analizi yapilmastir.

Yapilan analizler sonucu baglacin **VLLL**? kismmim bulunmadigi DnaK (1-388)
kesik yapisinin, baglacin bulundugu DnaK (1-392) yapisina gore belirli bolgelerde
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daha kapali bir konformasyonda oldugu goézlemlenmistir. Ayrica bu iki  yap1
arasinda farkli dinamikler oldugu da goriilmektedir. Bir diger onemli sonug ise
baglac varliginda His226’nin bu dinamikte dnemli bir rolii oldugu yoniindedir. 226
numarali Histidinin alanine mutasyonu ile birlikte, konformasyonun daha da
acildig1, baz1 amino asitlerin de bulundugu konumdan oldukga saptig1 goriilmiistiir.
Bunlardan 6nemli olarak gordiiglimiiz katalitik bolgede bulunan ve ATP
hidrolizinden sonra fosfati1 kabul eden amino asit oldugu diisiiniilen 199. konumdaki
Treonin yakindan incelendiginde simulasyon siirecinin sonlarina dogru ATP’den
aniden ve oOnemli Ol¢iide uzaklastigi goriilmiistir. Bu durumun dogurabilecegi
sonuglar, arastirma grubumuza ait diger deneysel verileri desteklemekle birlikte
Histidinin Hsp70 genel dinamigi i¢in ne kadar dnemli oldugunu da gdstermektedir.
Uzun vadede, yapilan bu molekiiler dinamik simulasyon c¢alismalarimin Hsp70
calisma mekanizmasim1 detayli bir sekilde ortaya koyarak Hsp70 kaynakli
norodejenaratif hastaliklarin tedavisine 151k tutabilecegi diistintilmektedir.
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1. INTRODUCTION
1.1 Protein Folding Mediated By Molecular Chaperones

Nascent polypeptide chains must fold into their 3D structure to be functionally
active. Based on data from in vitro experiments, it is known that primary structure of
proteins encode their unique three-dimensional structures. However, folding of a
protein into its unique 3D structure does not happen spontaneously in the cell
because of the crowded nature of the cytosol. Only small and single domain proteins
can fold spontaneously in the cell. Evidences show that cells use complex cellular
chaperone machineries and metabolic energy to form functionally active proteins
from nascent polypeptides. By inhibiting the undesired intermolecular and
intramolecular interactions, chaperones prevent the aggregation and misfolding of
non-native protein (Hartl, 2012). The models of chaperone-mediated folding of
nascent proteins in cytosol eubacteria, archea and eukarya are represented in  Figure
1.1 (Hartl, 2002) and related proteostasis network represented in Figure 1.2 (Kim et
al., 2013)

1.2 Heat Shock Proteins and Hsp Families

Cellular machinery of chaperones mediate the folding of nascent proteins as well as
unfolded proteins due to stress conditions such as high temperature. Expression of
most chaperones increases under stress conditions, and these chaperones are called as
stress proteins or heat-shock proteins (Hsps) (Hartl, 2002). Hsps are constitutively
expressed in cells and also essential for normal conditions (Liang and MacRae,
1997). Chaperones perform their fucntion by recognizing the solvent exposed
hydrophobic residues of proteins, which are usually buried in their native states
(Hartl, 2002).

Hsps are mainly divided into 5 major groups based on their molecular weights,
structure and function: Hsp100, Hsp90, Hsp70, Hsp60 and small Hsps (SHsps)
(Liang and MacRae, 1997).



Table 1.1 : Diversity of the major molecular chaperone families (adapted from

Ranford, 2000)

Family

Chaperone functions

Chaperonin 10
(cpnl0, hsp10, co-chaperonin,
early pregnancy factor,GroES)

Co-chaperonin' to chaperonin 60; promotes folding of substrates
that are bound to chaperonin 60

Small heat-shock proteins
(hsps)

Diverse class of proteins; chaperone function is independent of
adenosine triphosphate (ATP); bind non-native proteins

Hsp40 (DnaJ related)

Co-chaperones that regulate the activity of hsp70 proteins; some
can bind non-native proteins themselves

Chaperonin 60
(cpn60, hsp60, hsp65, GroEL)

ATP-dependent folding and/or refolding of ~15-30% of total
cellular proteins

Hsp70 Prevent the aggregation of unfolded polypeptides; disassemble
multimeric protein complexes; involved in protein trafficking;
regulate the heat-shock response

Hsp90 Specific functions in regulating signal transduction pathways,

through their actions on certain kinases and steroid receptors;
might also have 'general’ chaperone activity

Hsp100 (Clp)

Disassemble protein oligomers and aggregates

Hsp110

High degree of homology with the hsp70 family; little known
about functions

Hsp100s, Clp in bacteria, have a chaperone function. They provide degredation or

refolding of aggregated proteins in an ATP-dependent manner (Hartl, 2002). Hsp90

is a highly abundant and ubigitious chaperone. Its functions vary from folding

proteins to different cellular processes such as signal transduction to client protein

maturation (Li and Buncher, 2013). Small heat-shock proteins bind to non-native

proteins and have a role on inhibition of apoptosis, cytoskeleton organisation and etc.

(Haslbeck, 2002).
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Figure 1.1 : Models for folding of nascent protein in the cytosol of (A) Eubacteria,
(B) Archaea and (C) Eukarya (taken from Hartl, 2013).

Protein folding in cells is mediated by cytosolic chaperones with two different
mechanisms, and these mechanisms are represented by Hsp70 and Hsp60. Hsp70
binds to 6-9 hydrophobic amino acid residues and use ATP to release their
substrates. Hsp60s, chaperonins, is a downstream chaperone which is a nanocage.
They have an oligomeric ring shape type of cylindrical structure and provide the
folding of larger protein in an ATP-dependent fashion (Figure 1.1) (Liang and
MacRae, 1997; Frydman et al., 1994; Hartl, 2002; Kim et al., 2013).
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Figure 1.2: The proteostasis network (taken from Kim et al., 2013)



1.3 Hsp 70 Molecular Chaperones

Hsp70s are constitutively expressed (Hsc70) and highly conserved in evolution
(Liang and MacRae, 1997). They found in bacteria, eukarya and some archea.
Moreover, they may be present in some eukaryotic organelles such as mitochondria
and endoplasmic reticulum (Hartl, 2002). Hsp70s can recognize unfolded, misfolded
or aggregated states of all proteins without any interaction with folded sides. Besides,
they can interact with specific native proteins and regulate their activity, stability and
oligomeric conditions (Mayer, 2013). Hsp70s mainly prevent aggregation of non-
native proteins, provide appropriate conditions by inhibiting the undesired
interactions to reach to their native states, and solubilize and refold aggregated
proteins by using ATP (Mayer and Bukau, 2005). Hsp70s owe their versality to the
ability of recognition of short degenerate motives in proteins. These motives, which
form the hydrophobic core of native proteins, can be found in almost every 30-40
residues consisting of five hydrophobic core residues and regions surrounded by
positively charged amino acids (Riigider et al., 1997; Mayer, 2013). Additionally,
Hsp70s work with cochaperones such as J-domain proteins (JDPs) and nucleotide
exchange factors (NEFs). While JDPs induce the ATPase activity of Hsp70s (up to

>1000 fold when substrate is present), NEFs provide the exchange of nucleotide by

stimulating the release of substrates (Mayer, 2013).

