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CATALYSIS OF ATP HYDROLYSIS BY THE CHAPERONE PROTEIN
HSP70

SUMMARY

Molecular chaperone proteins assist the newly synthesized proteins to fold into the
native structure. Many chaperone proteins are also heat shock proteins, which assists
refolding of the proteins denatured under stress conditions, with Hsp70 being one of
them. Besides being a heat shock protein, Hsp70s are also responsible for the
membrane translocation of secretory and organellar proteins and controlling the
activity of regulatory proteins. Co-chaperones and/or cooperation with other
chaperone systems are needed for these pathways.

In this study, the ATP hydrolysis mechanism of Hsp70 has been investigated using
the QM/MM ONIOM method with M06-2X for the QM part and the AMBER force
field for the MM part. Two main models were created (which are decided with
respects to the results of our group’s previous study) depending on the protonation
states of D201.

Particular attention has been paid to the role of K70 as it is known experimentally
that this residue is crucial for ATP hydrolysis. Geometry optimizations have been
carried out on structures where this residue is coordinated to the nucleophilic water
or oriented away from this water. In addition, the possibility that K70 is involved in
acid catalysis has been investigated.

Other acid-base catalysis options were also considered with D194 and a water
molecule between Mg2+ and K+ also being an acid candidate and E171 as a base
candidate.

In general, phosphate hydrolysis reactions can take place either through an
associative or a dissociative mechanism depending on the environment. Therefore,
both mechanisms are tested in order to identify lowest energy pathway.

In the crystallographic structure, a Mg2+ ion is coordinated to the beta-phosphate
group. In the literature, it is suggested that the reaction begins by the shift of this
Mg2+ to a position between the beta- and gamma-phosphate groups. Therefore, both
positions of Mg2+ have been considered in QM/MM geometry optimizations.

Our results showed that proton transfer to ATP occurs with nucleophilic water
directly attacking the ATP and acid-base catalysis does not seem to be an option for
ATP hydrolysis in Hsp70. The shift of Mg2+ between the two phosphate groups is
also energetically unfavorable.

On the other hand, in the models with a deprotonated D201, Pi tends to donate a
proton to a nearby water or E171, which suggests that E171 can accept a proton after
product formation. And when a proton is deleted on Pi, Mg2+ shift between the two
phosphate groups is energetically favorable.
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ATP HIDROLIZININ HSP70 SAPERON PROTEINI TARAFINDAN
KATALIZLENMESI

OZET

Proteinler katlanmamis polipeptidler veya rastgele sarmallar halinde sentezlenirler.
Biyosentezin tamamlanmasindan sonra bu yapilar aminoasit sekanslarinin belirttigi
sekilde lic boyutlu yapilarina katlanirlar. Bir proteinin dogal ii¢ boyutlu yapisina
katlanmasi protein olarak islev gormesi i¢in gereklidir. Proteinler dogru ii¢ boyutlu
yapilarina katlanamazlarsa inaktif yapida bulunurlar. Yanlis katlanmis bu yapilar
cokelebilirler, farkli fonksiyonlara sahip olabilirler ya da hiicre i¢inde zararl bir etki
olusturabilirler. Ornegin, baz1 nérodejeneratif hastaliklar yanhs katlanmis proteinler
nedeniyle meydana gelmektedir.

Proteinler kendilerini hiicre ortaminin kalabalikligina ragmen kendi kendilerine
katlayabilirler. Ancak diger molekiillerle meydana gelen etkilesimler yanlis
katlanmalara sebebiyet verebilir. Molekiiler saperon proteinleri yeni sentezlenmis
proteinlerin dogal yapilarina katlanmalarinda onlara yardimci olur. Saperon
proteinlerinin ¢cogu ayni zamanda 1s1-sok proteinidir. Bu proteinler stres kosullarinda
denatiire olmus proteinlerin yeniden katlanmasina yardim etmede gorev almaktadir.
Hsp70 de bu proteinlerden bir tanesidir. Isi-sok proteini olmasinin yani sira, Hsp70
proteinleri regiilator proteinlerin  aktivitesinin kontroliinii, organelve salgi
proteinlerinin membran translokasyonundan da sorumludur.

Hsp70, 45 kDa N-u¢ ATPaz domain ve 25 kDa C-terminal substrat baglanma
domaini igeren 70 kDalik bir proteindir. ATPaz domain ve substrat baglama
domaininin arasinda bir bagla¢ sekansi bulunur. Bu baglag allosterik iletisimde gorev
alir.

Hsp70°de ATP hidrolizi iki ana hali i¢eren bir dongii seklindedir. ATP bagl oldugu
durumda substrat afinitesi diisiiktiir. Bagli ATP hidrolizlenip ADP ve Pi olustugunda
ise substrata olan afinite artig gosterir.

Hsp70’in ATP hidroliz mekanizmas: ile ilgili yapilan ¢aligmalar genellikle aktif
merkez i¢indeki bir ya da birka¢c aminoasidin mutasyona ugratilmasiyla bu
aminoasitlerin hidrolize etkisi arastirilarak hidroliz reaksiyonu i¢in esansiyel olup
olmadiklarinin arastirilmasina yoneliktir.