1.3.1 Structure of Hsp70

Hsp70s have two domains: ~43 kDa N-terminal nucleotide binding domain (NBD)
and ~27 kDa C-terminal substrate binding domain (SBD). These domains are
connected by a highly conserved hydrophobic linker (Kityk et al., 2012; Mayer
2013). The structure of NBD is quite similar to the structure of actin. NBD has two
lobes (I and 11) and four subdomains, which are IA, 1A, IB and I1B. I and 1l lobes are
separated by a hydrophilic nucleotide binding cleft (Mayer, 2013). -BlIl
subdomains are upper and consisting of a-helices and anti-parallel p-sheets while
—All subdomains are lower and composed B-sheets surrounded by a-helices (Hurley ,
1996). SBD consists of two subdomains, which are SBDB (a sandwich of two
stranded B-sheets and peptide-binding cleft) and SBDa (a-helical lid) (Figure 1.2
and Figure 1.3) (Kityk et al., 2012). The peptide binding cleft is enriched in
hydrophobic amino acids like Val, lle and Leu as well as aromatic and positively



charged amino acids while negatively charged amino acids are not seen occasionally
(Rudiger et al., 1997).

Nucleotide Binding Domain Substrate Binding Domain

(NBD) (SBD)

a-HelicalLid
1B

p-Sandwich

Figure 1.3 : A model of DnaK (Hsp70 homolog) complex with ADP and substrate
(S) (1-605) (adapted from PDB ID: 2KHO).

Nucleotide Binding Domain Substrate Binding Domain

(NBD) (SBD)

Figure 1.4 : Allosteric opening of the polypeptide-binding site when an Hsp70 binds
ATP (1-608) (adapted from PDB ID: 4JN4).



PDB structures of DnaK that contains nucleotide binding domain are given in the
Table 1.2.

Table 1.2 : DnaK PDB structures that contains nucleotide binding domain.

PDB Code Method Resolution | R-Value R-Value
Free Work

Allosteric opening of the

polypeptida-binding site X-RAY 234 0.197 0.162 QiR. =t.al. 2013
when an Hsp70 binds Diffraction
ATP
Allosteric opening of the
4INE polypeptida-binding site X-RAY 1.96 A 0.201 0.173 QiR et.al. 2013
when an Hzp70 binds Diffraction
ATP
Opean conformationof
4BSQ ATP-bound Hsp70 H-RAY 244 0.23% 0.196 Kityk,R. et.al., 2012
homolog DnakK Diffraction
: 5 - Conformers Conformers Conformers
2KHO Eeol e | Satcn e | il || Salubued | (leaiisiat * | Bartaiten B BJet-ai: 2000

chaperone (1-605)
complexad with ADP
and substrate

1 1 1

Crystal structure of the
1DKG nucleotids sxchanzs X-RAY 28 A 0317 0.223 Harrison, C.J. =t.al., 1997

factor GrpE bound to the Diffraction

ATPase domain of the

molecular chaperons

DnzK

The crystal structure 1DKG revealed in 1997, involves nucleotide-free NBD with the
nucleotide exchange factor GrpE. According to this study, when GrpE binds to
nucleotide-free NBD, structure become resemble to that of nucleotide-bound
mammalian Hsp70 homolog. However, only one of the subdomains rotate outwards
which prevents the tight nucleotide binding. They identified that two helices extend
away from the GrpE dimer. These helices, may suggest a role for GrpE in peptide

release from DnaK (Harrison et al., 1997).

In 2009, the structure of E.coli DnaK complexed with ADP and substrate (2KHO)
was revealed. While loosly linked nucleotide binding domain and substrate binding
domain were determined with molecular dynamics simulations, also has been seen
that linker region is a dynamic random coil. According to this structure, subdomain
IA of NBD is closer to SBD. This finding suggests that SBD interacts with the NBD
at this area to constitute an allosteric communication (Bertelsen et.al., 2009).

The crystal structure of ATP-bound open conformation of Hsp70, 4B9Q, was
reported in 2012. This study, caught the Hsp70 when NBD and SBD are docked, and
both subdomains of the SBD dock onto different sites on NBD. The interaction
points belong to the B-sheet subdomain and the NBD reveals the mechanism of

allosteric regulation. Kinetic measurements in the study demonstrated the following



communication sequence: i) linker enters into the hydrophobic groove in IA and 1A
of hydrophobic binding domain, ii) SBD 3 docks onto the NBD, iii) SBDa docks
onto the NBD (Kityk et al., 2012).

In 2013, two new crystal structures of ATP-bound DnaK were revealed. The first is
4JN4 and the latter is 4JNE (Qi et al., 2013). Their study shows how ATP binding
stimulates the polypeptide-binding channel in SBD. In ATP-bound state, NBD and
SBD are docked and form extensive contacts which result in radical conformational
changes in SBD. As a consequence, NBD pulls away o-helical lid of SBD from
SBDp. Hence, SBD becomes more accessible for peptide binding (Qi et al. 2013).

1.3.2 Conformations and dynamics of Hsp70

Hsp70 perform its function via ATP-dependent mechanism. There is an allostery in
this mechanism since binding of nucleotide and substrate results in conformational
change in each individual domain (NBD and SBD). The interdomain linker provides
the communication between two domains by binding to the hydrophobic pocket
between IA and 1IA in NBD (Swain et al., 2007). Basically, in the first, when ATP is
bound, NBD and SBD domains are docked and act independently. In this state,
dissociation and association rates of substrates are higher, showing lower affinity for
substrate. Secondly, NBD hydrolysis ATP via its ATPase activity, and dissociation
and association of substrates slow down. Thus, the affinity for substrate is higher in
this state (Mayer, 2013). Also, recent studies revealed that ATP-induced substrate
release is more important than substrate-stimulated ATP hydrolysis in chaperone
activity (Kityk et al., 2015)

Furthermore, in 2007 Swain et al. created two different constructs of NBD, which are
DnaK (1-388) and DnaK (1-392). 392 construct has a hydrophobic **VLLL3%
sequence of the interdomain linker. They measured ATPase rate of substrate-
stimulated full length DnaK (WT+p5), unstimulated full-length DnaK (WT), DnaK
(1-388) and DnaK (1-392), respectively. While WT and (1-388) were not pH
dependent, WT with p5 and (1-392) were pH-sensitive in the ATPase activity,
suggesting that DnaK (1-392) behaves like substrate-stimulated form of full-length
DnaK (Figure 1.3) (Swain et al., 2007). Their work was crucial for understanding the

responsible residues for the pH-dependent ATPase activity.
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Figure 1.5 : Constructs used in the study (adapted from Swain et al., 2007).

In the closed conformation (ADP-bound), SBDa acts as a lid and covers SBDP so
that peptide dissociation rates are reduced. Additionally, peptide interacts with
peptide binding cleft via its hydrophobic residues mostly consisting of Leu, Ill, Val
and Phe, and a polar residue Tyr (Mayer, 2013).

In open conformation (ATP-bound), lobe I of NBD rotates and closes the nucleotide-
binding cleft while the cleft between IA and I1A is opened. The opening of the cleft
causes the interaction of the interdomain linker with the cleft. This interaction is
required for the ATP-stimulated peptide dissociation and polypeptide-stimulated
ATPase activity. Additionally, these events result in the displacement of the two
catalytic residues: Glul71 and Lys70 (E. coli DnaK) (Mayer, 2013). To understand
the open conformation better, it is necessary to compare this conformation with the
closed conformation. Experiments show that three different conformations of SDBJ
are present so far: (1) In the open conformation, The upper 3-sheet is composed of 5
strands instead of 4 while lower one is consisting of 3 instead of 4. Therefore, the
upper one is more twisted than the lower one. (2) In the closed conformation, the
angle between strands 1 and 4 is closer than in the open conformation. This provides
a scissors like movement of strands 1 and 2. (3) Smaller substrate binding cleft in
open conformation is due to the closure of distance between strands 3 and 4 (Mayer,
2013).

Evidences from recent methyl nuclear magnetic resonance (NMR) studies show that
there is an intermediate (allosterically active) state between open and closed
conformation. In this conformation, Hsp70 (DnaK) is found as a complex with ATP
and substrate. Based on data of methyl-TROSY, Zhuravleva et al. concluded that in
ATP-substrate DnaK complex, the linker binds to NBD, and SBD is undocked from



NBD. However, it was understood that ATP and substrate-bound DnaK population is
consisted with not only linker-bound conformations but also linker-unbound

conformations as shown in Figure 1.4 (Zhuravleva et al., 2012).
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Figure 1.6 : A model for DnaK allosteric cycle (Taken from Zhuravleva et al., 2012)

1.4 Molecular Modeling and Simulations

It is important to obtain dynamic alterations of proteins and one of the methods to
use for that purpose is to do molecular dynamics simulations in combination with X—
ray crystallography and NMR to reveal in detail the working mechanism of proteins
(Karplus et al., 2005).

Atomic trajectories in MD is basicaly generated by numerical integration of
Newton’s equation of motion. Specific interatomic potential that system’s have, can
be calculated for certain initial condition (IC) and boundary condition (BC) (Li,

J.,2005). Newton’s equation of motion has shown in egn (1.1).

E d? r; (1) 11
i = mij ar (1.1)

While m; is the mass of particle -ill , ri(t) is the position vector of it and F; is the
force that acts on particle i, at time of t. For this reason, some algorithms like



Verlet,leap-frog,velocity verlet have been used. Purpose of the numerical integration
is to find ri(t + At) at time of (t + At) (Meller, 2001).

Molecular modeling and molecular dynamics are used for molecular interaction
investigations, biomolecular motor design, protein folding and distributed
computing, computational drug design and biocomputing, quantum dynamics of

enzyme reactions and etc. (Ramachandran et al., 2008).

Details of basic concepts of programs and analysis methods present in this thesis are

mentioned under methods section.

1.5 Previous Molecular Dynamics Simulation Studies on Hsp70

In order to understand the dynamics of Hsp70, several studies have been done. In
2002, Golas et al. performed coarsed-grained molecular dynamics studies on DnaK
for three states: i) with the two halves of the NBD unrestrained relative to each other,
(i) with the two halves of the NBD restrained in an —-openl geometry as in the SBD-
closed form of DnaK (2KHO), and (iii) with the two halves of NBD restrained in a
-closedl geometry as in known experimental structures of ATP-bound NBD forms of
Hsp70. Since there was not any experimental structure of ATP-bound state avaliable
on those days, they used complexed structures of ATP-bound Hsp70 with Hsp110.
Their study was the first that simulated complete spontaneous transition from the
SBD-closed to SBD-open conformation of the Hsp70 chaperone from E. coli. They
saw that SBD-NBD docked open conformation formed spontaneously during all
simulations; number of transitions are larger in simulations run with -closedl NBD
and smaller for —openll NBD (Golas et al.,2012).

Another study which is done in 2012 by Chiappori and her collugues, proposed a
molecular mechanism for the allosteric signal propagation of the ATP-encoded
conformational signal. The hydrogen bond-based connections between the NBD and
the linker include the residues K67, 1137, V139, R164, 1166 and E168 which are
conserved for all DnaK systems and are also responsible for linking the nucleotide to
NBD. They revealed that while this pathway was more stable in the presence of ATP
because of the coordination between the phosphate group and K67 and E168, it was
distrupted in ADP-bound DnaK. Another nucleotide-modulated interaction according
to this study, is the conserved loop 195. In ATP-bound DnaK; G194, G195 and T196
contribute the binding of ATP. However in the ADP-bound form, the coordination to
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the loop is reduced, only G194 is connected to the nucleotide. Also R342 has a role
on hydrogen bond network of ATP binding. R342 is localized at the interface
between subdomain I1A and IIB, and they revealed that this interaction may involved
in the rotation of 1IB, which causes opening of NBD in ATP-bound state. Other
important residues for allosteric signal propagation are D385 and D390. These two
residues both involved in the ADP-bound DnaK while for ATP-bound state only
D390 is included. D385 and D390 flank the ***VLLL%*? sequence of the interdomain
linker which contributes the allosteric coupling of NBD and SBD (Chiappori et al.,
2012).

In 2012 Kityk et al., and in 2013 Qi et al. revealed ATP-bound crystal structures
4B9Q and 4JN4, 4JNE, respectively. These crystal structures explain the substrate
release by ATP binding better than triggering of ATP hydrolysis by substrate binding
(Qi et. al,2013; Kityk et al., 2012).

ADP + peptide Formation of domain interfaces Fip-opening of Ly,

Figure 1.7 : Model for allosteric opening of the polypeptide-binding site when an
Hsp70 binds ATP (Taken from Qi et al., 2013)

Another molecular dynamics study which is done by Nicolai et al. revealed that,
when ATP binds to the NBD, which leads docking of SBD onto NBD lobe I, protein
reached an intermediate plausible ATP-bound state (ATP*) with free-energy

landscape analysis (Nicolai et al., 2013).