Bu ¢alismada Hsp70’in ATP hidroliz mekanizmast QM/MM ONIOM methoduyla
QM bolge icin M06-2X, MM bolge icin AMBER kuvvet alan1 kullanilarak
incelenmistir.  Grubumuzda daha oOnceden yapilan molekiiler dinamik
simiilasyonlarina dayanarak 201. Pozisyondaki aspartik asidin protonasyon
durumlarina gore iki ana model diisiiniilmiistiir. Bu modellerin tasariminda ilgili
molekiiler dinamik simiilasyonundan alinmig anlik bir goriintiiden faydalanilmistir.

XiX



Onceki calismalarda hidroliz icin kritik bir aminoasit oldugu bulunan K70’in
tizerinde Ozellikle durulmustur. Niikleofilik suya olan mesafesine gore cesitli
geometriler hazirlanip optimize edilmistir. Ek olarak, K70’in asit-baz katalizine girip
girmedigi de arastirilmistir. Bununla birlikte, asit-baz katalizinde rol oynayabilecegi
diisiiniilen baska aminoasitlerle de asit-baz katalizi reaksiyonlarimi ifade eden
modeller hazirlanmistir. Asit adayr olarak K70’in yan1 sira, D194 ve Mg2+ ile K+
arasinda bulunan bir su molekiilii diistiniilmiis, baz olarak ise E171 se¢ilmistir.

ATP hidroliz mekanizmalar1 asosiyatif veya disosiyatif olarak gerceklesmektedir.
Mekanizmanin hangi yonde gerceklesecegi reaksiyonun meydana geldigi ortama
baglidir. Bu nedenden dolay1 iki mekanizma da test edilmistir.

Kristallografik ¢alismalarda ATP’ye koordine olmus bir Mg2+ iyonunun beta fostat
grubu ile etkilestigi gdzlemlenmistir. Literatiirde bu iyonun beta ile gamma fosfatin
arasina kaymasiyla reaksiyonun baslayabilecegi one siiriilmiistiir. Bunu test etmek
amactyla bu iyonun farkli pozisyonda oldugu geometriler ele alinmistir.

201. Pozisyondaki aspartik asidin iyonize ve nétral halde bulundugu yapilardan
alinan baslangi¢ geometrilerinin optimizasyonundan sonra Oncelikle hidrolizin
oldugu ilk an1 ifade eden iiriin yapilar tiiretilmistir. Daha sonra sonuglarin gosterdigi
dogrultuda aktif merkezin i¢inde olabilecek farkli durumlar tasarlanip
modellenmistir.

Sonuglanan ¢alismalarda, D201’in noétral oldugu yapilarda ATP hidroliz
mekanizmasinin niikleofilik suyun dogrudan saldirisiyla gergeklestigi goriilmiistiir.
Ortaya ¢ikan gegis hali yapisi ise asosiyatif karakterlidir. Bununla birlikte asit-baz
katalizi iceren c¢aligmalar enerjetik olarak uygun sonuclar vermemislerdir. Mg2+
iyonunun iki fosfat grubu arasina kaydigi calismalarda ise bu iyonun arada durdugu
yapilar ya baslangi¢c geometrilerine geri donmiistiir, ya da rdlatif olarak ¢ok yiiksek
enerjili sonuglar vermislerdir.

Diger yandan, D201’in iyonize oldugu durumlardaki yapilarda Pi’in proton verme
egiliminde oldugu goriilmektedir. Bu c¢alismanin sonucunu goézlemledikten sonra
Pi’dan E171 ve D201’e proton gecisini ifade eden yapilar optimize edilmeye
calisilmistir. Bu optimizasyonlarin sonucunda D201’in protonu kabul etmeyip suya
geri gondererek hidryonyum olusturdugu, E171°in ise protonu kabul ettigi
gorilmistiir. Bu iki sonug birbirine es rolatif enerjili ¢ikmistir.

Mg2+ iyonu bu is setinde de iki fosfat iyonunun arasina kaydirilmis, ancak diger is
setinde oldugu gibi olumlu bir sonug¢ alinamamastir.

Sistemde hidronyum olusmasi, bu hidronyumun ortami terk edebilme ihtimalinin,
yani ortamdan Pi’dan gelen bir hidrojenin ortadan kayboldugu bir halin gézden
gecirilmesini saglamistir.

Bir hidrojenin ortamdan uzaklastirildigi durumu tespit etmek amaciyla oncelikle bir
referans model olusturulmustur. Bu modelde Pi’in 6nceki ¢alismalarda suya proton
verip hidronyum olusturdugu hidrojen manuel olarak silinmistir. Bu geometrinin
optimizasyonundan sonra biri bu referans alinacak geometrideki ayn1 hidrojen, digeri
de hidroliz reaksiyonu sirasinda Pi’in aldigi diger Hidrojen olmak iizere iki farkli
hidrojen atomundan birinin silindigi iki geometri olusturulup optimize edilmistir. Bu
geometrilerde Mg2+ ADP ile Pi arasina yerlestirilmistir.