In 2015, Stetz and Verkhivker performed a study that try to reveal atomistic picture
of signal propagation and energetics of dynamics-based communication with
molecular dynamics simulation and network-centric modeling. According to their
study ADP-bound DnaK has larger movements of subdomain IIA and o-helical
domain of SBD. In ATP-bound form, there are smaller fluctuations compared to
ADP-bound DnaK which may be a sign of conformational dynamics providing
structural tightening of NBD core and ATP-binding site (Stetz and Verkhivker,
2015).
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In the noval study of Chiappori et.al. in 2016, they aimed to explain the molecular
determinants of the allosteric communication in both directions, from NBD to SBD
and vice versa. They proposed a model for the allosteric communication in DnaK
which emphasized the importance of linker connecting NBD and SBD. Effects of
ATP and the model substrate NR-peptide were combined in order to have a stable-
linker docked complex. As a result they showed that convergence of the dynamics,
the persistence of the beta strand content of the docked linker and increased
coordination in the ATP binding site in agreement with the hypothesis that this

structure is an intermediate in ATPase cycle (Chiappori et al., 2016).

1.6 Purpose of This Study

Based on the previous studies, it is known that **VLLL? sequence, which is an
evolutionary highly conserved hydrophobic linker, provides the allosteric
communication between substrate binding domain (SBD) and nucleotide binding
domain (NBD). Furthermore, it is revealed that the ATPase activity of DnaK (1-
392), which is NBD with hydrophobic *¥°VLLL**? sequence, is higher than DnaK (1-
388) in the absence of linker, and DnaK (1-392) has a pH-dependent ATPase activity
while DnaK (1-388) has not (Swain et al., 2007).

In this study, we aimed to investigate the differences in the dynamics of DnaK (1-
388) and (1-392) constructs when ATP is bound. Additionally, we focused on the
effect of the mutation of histidine residue which is positioned at 226 to alanine on

dynamics of protein.
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2. METHODS

In this study, molecular dynamics simulations were performed by the nanoscale
molecular dynamics (NAMD) program (Phillips et al., 2008), using the
CHARMMZ22 force field parameters (Brooks et al., 2009). To prepare the simulation
input, CHARMM-GUI web server was used (Jo and Kim et al., 2008).

Firstly, the protein models are uploaded to CHARMM-GUI to construct the
simulation input which is prepared from the crystal (PDB ID: 4JN4) (Qi, Sarbeng
and Liu et.al., 2013). As a first step, for input generation in server, the solvation of
the protein performed with a buffer of TIP3 water and the total electric charge of
system was adjusted to neutral state by placement of potassium ions. Next, periodic
boundary conditions (PBC) was chosen for all simulations, and then canonical
ensemble (NVT) dynamics in which amount of substance (N), volume (V) and
temperature (T) are conserved was chosen to perform equilibration. As a final setup
of parameters, temperature was adjusted to 303,15 K with Nose-Hoover method
(Nose, 1984).

To start the simulation, step size was set to 1 fs in conjunction with the SHAKE
algorithm (Ryckaert et al.,, 1977) and VVER (velocity verlet) was used for
integration. Then, Steepest Decent (SD) and adopted basis Newton Raphson method
(ABNR) was used for minimization. For electrostatic interactions, Particle Mesh
Ewald (PME) method was chosen (Essmann et al., 1995).

Temperature was adjusted to 303,15 with Hoover and pressure was adjusted to 1 atm.
Simulation time step was set to 2 fs to, perform SHAKE. PME was chosen for
electrostatic interactions same as in the equilibration step. CPT (constant pressure-
temperature) leap used for integration. Constructs simulated for 200 ns. Each step is

5 ps and coordinates were saved for each 2500 step.

RMSD, RMSF and radius of gyration analysis results were performed with the

program visual molecular dynamics (VMD) program (Humphrey et al., 1996), which
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was also used to draw the molecular representations. PCA was performed with R

programs’ Bio3D package (Grant et al., 2006).

2.1 MM Force Fields

A force field can simply be stated as a mathematical expression which gives
information about system’s energy dependency on its particles’ coordinates. It
includes the interatomic potential enegy in analytical form and some parameters
which can also participate into this form. The parameters are procured from ab initio
or semi-empirical quantum mechanical calculations. Also it can be obtained from
NMR, X-RAY, infra-red (IR), neutron spectroscopy etc. Different force fields,
having different complexity, can be found in the literature in order to be used in

various systems (Gonzalez, 2011).

2.2 Chemistry at Harvard Macromolecular Mechanics (CHARMM)

CHARMM is one of the force fields that can be used in molecular dynamics
simulations. While CHARMMZ27 is mostly use for MD simulastions of DNA, RNA
and lipids, for pure proteins, there are united-atom CHARMM19 and all-atom
CHARMM22 subtypes which are released in 90s (MacKerell et al., 1998).

Energy function is given with the equation below.
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2.3 Nanoscale Molecular Dynamics (NAMD)

NAMD is a parallel molecular dynamics code which can be used with AMBER
(Assisted Model Building with Energy Refinement) and CHARMM for large
biomolecular systems. NAMD, allows producing classical simulation with high

performance in factual environments of 100,000 atoms or more. It is based on
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Charm™" parallel programming. NAMD sees the simulation cell as 3-D crazy quilt,
and in NAMD, each patch interacts with the closest patches. Bonded, short-range
electrostatic and van der Waals interactions are calculated for each patch and their
neighbours. NAMD and molecular graphics/sequence analysis software Visual

Molecular Dynamics (VMD) complement each other.

NAMD has a Tcl (Tool command language) scripting interface and ability of
working with parallel performance. So, user can benefit from calculations which are
used in making simulations with direct proportion. Tcl, advantageously saves time
for user (Phillips et al., 2005).

2.4 Root Mean Square Deviation (RMSD)

RMSD measures the similarity of the quantitative degree between two, 3-D protein
structures. It calculates this similarity with distance between equivalent atom pairs.

For identical structures, RMSD is zero (Carugo and Pongor, 2001).
1 N 9] 1/2
RMSD (t1,t2) = | & 22, [ (t2) = (1) 02

While N is the number of atoms in the molecule, xi(t) is the position of atom i at
time t. In molecular dynamic simulations, RMSD can tell us if the simulation reached
equilibrium. As long as RMSD does not attain a stationary shape, one can conclude

that simulation has not converged yet (Schreiner et al., 2012).

2.5 Root Mean Square Fluctuation (RMSF)

RMSF, either can be calculated from molecular dynamics simulation with formula
(Frenkel and Smit, 2002);

l\r

MSD = ((z — 29)?) = % Z(:z:.,,(t) — ,(0))? (2.3)

n=1

and B-factors or Debye-Waller factors in X-RAY experiments with using the

formula below (Kuzmanic and Zagrovic, 2010).
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RMSF gives information about thermal stability and flexibility of the protein. It is
also used in the prediction of binding pockets and active sites. If RMSF is high, that

means relevant atom fluctuation by the time (Kuzmanic and Zagrovic, 2010).