XX



Optimizasyonlar sonuglandiginda bu iki geometrinin de Mg2+ iyonunun sadece ADP
ile etkilestigi referans geometrisinden daha diisiik enerjili oldugu sonucu bulunmus,
bu iki geometriden de hidroliz sirasinda gamma fosfata verilen hidrojenin silindigi
geometrinin daha diisiik enerjiye sahip oldugu gézlemlenmistir.

XXi



xXxii



1. INTRODUCTION

Hsp70 is an allosterically regulated chaperone protein which consists of an ATPase
domain and a substrate binding domain connected by a conserved linker, which
mediates the allosteric communication between two domains. The affinity of Hsp70
to substrates, which are misfolded proteins, is low when ATP is bound. Upon
substrate binding, ATP is hydrolyzed into ADP and the affinity to the substrate
increases [1]. Although several mechanisms are suggested, how ATP is hydrolyzed is
still unclear. There are still unanswered questions about the position of the linker or
the roles of the residues like K70 which is essential for ATPase domain to function.
The reaction also shows pH dependency with the optimum pH being 7.5 [2]. There
are ionizable amino acids in or near the active site (E171, D194 and D201) and their
protonation states may be important for the reaction. There is a Mg?* ion, its shift
between B- and y-phosphate is thought to initiate the reaction[3]. The hydrolysis
mechanism itself is also unknown, which can be either associative or dissociative
depending on the environment. This study focuses on the E. coli Hsp70 homolog
DnaK in order to contribute to the understanding of the ATPase mechanism in this

protein.

1.1 Biological Role of the Hsp70

Proteins are synthesized as unfolded polypeptides or random coils. After
biosynthesis, they fold into their native structure dictated by their amino acid
sequence. Native three dimensional structure is important for polypeptides to
function as a protein. If a protein does not fold into its correct three dimensional
structure, this will result in an inactive protein. These misfolded proteins can be
aggregated, have modified functionality or can be harmful for the cells. For example,

several neurodegenerative diseases can be caused by misfolded proteins.

Although a protein can fold correctly by itself, in the crowded cellular environment,
interactions with other molecules may lead to misfolding. Molecular chaperone

proteins assist the newly synthesized proteins to fold into their native structure. Many



chaperone proteins are also heat shock proteins, which assist refolding of the proteins
denatured under stress conditions, Hsp70 being one of them. Besides being a heat
shock protein, Hsp70s are also responsible for the membrane translocation of
secretory and organellar proteins and controlling the activity of regulatory proteins.
Co-chaperones and/or cooperation with other chaperone systems are needed for these

pathways.

Hsp70s can either assist folding a newly synthesized protein into the native structure,
preventing aggregation or refolding an aggregated protein depending on a given
situation. Mechanism of folding a substrate into its native structure is still unclear,
but there are two suggested mechanisms. One involves repetitive binding and
releasing the substrate. This makes the concentration of free unfolded proteins lower.
With the low concentration, it is possible to prevent aggregation and the free
molecules will fold into their native state. The second mechanism involves local
unfolding of the misfolded parts of the substrate to overcome kinetic barriers for
refolding. J-domain proteins, which are co-chaperones, help prevention of
aggregation by binding to the unfolded parts of the substrates. The J-domain proteins
bind to the substrate and chaperone simultaneously. With their help, the molecular
chaperone system interacts with the hydrophobic residues in the substrate. This
interaction of the system with the substrate prevents intermolecular interactions of
the substrate. Solubilization of the aggregates can be possible with cooperation from

Hsp100 chaperones by some Hsp70s [1].

1.2 Structure and Functional Cycle of the Hsp70

Heat-shock protein 70 is 70 kDa. It consists of a 45 kDa N-terminal ATPase domain
and a 25 kDa C-terminal substrate binding domain. The ATPase domain has two
subdomains named A and B, both of which can be divided into subdomains I and I1.
The substrate binding domain is also divided into a beta-sandwich subdomain and an
alpha-helical subdomain (Figure 1.1). There is a linker sequence between the ATPase
domain and the substrate binding domain to mediate allosteric communication.
Crystallography studies show that the nucleotide binds in the cleft between the
subdomains | and Il. ATP binding as well as the release of the ADP and Pi is
possible with the conformational changes of these two subdomains of the ATPase

domain.



Figure 1.1 : Structure of Hsp70 [4].

ATP hydrolysis in Hsp70 is a cycle involving two main states: When ATP is bound,
substrate affinity is low. When the ATP is hydrolysed into ADP + Pi, substrate
affinity is high.

In the ATP state, the ATP binding cleft between the subdomains I and Il is more
closed than in the ADP state, and the binding cavity in the substrate binding domain
is open. In this state, the two domains are docked onto each other. The helical
subdomain of SBD is bound to subdomain I of NBD. Thus, it is oriented away from
the rest of SBD and does not close the substrate binding site.

Hydrolysis rate of the DnaK in the ground state ranges between 3.10* to 1.6.10% s,
which is very low. ATP hydrolysis reaction can be stimulated by the substrate by 2 to



10 fold, which is also very low to have properly functioning cycles. J-domain co-
chaperone proteins are needed to overcome this situation. Escherichia coli J-domain
protein member, named DnalJ, stimulates the rate of ATP hydrolysis to an extent
similar to the substrate. However, the substrate and DnaJ together stimulate the rate
synergistically by higher than 1000 fold. This mechanism involves DnaJ binding the
ATPase domain and the substrate protein simultaneously [1].