2.6  Principle Component Analysis (PCA)

Principle component analysis is the oldest and the most popular technique all over
multivariate statistical techniques. PCA analyzes a data table representing
observations described by several dependent variables, which are generally inter-
correlated. Aim of PCA is to take the substantial information from that data table and
reflect this griff as the principal components. Principle components can define new
orthogonal variables. It is also possible to see the pattern of similarity of the variables
and observations by visualizing them with points in a map (Abdi and Williams,

2010). Mathematical background is mentioned below.
cov(X,Y) = E[E[X] — X]- E[E[Y] - Y] (2.5)

This equation expresses the covariance, showing two random variables’ leaning to
vary together. E[X] is the expected value of X. For sampled data this equation can

be arranged as;

N

cov(X,Y) = ; w (2.6)
While ~ is mean of (X),” is mean of (). It is important to remember that, cov(X,X)
= var(X) and if X and Y independent from each other cov(X)Y) = 0.
Covariance matrix can be shown for matrix A, Aij = cov(i,j). Note that, covariance
matrix is symmetric and square. If the variables are independent, the covariance
matrix is going to be a diagonal matrix which has variances along the diagonal. For

calculating the covariance matrix, first step that must be done is centering the data by
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substracting the mean of each sample vector. If we take in consideration that the data
matrix A’s columns as the sample vectors, elements of covariance matrix C can be

written as follows:

1 2.7
Ciy = — Z Q555 ( )

We can also express it in matrix in another form,

(= L_:,_.;'J" (2.8)
N

— shows the scale factor which is distributed along the matrix. Covariance matrix

expressed simply as AAT (Coombe, 2006).

PCA can be applied to several systems. For instance, Saal et al. used microarrays for
measuring the expression levels of 27,648 genes in 105 breast tumor samples and do
PCA to detect gene expressions with dominant patterns (Ringnér, M., 2008). Another
system that PCA can be used is proteins. Maisuradze et al. used PCA for observing
folding dynamics of Formin binding protein 28 (FBP) (Maisuradze et al., 2009).

2.7 Radius of gyration

Radius of gyration (Rg) is a parameter that defines the compactness of a protein
structure. Rg can be calculated in two steps. First center of mass coordinates Rc

specified with not taking into a account hydrogen atoms, from following equation.

> m(ri-Re) = 0 (2.9)

Mass of the i-th atom is mjand coordinates showed as r;.

If atoms assumed as points in a 3D space, the Rg can be obtained as

17



R = Zm,-(r,—R(»):/;\vl (2.10)

Y

where mass of atoms in a protein indicated as M.

For proteins, it is feasible to assume masses for all nonhydrogen atoms. So that
where N is the number of atoms which are not hydrogens in a protein.

N
Ry=Y (r;—=Rc)IN (2.11)
i=1
Difference between Radius of gyration values calculated from equations (2.11) and
(2.12) is within various hundredths of angstrom. It is significant to consider atoms as
balls with the radius R, instead of material points in terms of accuracy. If we assume
all atoms have the same radius (1.5A°), the equation becomes more exact:

N
2 2 Jop
R, = E(I',—R()/:\+§R

i=1

(2.12)

To conclude of those equations, radius of gyration is an indicator of protein

compactness (Lobanov et.al., 2008).
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3. RESULTS

To initiate the study, truncated models DnaK (1-388) and DnaK (1-392) were
constructed based on the crystal structure of ATP-bound DnaK (PDB: 4JN4). In the
crystal structure, there was only T199A mutation on the nucleotide binding domain,
so we mutated back T199A to T199 in the crystal structure in order to observe real
dynamics of the protein. Conditions of this arrangement are explained in methods

section and observations are stated below.

3.1. Different Overall Protein Dynamics Observed for DnaK (1-388) and (1-
392).

We studied two ATPase domain constructs, one having the entire linker sequence
DnaK (1-392), and one missing the hydrophobic part of the linker sequence
$\V/LLL*?, which is DnaK (1-388). RMSD, RMSF and principal component
analysis were performed for observing the differences between DnaK (1-392) and
DnaK (1-388).

The most important difference was observed for two helices, one containing residues
between 71 to 90 and the other 224 to 250 during the simulation (Figure 3.1). These
helices correspond to subdomain IB and, end of 1A beginning of 1B, respectively. It
was observed that, two a-helices are closer in DnaK (1-388) while they become
distant in DnaK (1-392). This subject mentioned under results section 3.2 and

discussion section 4.

From two a-helices, first one which belongs to subdomain IA, contains the residues
148 to 161 and second helix which belongs to subdomain IA and IB, contains the
residues 114 to 132 is observed closer and stable in DnaK (1-392) either.

Oppositely located pB-sheet containing the residues 279 to 285 (corresponds to 11B)
and o-helix containing the residues 256 to 274 (corresponds to 11B) are observed
closer for DnaK (1-392) compared to DnaK (1-388) in the last nanoseconds of the

trajectory.
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Comparison of two a-helices that are located opposite of each other, one is located at
an a-helix containing residues 52 to 59 (corresponds to IB) and the other one
containing the residues 256 to 274 (corresponds to I1IB) showed that the first a-helix

moves away from the second in the y axis in DnaK (1-388) (Figure 3.3).

The a-helix containing the residues 79 to 88 (corresponds to IB) and the opposite
neighbour B-sheet containing the residues 92 to 95 (corresponds to IB), observed
closer to eachother in DnaK (1-392) construct. Also it has been seen that a-helix is

more mobile in DnaK (1-392) construct.

The investigation between the B-sheet sequence 335 to 341 and the a-helix sequence
300 to 327 (both corresponds to subdomain I1A and 11B) showed that in DnaK (1-
388) construct, end of the B-sheet is closer to a-helix. On the other hand in general
overview B-sheet stays more stable in DnaK (1-388) compared to DnaK (1-392).

When two a-helices that are located opposite of each other, were compared, one is
located at an a-helix containing residues 310 to 328 (corresponds to 11A) and the
other one containing the residues 347 to 387 (corresponds to I1A) showed that helices
are closer in DnaK (1-392).

From oppositely located a-helices the former containing the residues 170 to 181
(corresponds to IA) and the latter 369 to 381 (corresponds to 1lA) showed more
stable motions in DnaK (1-392).

The a-helices that composed of the residues 255 to 275 (corresponds to 11B) and 51
to 62 (corresponds to IB), have closer bearing in DnaK (1-392).
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S0 ns 100 ns

Figure 3.1 : DnaK (1-388) and (1-392) constructs screenshots from particular point
of time (green and red,respectively). Blue square shows the significant
change in the helix contains residues between 71 to 90.
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We performed RMSD analysis for the DnaK (1-388) and DnaK (1-392) constructs to

see the main difference for these two constructs (Figure 3.2).
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Figure 3.2 : RMSD plot of the model DnaK (1-388) and DnaK (1-392).

RMSD results showed that there are differences between the DnaK (1-388) and
DnaK (1-392) constructs. While DnaK (1-392) construct reached the equilibrium
faster, for DnaK (1-388) it took more time. It seems that the structure of DnaK (1-

388) deviates from its initial conformation.

RMSF plots also showed us significant differences in protein flexibility for particular

residues (Figure 3.3).
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Figure 3.3 : RMSF plot of the model DnaK (1-388) and DnaK (1-392).

In DnaK (1-392) constructs, lower RMSF value for C-terminus has observed
compared to DnaK (1-388). Also it has been seen that there are substantial
differences for the residues; 58 and 97 in IB, 145 in IA, 196, 211, 225, 226 and 342
in 1A, 254 and 274 in 1IB.
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Radius of gyration analysis was done for examining and comparing compactness of
DnaK (1-388) and DnaK (1-392) (Figure 3.4).
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Figure 3.4 : Radius of gyration plot of DnaK (1-388) and DnaK (1-392).

Radius of gyration results revealed that DnaK (1-388) have a more compact

conformation compared to DnaK (1-392) with a little difference.

Most of functional processes contains slow and large conformational states. PCA
selects collective degrees of freedom which has a role on atomic displacements seen
in a trajectory. In terms of determining dominant dynamics differences and
correlation of the relevant structures, principle component analysis was performed
(Figure 3.5).
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Figure 3.5 : First principal component analysis of DnaK (1-388) and
DnaK (1-392), green and red, respectively. Blue square shows the
significant change in the helix contains residues between 71-90. (1,2,3
indicates the time dependent screenshots obtained from reconstructing
protein structure using first principal component)

Analysis of first principal component showed that dominant groups in protein and
their correlations are different for DnaK (1-388) and DnaK (1-392) constructs. DnaK
(1-388) have more flexible motions, especially for the helix includes the resdiues 71-
90 which is indicated in square. While first principle component describes the
13.83% of the all motions for DnaK (1-392), it describes 29.04% for DnaK (1-388).

3.2. Different Dynamics Observed for Regions Including Sites His226, Asp224,
Asp231 and Arg71, Glu80, Glu81, Arg84, Asp85.

The first region that we realized different dynamics is the area between two
neighbour helices which contains His226, Asp224, Asp231 and Arg71, Glu80,
Glu81, Arg84, Asp85. For better understanding where these two helices are located
within protein, relevant structures can be seen in Figure 3.6 and Figure 3.7. Closer
look to helices can be seen in Figure 3.8.
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Figure 3.6 : V-shaped NBD of DnaK (1-388) with residues H226, E81, D231, R84
and R71 (magenta, orange, yellow, blue and red, respectively).

Figure 3.7 : Positions of DnaK (1-388) with residues H226, E81, D231, R84 and
R71 (magenta, orange, yellow, blue and red, respectively).
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Figure 3.8 : Closer look to relevant helices and residues H226, E81, D231, R84 and
R71 (magenta, orange, yellow, blue and red, respectively).

These two helices are closer in DnaK (1-388) rather than DnaK (1-392). Distance

measurements for some residues of interests are given in Figure 3.9.

Figure 3.9 : Closer look to relevant helices at (A) DnaK (1-388) (green) and (B)
DnaK (1-392) (red) with residues H226, E81, D231, R84 and R71 with
a instantaneous value of distances at 200 ns (magenta, orange, yellow,
blue and cyan, respectively).
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Residues picked from the construct DnaK (1-388) (A) for measuring distances
instantaneously. H226-E81, R71-D231 with two interaction points and D231-R84
have the distances 3.51, 1.63, 1.64 and 5,83 A°, respectively.

Residues picked from the construct DnaK (1-392) (B) for measuring distances
instantaneously. H226-E81, R71-D231 with two interaction points, R84-D231 have
the distances 4,21, 1,72, 1,68 and 4,98 A°, respectively.

Detailed distance measurement analysis along simulations for DnaK (1-388) and
DnaK (1-392) was performed. Distances between alpha carbons for the relevant

residue pairs can be seen in Figure 3.10 to Figure 3.18.
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Figure 3.10 : aC distance between H226-D85 residues for model DnaK (1-388) and
DnaK (1-392).

It is seen that distance between His226 and Asp85 is closer in DnaK (1-388) . Also,
DnaK (1-392) does not showed a stable pattern compared to DnaK (1-388).
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Figure 3.11 : aC distance between H226-E81 residues for model DnaK (1-388) and
DnaK (1-392).

Distance between the residues His226 and Glu81 is higher for DnaK (1-392)
construct during the whole simulation.
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Figure 3.12 : aC distance between D231-R71 residues for model DnaK (1-388) and
DnaK (1-392).

Distance between the residues Asp231 and Arg71 is decreased by the time for DnaK
(1-388).
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Figure 3.13 : aC distance between D231-R84 residues for model DnaK (1-388) and
DnaK (1-392).

At a first glance it is seen that distance between Asp231 and Arg84 is higher for

DnaK (1-392). In addition, it is also seen that there is an increase between those

residues in DnaK (1-392) construct after 145 ns. Also, distance measuremenrs

according to time showed that DnaK (1-388) has more prominent profile compared

to DnaK (1-392).
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Figure 3.14 : oC distance between H226-R71 residues for model DnaK (1-388) and
DnaK (1-392).

Distance between the residues His226 and Arg71 is fewer for DnaK (1-388).
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Figure 3.15 : aC distance between E81-T225 residues for model DnaK (1-388) and
DnaK (1-392).

Distance between Glu81 and Thr225 is not show us a stable profile for DnaK (1-
392). But it is seen that after 160 ns it is increasing.
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Figure 3.16 : aC distance between R75-D224 residues for model DnaK (1-388) and
DnaK (1-392).

Distance between the Arg75 and Asp224 is higher for construct DnaK (1-392).
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Figure 3.17 : oC distance between E230-R84 residues for model DnaK (1-388) and
DnaK (1-392).

Distance between Glu230 and Arg84 is higher for DnaK (1-392). Also, significant
increase in 160 ns is observed for DnaK (1-392).
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R75-T225
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Figure 3.18 : aC distance between R75-T225 residues for model DnaK (1-388) and
DnaK (1-392).

The residues Arg75 and Thr225 are closer to each other in DnaK (1-388).

Distance measurement analyses testify that member of helices 71 to 90 and 224 to

250 are closer in DnaK (1-388) construct.

3.3. Ala Mutation at His226 Revealed More Open Conformation of the ATPase

Domain When Linker Sequence ***VLLL**?is Present.

Suspicion about a network between those relevant helices took us a step forward.
H226A mutation was performed in DnaK (1-392) to see effect of this residue on

general dynamics of protein. Time dependent screenshots can be seen in Figure 3.19.
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Figure 3.19 : DnaK (1-392) and H226A DnaK (1-392) constructs screenshots from
particular point of time (red and blue, respectively). Black square shows
relevant helices.

RMSD and RMSF analysis were performed for constructs DnaK (1-392) and mutant
H226A DnaK (1-392) (Figure 3.20 and Figure 3.21).
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Figure 3.20 : RMSD plot of the model DnaK (1-388) and H226A DnaK (1-392).