In the state with ATP and the substrate are bound at the same time (Figure 1.2), the
conformation either leads to ATP hydrolysis or substrate dissociation. System
decides which way to go with both intermolecular interactions between two domains

and between the bound substrate and the co-chaperones [5].

In the ADP state, the two domains separate from each other. This movement releases
the helical subdomain of SBD (from subdomain I) which closes the substrate binding
cavity. The dissociation rate of the ADP is very low, 0.0004-0.0014 s™. If Pi is also
in the environment, dissociation rate is 0.004-0.035 s™. The low ADP release rate,
together with the increase in the substrate affinity, provides the necessary time for
folding [1].

Substrate binding ATP hydrolysis

RN N

S

g

nucleotide
exchange

Substrate release

Figure 1.2 : Functional Cycles of Hsp70 [5].

The release of ADP is accelerated by the nucleotide exchange factors (GrpE for

Escherichia coli DnaK). In the presence of GrpE, the nucleotide binding cleft in the



ATPase domain opens up to allow the dissociation of ADP. Next, ATP binds to

restart the cycle.

In the studies with only the NBD domain, two structures, one with the linker
sequence (1-392) and one without the linker (1-388) were used to see if there is a
difference between them. The results show that the NBD construct with the linker
sequence has the same ATPase rate with the full length protein that also has a
substrate, but the other construct (1-388) has the same rate with the full length

protein without a substrate.

ATP hydrolysis reaction shows a bell-shaped pH dependence when substrate is
present, with the highest ATPase rate seen at pH 7.5. In contrast, in the absence of
the substrate, no pH dependence was observed. (1-388) construct replicates the same
result with this, whereas (1-392) constructs show a bell shaped pH profile (Figure
1.3)[2].

< 08

£
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[} 0.6
g g / ___ & 1-392 construct
00 g4 % & Full length with substrate
% S / O 1-388 construct
& E yd _ é & Full length without substrate
<R 02 , — s

<L @—/*-é» —_— O

° -~ o

£ 0.0

5.5 6.0 6.5 7.0 7.5 8.0 8.5

Figure 1.3 : pH profile of Hsp70 [2].

1.3 Active Site of Hsp70 and Mutation Studies

Figure 1.4 shows ADP+Pi bound bovine Hsp70 homolog Hsc70 crystal [6]. The
nucleotide is bound in the cleft between the two subdomains 1 and 1. A Mg?* ion is
coordinated between Pi and the B-phosphate group of ADP. Mg?* also interacts with
4 nearby waters to create an octahedral coordination shell. There are also two K* ions
in the environment. One is coordinated between Pi, B-phosphate group of ADP and

T199. The other one is coordinated between D8 and B-phosphate group of ADP.



Without the K* ions in the environment, Mg-ATP binding does not induce substrate
dissociation. This experiment is also done with Na™ instead of K™ and Na" ions could
not replace the function of K" ions. Studies also show that the steady state ATPase
activity is stimulated by monovalent cations and the turnover rate changes with the

ionic radius of the cation in the environment. When Na® is present in the

environment instead of K*, steady state ATPase rate was 10-fold slower, whereas

NH," or Rb" addition halves the observed turnover rate with K* [7,8,9].

Figure 1.4 : D206S Mutant Crystal Structure of Bovine Hsc70 [6].

K70, E171, T12 and T199 possibly interact with the Pi directly with a hydrogen
bond. T199 is also an autophosphorylation site. D201 interacts with a water molecule
interacting with Pi. D8 and E171 interact with a water molecule in the coordination
shell of Mg?*.

Mutation studies give insight to the pH dependency of the ATPase domain. When
D194 is mutated into alanine in the DnaK(1-392) construct, instead of a bell-shaped
activity profile, the ATPase activity increases with the increasing pH. Mutating E171
and D201 to alanine in the DnaK(1-392) construct made Hsp70 lose its ATPase
activity, so commenting on the pH dependency was not possible [10].



When these mutations were done in an ATPase domain construct with no linker
sequence (DnaK(1-388)), the wild type and the mutants did not show pH dependency
but all of the mutants had higher ATPase activities than the wild type.

When T199 was mutated into alanine, ATPase and autophosphorylation activities
were lost, but the T199S mutation resulted in near wild-type level of steady state rate
and the observed autophosphorylation activity was 13 percent of the wild type. With
these results, it is thought that the autophosphorylation is not an obligatory reaction
in the ATP hydrolysis process. Mutation of the corresponding residue in bovine
homolog Hsc70 (T204) into valine and glutamic acid resulted in increased K, values
for ATP (1 to 90 uM).

K70 is found to be an essential residue for the ATP hydrolysis in the studies done in
bovine Hsp70 homolog Hsc70. Lysine 71 of the Hsc70 is mutated into alanine,
methionine and glutamic acid. All three of them had the same result, in which the
hydrolysis activity was lost. Moreover, ATP binding cannot change the conformation
of the protein in K71 mutants, thus peptide release does not occur in these mutations.

K70 to alanine mutation in DnaK gives the same result [11].

T13 in Hsc70 is mutated into serine, valine and glycine to see the effect of T13 on
the conformational changes triggered by ATP binding. ATP binding only changed
conformation in the T13S mutant. These studies showed that the protein needs a
hydroxyl group at that residue, which is why only T13S mutant had a conformational
change [12].

In another study involving bovine Hsp70 homolog Hsc70, D10, D199, D206 and
E175 are mutated into serine and asparagine for aspartic acid residues D10, D199,
D206 and glutamine for E175 to find the residues that might participate in the ATP
hydrolysis reaction. Mutations of the D10 and D199 reduce Ky values to around 1%
of the wild type, whereas D199 and E175 mutations reduce it around 10% of the wild
type. Changes in Ky, values are little in D199 and D206 mutants but increased 10-
100 fold in the mutations of the D10 and E175. Those mutations are also visualized
in crystal structures with ADP + Pi and AMPPNP (5"-adenylyl-B,y-
imidodiphosphate, a non-hydrolyzeable molecule which can take place of the ATP)
bound models. Results of these experiments show that the ATP hydrolysis reaction



does not depend on just a single catalytic residue and the orientation of the Mg?* ion

is crucial for the reaction [13].

P143, R151 and E171 were mutated (glycine for P143, lysine for R151, aspartic acid
for E171 and alanine for the all three of them) to observe their effects on the
conformational changes between the ATP state and the ADP state. Results show that
the mutations of P143 and E171 create a nonfunctional protein. Concerning the
mutations of R151, alanine mutation cancels the allosteric control mechanism
between the two domains. Lysine mutation abolished the DnalJ + substrate
stimulation and reduced the substrate release rate to 6% of the wild type in the
presence of ATP. With these results, an allosteric control mechanism involving E171
and K70 as sensors for ATP was proposed. These residues were suggested to affect
the conformation of P143 so it can act as a switch and affect the position of R151.
The latter then interacts with DnaJ and substrate and all of the conformational
changes of these residues reverse in favor of an ideal conformation to catalyze ATP
hydrolysis [14].

1.4 General Mechanisms For Phosphate Hydrolysis

Phosphate hydrolysis is an essential reaction for biological systems as they get the
necessary energy to sustain their functions as a living organism from hydrolyzing
ATP or GTP. Even though this reaction has great importance for life itself, the actual
mechanism surrounding the phosphate hydrolysis is still unclear. However, there are
two suggested reaction pathways. One of the two pathways is an associative pathway
and the other one is a dissociative pathway.

What defines the reaction pathway as associative or dissociative is the distance
between the y-phosphate and the attacking nucleophile and the distance between the
y-phosphate to the leaving group at the transition state. This definition is applicable

to the More O’Ferrall-Jencks diagrams [15].
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Figure 1.8 : A schematic description of the potential surface for the hydrolysis of
phosphomonoesters with three reaction coordinates R1, R2 and X [15].

In the associative mechanism, the cleavage of the leaving group and the y-phosphate
is not advanced while a partial bond formation with the nucleophile occurs. The
transition state is shaped as pentacovalent trigonal bipyramidal phosphorus. On the
other hand, dissociative mechanism involves the dissociation of the leaving group
before the nucleophile attacks. In this configuration, the transition state proceeds by
metaphosphate formation. Proton transfer occurs after the dissociation in this
pathway. Usually in an associative mechanism, the reaction begins with a proton
transfer from the nucleophilic water to the y-phosphate. Since y-phosphate acts as a
base, this type of associative mechanism is called the substrate assisted catalysis or
substrate as a base mechanism. Both of the associative and the dissociative reaction
pathways can either proceed as stepwise or concerted. Stepwise process involves
proceeding through stable intermediates, whereas a concerted pathway proceeds
through a single transition state. This transition state involves the bond formation

with the nucleophile and the bond cleavage with the leaving group in one step.

There are several experimental studies (linear free energy relationships-LFER,
measurement of activation entropy, kinetic isotope effect) to determine the pathway
of the phosphate hydrolysis reaction. Most of the experiments are consistent with a
dissociative mechanism. However, a study involving computationnal methods
pointed out that the same experiments may also consistent with an associative
mechanism under certain conditions. In another study, the same group which did the

previous study obtained very similar activation energies for associative and



dissociative pathways. Based on this observation, they suggested that the architecture
of different active sites may catalyze one mechanism or the other [16-24].

1.5 Suggested Mechanisms

With collective mutation and crystallography studies, it is suggested that there is not
a single catalytic residue in the active site, but several amino acids work together to
extract a H” or stabilize the nucleophilic OH ion. Given that their studies show that
the mutation of the residues interacting with the coordination shell of the Mg*? ion
has a greater effect than the more distant residues, they thought that the Mg®* ion has
an important role in the reaction. Moreover, a H,O molecule which has a positon to
attack ATP cannot be seen in the crystal. Based on these results, they proposed a
pathway which requires some rearrangements in the electrostatic interactions in each
step. First, y-phosphate of the ATP reorients itself to take a position such that a
nearby water molecule can do an inline attack. With this reorientation, ATP forms a
B,y-bidentate complex with Mg?*, which was interacting only with the b phosphate
before. After this reorientation, attack by an OH" ion or a watter molecule, which is
the one interacting with K71, occurs. Final step involves the release of the Pi group.
This suggestion relies heavily on the Mg*? ion to position the y-phosphate to initiate
the hydrolysis reaction [3, 13].