RMSD plot showed similar pattern until 145 ns. However RMSD of mutant H226A
DnaK (1-392) increased in the last quadrant while DnaK (1-392) showed a stable

pattern after relaxation.
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Figure 3.21 : RMSF plot of the model DnaK (1-392) and H226A DnaK (1-392).

RMSF plot showed that generally higher fluctuations belongs to H226A DnaK (1-

392) mutant especially residues; 60 to 110, 131, 145 to 170, 199, 226 and 275.
Residues between 60 to 110, belongs to subdomain IB and residues between 145 to
170 belongs to subdomain IA. Those subdomains contains critical residues for ATP

hydrolysis.
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Radius of gyration analysis was done for comparing the compactness of DnaK (1-
392) and mutant H226A DnaK (1-392) (Figure 3.22).
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Figure 3.22 : Radius of gyration plot for DnaK (1-392) and H226A DnaK (1-392).

Radius of gyration results revealed that H226 A DnaK (1-392) started to lose its

compactness after 140 ns.

Figure 3.23 : Closer look to relevant helices at (A) DnaK (1-392) (red) and (B)
H226A DnaK (1-392) (blue) with residues H226, E81, D231 and R71
with an instantaneous value of distances at 200 ns (magenta, orange,

yellow and cyan, respectively).

Distances between the residues belonging to DnaK (1-392) construct (A) measured
instantaneously at 200 ns. H226-E81, R71-D231 with two interaction points and

R84-D231 have the distances 4.21, 1.68, 1.72 and 5.34 A°, respectively.

Distances between the residues belong the mutant H226A DnaK (1-392) construct
(B) measured instantaneously at 200 ns. H226A-E81, R71-D231 for two interaction
points, R84-D231 have the distances 7.41,7.92, 8.77 and 5.75 A°, respectively.
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Detailed distance measurement analysis along simulations for DnaK (1-392) and
H226A DnaK (1-392) were performed. Distance between relevant residue pairs for

alpha carbons can be seen in Figure 3.24 to Figure 3.31.
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Figure 3.24 : oC distance between H226-D85 residues for model H226A DnaK (1-
392) and DnaK (1-392).

Distance between His226 and Asp85 was observed to be increased for both
constructs. However this increase is higher for H226 A mutant.
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Figure 3.25 : aC distance between D231-R71 residues for model H226A DnaK (1-
392) and DnaK (1-392).

Distance between the residues Asp231 and Arg71 were higher for mutant H226A

during the whole simulation, however a significant change is observed after 140 ns.
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Figure 3.26 : aC distance between H226-E81 residues for model H226A DnaK (1-
392) and DnaK (1-392).

Distance between His226 and Glu81 were higher for mutant H226A DnaK (1-392).
This difference is especially seen after 145 ns.

Figure 3.27 : aC distance between D231-R84 residues for model H226A DnaK (1-
D231-R84

— 2264 Dnak(1-392)

= Dnak(1-352)

392) and DnaK (1-392).

It is seen that distance between Asp231 and Arg84 is increasing for both H226A
DnaK (1-392) mutant and DnaK (1-392) after 140 ns. However, this increase is
higher for mutant H226A DnaK (1-392).
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Figure 3.28 : aC distance between H226-R71 residues for model H226A DnaK (1-
392) and DnaK (1-392).

While distance between His226 and Arg71 has a stable profile in DnaK (1-392),

when His226 is mutated a considerable change has observed after 160 ns.
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Figure 3.29 : aC distance between E81-T225 residues for model H226A DnaK (1-
392) and DnaK (1-392).

Distance between the residues Glu81 and Thr225 is higher for mutant H226A after
90 ns.
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Figure 3.30 : aC distance between R75-D224 residues for model H226A DnaK (1-
392) and DnaK (1-392).

Distance between Arg75 and Asp224 began to increase after 50 ns for H226A

mutant.

R75-T225

[
[=)]

[
.

— 2264 Dnak(1-392)

= Dnak(1-392)

Figure 3.31 : aC distance between R75-T225 residues for model H226A DnaK (1-
392) and DnaK (1-392).

Distance between Arg75 and Thr225 is higher for H226A DnaK (1-392) mutant
especially after 140 ns.
Distance measurement analysis testify that member of relevant helices’ are close to
each other in DnaK (1-392) construct and so H226A DnaK (1-392) shows more open
conformation. In addition, we see bounces at 140 and 160 ns in some couples of

distance measurement which is going to be discussed in the section 4.

Principle Component Analysis was performed to see dominant dynamics differences

of the relevant structures (Figure 3.32).

38



Figure 3.32 : First principal component analysis of DnaK (1-392) and H226A DnaK
(1-392), red and blue, respectively. (1,2,3 indicates the time dependent
screenshots)

PCA results showed that H226A DnaK (1-392) has flexible motions rather than
DnaK (1-392), especially for the helix which includes H226 and D231. While
13.83% of all motions described with first principle component for DnaK (1-392),
30.81% was described for mutant H226A DnaK (1-392).

34. His226 Plays a Role on Stabilization of the Active Site by Positioning
Thr199 at the Right Position.

Since we realize a big difference in RMSF plot for T199, we decided to focus on
His226 and Thr199 relationship. Both in simulations and principal component
analysis, it is seen that His226 is significant for catalytically important residue
Thr199 positioning.

Molecular dynamics simulations showed that while DnaK (1-392) stable during the
simulation time, in H226A DnaK (1-392), Thr199 suddenly moved away at 160 ns
for DnaK (1-392) construct and completed the simulation away from ATP (Figure
3.33).
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Figure 3.33 : DnaK (1-392) and H226A DnaK (1-392) seen with residue T199 and
ATP, red and blue, respectively.(A: Screenshot from 50 ns time point,
B: Screenshot from 170 ns time point).

PCA was performed for the DnaK (1-392) and H226A DnaK (1-392). As a result,
principal component analysis showed that T199 in H226A DnaK (1-392), has more
flexible characteristic (Figure 3.34).

Figure 3.34 : PCA screenshots of different time points DnaK (1-392) and H226A
DnaK (1-392), red and blue, respectively, seen with residue T199 and
ATP.
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Distance measurement analysis between the Thr199 and ATP for the constructs

DnaK (1-392) and mutant H226A DnaK (1-392) was performed (Figure 3.34).
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Figure 3.35 : Distance between ATP and Thr199 during simulations.