Another mechanism is suggested from the computational studies using QM/MM
reactive Car-Parrinello simulations in a study done with the T13G mutant of Hsc70,
which is a mutation they think that provides high flexibility. As a result, triphosphate
chain can be displaced easily. This also results with one of K* to get O atoms of y-
phosphate to its coordination shell. Empty space formed by this configuration is
filled with the catalytic water molecule. This water molecule is in the coordination
shell of the Mg®" ion. Reaction starts with the dissociation of the catalytic water
molecule into H" and OH". H" then attaches itself to the nearby O atom of the y-
phosphate. The OH" ion remains in the coordination shell of the Mg®* while the bond
between P of the y-phosphate and O of the B-phosphate is cleaved. HPO3 becomes a
leaving group and distances itself from ADP. The OH" ion attacks after this step and
forms H,PO,. The K" ion follows the leaving group starting with the step that
involves the bond cleavage between B- and y- phosphate. This ion is responsible for

getting the OH" ion to attack. Basically this mechanism suggests a reaction that is
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caused by dissociation of a water molecule between the Mg* and the K" ions.
Reaction results in the formation of Pi and the shift of the attacking water molecule
into the coordination shell of the K* ion from Mg?*. This suggestion completely
ignores the possible roles of the residues in the active site and proposes the idea of

HPO; to be a leaving group [25].

1.6 Aim of the Study

This study focuses on the ATP hydrolysis mechanism of the chaperone protein
Hsp70. In particular, the roles of the critical residues and effects of the ions in the
active site and the hydrolysis reaction type (associative or dissociative) were
investigated.

Mutation studies show that K70, E171, D194, D201 and T199 may have catalytic
activites and are very important in the ATP hydrolysis reaction. Especially some
mutations of the K70, E171 and D194 create a nonfunctional protein. These residues
and their possible roles were investigated in this study. Particular attention has been
paid to the role of K70 as it is known experimentally that this residue is crucial for
ATP hydrolysis. Geometry optimizations have been carried out on structures where

this residue is coordinated to the nucleophilic water or oriented away from this water.

Moreover, this study assumes there can be an acid-base catalysis. Protonation states
of the D194, D201 and E171 in the reactant and product structures were studied. The

effect of these protonation states on the transition pathway was investigated.

It was shown in the literature that the active site needs Mg?* and K* ions to function
properly. Previous studies on this subject highly emphasizes the orientations and the
roles of those ions in the active site, so this study will contribute to clarify the roles

of these two ions.

Phosphate hydrolysis reactions can take place either through an associative or a
dissociative mechanism depending on the environment. Therefore, both mechanisms

are tested in order to identify lowest energy pathway.
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This study will use computational methods to provide evidence for the roles of the
residues and the ions in the active site while showing the possible mechanism for the
ATP hydrolysis in the E. Coli Hsp70 homolog DnaK.

12



2. MATERIALS AND METHODS

All calculations were performed with ONIOM method [26-28] as implemented in
Gaussian09 software [29]. MM calculation were performed using the Amber ffO3
force field [30], QM calculations were performed at the M06-2X level of theory,
using the 6-31+G** basis set for oxygen atoms and 6-31G** for all other atoms in
the model system. The choice of the M06-2X level was done according to the
previous unpublished studies on phosphate hydrolysis reactions where high level QM
methods were compared with various DFT methods. That study revealed that the
MO06-2X functional gave the most accurate results for phosphate hydrolysis reactions.
For all atoms in the system the basis set is chosen to provide a polarization function
(as a d-orbital) to the heavy atoms and p functions to the hydrogen atoms, leading to

a more flexible wave function.

Our first geometry optimizations were performed via mechanical embedding.
However in some cases, it was observed that one of the hydrogen atoms of K70
amino group was donated to ATP. But electronic embedding optimizations located
the proton on K70 even if the proton was put manually on ATP in the initial
geometry. Therefore, all optimizations were performed using the electronic

embedding approach.

With respect to molecular dinamics simulations and thermodynamic integration
studies done before in our group, we decided to create two different initial models
depending on the protonation state of D201 (referred as 201N for neutral D201 and
2011 for ionized D201). We then selected a snapshot for each of these models from

those simulations.

Our QM region consists of the two loops surrounding the ATP and the catalytically
important residues K70, E171, D194, T199 and D201 (Figure 2.1). Total atoms in
the environment is 9061 with 175 atoms in the QM region and 8886 atoms in the
MM region. Both the total number of atoms and the number of QM region atoms are
the same in 201N model and 2011 model because there is a second K* atom in the

2011 model. QM region and MM region are seperated with hydrogen link atoms.
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ONIOM creates problems during the numeric update of the 2nd derivative matrix. As
a result we could not achieve the full convergence for transition state optimizations.