During the simulation time, distance between Thr199 and ATP is protected for
DnaK (1-392). On the other hand, for mutant H226A DnaK (1-392), it is observed
that distance between T199 and ATP considerably increase at 160 ns.
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4. DISCUSSION AND CONCLUSION

Our findings contribute in the understanding of linker induced dynamic alterations of
the ATPase domain conformation in the ATP-bound state. Previous studies showed
that the ATPase activity of DnaK (1-392) mimics the ATPase activity of the
substrate-stimulated form of the full-length DnaK, whereas DnaK (1-388) has a basal
level of ATPase activity mimicking the full-length DnaK in the absence of the
substrate. Here, when we analyzed DnaK (1-388) and DnaK (1-392) conformational
and dynamical differences in the ATP-bound state, we observed the major effect on
the two a-helices that are located on the subdomains IB (residues 71 to 90) and 11B
(residues 224 to 250), showing rearrangements at the subdomain interface, agreeing
with the previous NMR study that revealed large perturbations with nucleotide
binding (Zhuravleva and Gierasch, 2011). This observation compares well with the
preferential domain adaptation in the ATP-bound state conformation for linker

binding.

Our simulations revealed major differences on the dynamics, compactness and
flexibility of subdomains of DnaK (1-388) and DnaK (1-392). Differences observed
in the helices belongs to IB (residues 71 to 90) and IIB (residues 224 to 250) in
DnaK(1-388) construct agrees well with the experimental findings of their studies
that these two helices are more compact than that of DnaK(1-392) for the regions of
upper arms of V-shaped NBD (subdomains IB and IIB) when ATP is bound. The
inter-subdomain distance of IB-11B domains is increased with the hydrophobic linker
$VLLL*? in the ATP-bound state. It is revealed that presence of ATP in the
nucleotide binding domain increases the chance of linker binding by allowing
conformational change of the NBD to a more linker interacting position as observed
with the consequence of chemical-shift changes on this domain (Zhureavleva and
Gierasch,2011). Additionaly, these findings suggested that interface between the
NBD lobes is perturbed because of linker binding on the hyrophobic cleft (between
IA and IlA) showing an allosterically-induced lobe reorientation. In their NMR

results. Also, they observed C-terminus domain of DnaK (1-388) to be more mobile
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as observed in our simulations. When linker interacts with the ATPase domain it
binds to an edge strand of the B-sheet (residues between 215 and 220) in subdomain
A in the ATP-bound state. So, the presence of the linker
sequence *¥*VLLL**results in a reduced flexibility of subdomain 1A and increased
compactness of subdomain IA observed in our simulations which are in agreement
with the findings of Zhueravleva, 2011 and Chiappori, 2016, indicating possible
linker interactions changing the flexibility and compactness of these domains which
are important for allosteric communication. Thus, according to our study, the two
below arms (IA-1IA) of V-shaped NBD structure becomes more stable
with ***VLLL**2 whereas the two upper arms (IB-11B) of \V-shaped NBD structure
gets wider. As it is known that ATPase reaction occurs in the center of the VV-shaped
cleft (Zuiderweg et.al., 2013), the wider the cleft in DnaK (1-392) can results in a
higher rate of ATPase activity.

The biggest difference in the upper arms of V-shaped NBD, especially for the
helices, which containing the residues 71 to 90 (IB) and 224 to 250 (11B), for DnaK
(1-388) and DnaK (1-392) constructs call into doubt if these helices may have a role
in determining the rate limiting step as a gate since it is on the way of P; release.
Because previous studies support that the helix contains the hinge residues which are
located in 1A and 1B, G223, L227, G228 and G229, may play a role in nucleotide-
dependent structural allostery and transitions (Ung et.al., 2013, Chiappori et.al.,
2012). On the other hand, residues interacting with the nucleotide exchange factor
GrpE, are located in the helices which contains the residues 255 to 275 (11B) and 51
to 62 (IB) (Bukau et.al., 2001) give us thoughts about the ADP-release pathway. In
our study, it is observed that way for ADP release is nearly closed because of the
approximate positioning of the suspected helices in the DnaK (1-392). This fact, may
lead to a slower ADP release in DnaK (1-392) which is consistent with the
experiments that are previously done (Imamoglu, 2014, Tubitak project: 110T434).
The difference in distance of these gates, is clearly the consequence of the linker
interactions. Previously, it is known from Swain et al. study (2007) that the ADP
release is the rate limiting step of DnaK (1-392) constructs. Findings from this study
and the data from our study together, reveal a model for pathways for ATP hydolysis
products (Figure 4.1).
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Figure 4.1: Possible releasing pathways for ATP hydrolysis products in DnaK (1-
388) and DnaK (1-392). (Two arrows indicates higher release rate)

While the openness of the oppositely located helices which contain the residues
between 71 to 90 and 214 to 250, may facilitate easier and faster release of P;
through this gate, closer bearing of the oppositely located helices which contain the
residues between 255 to 275 and 51 to 62, may result in slower the ADP release.
This allows us to detect the rate limiting step as the ADP release rate for DnaK (1-
392) construct. On the other hand, from our simulations for DnaK (1-388), it is seen
that way for ADP release is more open and suggested gate for P; release is closed on
the contrary to DnaK (1-392). Since it is clarified before, ADP release is not the rate-
limiting step for DnaK (1-388) (Swain et.al., 2007, Tubitak project: 110T434), we
suggest that the closed route may be the sign of the rate-limiting step for P; release.
These suggestions are also consistent with experimentally measured overall ATPase
and single turnover ADP release rates which are previously done by our research
group (Imamoglu, 2014, Tubitak project 110T434).

Finally, we realized that His226 has an important role on the stabilization of Thr199
in DnaK (1-392) construct. Thr199, is a highly conserved residue in Hsp70 family,
from DnaK to human Hsc70 (Hunt and Moromoto, 1985). Thr199 in all members of
Hsp70 family, is positioned preciding aspartic acid and three glycines and followed
by a phenylalanine and an aspartic acid. This conservation of Thr199, makes the
residue important for the active site. Such that, when Thr199 mutation to alanine,
showed an nearly abolished, ATPase activity of DnaK. Thr199 is located very close

to a y-phosphate of ATP which also makes Thr199 as a suspected leading actor of the
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autophosphorilation site for DnaK, which means the first residue that interacting with
the detached P; (McCarty and Walker, 1991). In our study the sudden conformational
change in H226A DnaK (1-392) construct between 140 and 160 ns, causes the
relevant gate (helices contains the residues 71 to 90 and 224 to 250) to open, leading
to a sharp orientational rearrangement of the sidechain of Thr199 that increases the
distance between Thr199 and ATP. This observation could affect the proper
coordination of P; and may results in higher P; release rate. When T199 loses its
interaction with Pi, the release of ATP hydrolysis products might be faster.
Moreover, when effect of this situation combined with a more open conformation for
mutant H226A DnaK (1-392), it becomes consistent with an experimental three fold
change in the ATP hydrolysis rates and ADP release rates which is previously done
by our research group (Tubitak project 110T434).

To conclude, with this study, we show the effect of the linker sequence **°VLLL®*%,
and the importance of residue His226 for the general conformation and dynamics of
the ATPase domain in a linker-induced conformation as observed for DnaK (1-392)
construct. Further investigation must be done for critical residues which belong to the
—gatel either in silico or in vitro experiments especially for enlightening the P; release
pathway.
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