The convergence criteria limits of Gaussian 09 are listed below:
The maximum components of force must be smaller than 0.000450 cut-off value,
Below 0.000300 cut-off value for Root Mean Square of the forces,

The calculated displacement for the next step must be below the cut-off value
0.001800 for Maximum Displacement,

Smaller than 0.001200 tolerance limit for RMS Displacement (Root Mean Square of

the displacement) for the next step.

The maximum RMS Force among all of our transition structures is 0.000538. Hence,
although not fully converged, we believe that our results are of semi quantitative

quality.

2.1 Density Functional Theory

Density functional theory is a quantum mechanical method [31-34]. In quantum
mechanics, unlike classical mechanics, the position and the momentum of a particle
cannot be known simultaneously without any uncertainty. Therefore the position of a
particle is expressed as a probability function, ¥, ¥ is known as the wavefunction

and is obtained by solving the Schrédinger equation:

H ¥(x)= E¥(x) (2.1)

A is the Hamiltonian operator, and it provides the energy (E) and the wavefunction

of the system.

~ 1 Z 1
He:ec:_g :'j"'r—lvi2 - ?rzlzile_A-l_E?r:lZ?;la:T+VNB+1{99 (2-2)

- T4

In 2.2, the first term gives the kinetic energy of electrons, the second term gives the
attraction between electrons and nuclei, and the third term gives the interelectronic
repulsion. Zx is the charge of any nucleus, N the number of electrons, M the number
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of nuclei, r; distance between electrons i and j, and r;a distance between electron i

and nucleus A.

There are many acceptable solutions of the Schrodinger equations, identified by the

guantum number n:

HW¥.(x)=E¥,(X) n=1,2,... (2.3)

The exact solution of the Schrodinger equation exists only for one-electron systems.
For many-electron systems only approximate solutions can be obtained. The first
step to obtain these approximate solutions is the separation of variables by
expressing the many-electron wavefunction W(1,2,3..) as the product of one-electron

wavefunctions y1(1), x2(2), x3(3)..

Such a separation is possible only if the electrons are independent from each other,
which is of course not true in real systems. Therefore, the error introduced by the
independent electron approximation must be corrected later in the calculations.

On the other hand, according to Pauli Exclusion Principle, the wavefunction must be
antisymmetric with respect to the exchange of the labels of any two electrons [31-
34]. Hence, expressing ¥ as the product of one-electron wavefunctions would violate

the Pauli Exclusion Principle. Instead, ¥ is expressed as a Slater determinant:

Ao Ga) Yz (=) oo e (x)

Ko () Yz () Yor (x2) (2.4)

Ao G) Yo () oo Y (Ew)

which is constructed from a set of N single-electron wave functions (N being the
number of electrons in the molecule) in Hartree-Fock theory. Every y; (xn) function is
equal to the spin function multiplied by the spatial wave function. The Schrodinger
equation with a Hamiltonian in (2.2), and ¥ given as a Slater determinant, can be

reorganized as:
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N NN
Enr = [ WoHo Wodt = X(i | h | i) + ¥ XX(ii | jj) — (ij | ji)
1 1]

(2.5)
M

(0] i)=]x* () (-1/2 Vi - IZal Tia) 13 (1) dxa 2.6)

(i |ji) = I b (a)PL/raz b (x2)Pdxy dx (2.7)

i 1) =117 (1) 357 (2) Uiz o5 (62) 75 (%) dxa dx (2.8)

(2.6) gives the kinetic energy of a given electron and the interaction energy between
this electron and the nuclei. The integral in (2.7) is known as the Coulomb integral
(J), and gives the total Coulombic repulsion between any two electrons. The integral
in (2.8) is called the exchange integral (K). It has no classical counterpart, and arises
completely from the Pauli Exclusion Principle [31-34].

Each one-electron orbital (y;) can be approximated by using a linear combination of
Gaussian functions, known as the basis set.

N
Xi= %:zlcui O (2.9)

The energy calculated with a wave function, which is described with a basis set, is
always higher than the exact energy. Therefore c,; values (molecular orbital
expansion coefficients) are calculated by minimizing the energy, with respect to
these coefficients. This procedure is called as variation principle.

The method described above is known as the Hartree-Fock method. Since this
method starts with the independent electron approximation and the errors introduced
by this approximation are never corrected, it lacks the electron correlation effects.
This means that each electron moves in the average field created by all other
electrons, without knowing their instantaneous positions. Therefore electrons can get
unrealistically close to each other. There are methods which are based on the
calculation of the wavefunction, and which can include the electron correlation
effects, but these methods are computationally very expensive. Instead density
functional methods offer a cheaper solution of this problem.

DFT is based on Kohn-Hohenberg theorems, which state that the electron density
p(r) includes all the information carried in W. p(r), which can be obtained from a

many-electron wavefunction W, is given by:
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p(r) =N ... [dry...dry | ®(re 1o, ... 1N P (2.10)
where r denotes both spin and spatial coordinates of electrons.

The first Kohn-Hohenberg theorem (Existence theorem) states that the electron
density p(r) determines the external potential v(r), i.e. the potential due to the nuclei.
This means that for a given electron density, there exists only one particular
distribution of nuclei with their given charges.

The second theorem introduces the variation principle, i.e. the energy computed with
an approximate density is always greater than the true energy. Therefore the energy

IS minimized with respect to p(r).

Three variables in the energy, E(N, Ra, Za), can be known when electron density is

known. The energy can be written as:

Elp] =1 v(r) p(r) dr + T[p] + Veelp] (2.11)

where T[p] is the kinetic energy of the interacting electrons and Vee[p] is the electron-
electron repulsion energy. Calculation of the kinetic energy of the interacting
electrons is difficult. Therefore Kohn and Sham defined a reference system with non-
interacting electrons, such that the one-electron wavefunctions of these electrons give
the true density [30-33]. The wavefunction of this system can be expressed as a
Slater determinant of one-electron functions y;(r) and the density can be written as;

p(r) =Xl Ix:(1)?] (2.12)

The Kinetic energy of this system can be calculated by using yi(r)’s as in the Hartree-

Fock theory. Now the electronic energy may be rewritten as:

E[p] = v(r) p(r) dr + Tuilp] + I[p] + Exclp] (2.13)

with J[p] being the coulomb energy, Tni[p] being the kinetic energy of the non-
interacting electrons and E,c[p] being the exchange-correlation energy functional.
The exchange-correlation functional is an unknown functional and expressed as the
sum of an exchange functional Ex[p] and a correlation functional Ec[p], although it
contains a correctional term, which accounts for the kinetic energy term arising from
the kinetic energy difference between the interacting and non-interacting electron

systems.
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Minimization of the energy with respect to p(r), with the constrain that the one-
electron orbitals are orthonormal, yields:

[ (-1/2) Vis® + Veir(r) 1 7i(r) = eia(r) (2.14)

where ¢; is the orbital energy of the corresponding independent (y;) Kohn-Sham

orbital.
In (2.14), the one-body potential Vs can be defined as;
Vei =V(r) + [ 0(p) / Op(r) ] + [ 0Exc(p) / Op(r) ] (2.15)
Verr= V() +[ p(r") /| r-r'| ] dr' + vy(r) (2.16)

where vy(r)is the exchange-correlation potential.

The exact form of the exchange-correlation functional is not known. It is possible
only for simple systems to derive these functionals. Therefore approximate forms are
studied and improved. If we assume that the density is kept same everywhere,
p=N/V, we can make our first approximation, i. e. the local density approximation
(LDA). This approximation gives the energy of a uniform electron gas, i. e. a large
number of electrons uniformly spread out in a cube accompanied with a uniform
distribution of the positive charge to make the system neutral. The total energy of the

system is expressed as a functional of the charge density as:

Elp] = Tslp] + [ p(r)Vex(r)dr + J[p] + Exclp] + Es (2.17)

1. T is the Kohn—Sham kinetic energy functional, which is expressed in terms
of the Kohn—Sham orbitals as:

Tlo) = 2%, [ 3 @) [(—3) V| rdr (2.18)

2. Vex: IS the external potential which acts on the interacting system at minimum,
3. Eyc is the exchange-correlation energy,
4. Eb is the electrostatic energy of the positive background and since the positive

charge density is the negative of the electron density due to uniform

distribution of particles, the energy expression is reduced to:

Elp] = Tslp] + Exclp] (2.19)
Elpl = Tslp] + Ex[p] + Eclp] (2.20)
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The kinetic energy functional T can be rewritten as:
Ts[p] = Cel p(r)>dr (2.21)

where Cg is a constant equal to 2.8712. The exchange energy functional can be

calculated exactly by:
Ex[p] = -Cxl p(r)*3dr (2.22)

with Cy being a constant equal to 0.7386. Even for this simplest system, it is not
possible to derive a similar approximation for the correlation energy, E¢[p]. Using
Quantum Monte Carlo techniques, Ceperley and Alder (1980) calculated the total
energy for uniform electron gases of several different densities to very high
numerical accuracy. For each case, they were able to determine the correlation
energy in these systems and the kinetic energy functional is obtained by fitting an

analytical function to their results.

A disadvantage of the LDA method is the underestimation of the exchange energy by
about 10 percent and it does not have the correct asymptotic behavior. The exact
asymptotic behavior of the exchange energy density of any finite many-electron

system is given by:

limUx°=-1/r (2.23)

X >
where Ux is the Coulomb potential of the exchange charge and Uy is related to total
exchange functional, Ex[p] by;
Exp] =4 ¥ [ poUs7dr (2.24)
To correct this problem, exchange-correlation functionals are created to have a
proper asymptotic limit by adding a gradient correction term.

The adiabatic connection formula connects the non-interacting Kohn-Sham reference

system (1=0) to the fully-interacting real system (1=1) and is given by:

1

Exc = I ch)L di (2.25)
0
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where / is the interelectronic coupling-strength parameter and U," is the potential
energy of exchange-correlation at intermediate coupling strength. The adiabatic

connection formula can be approximated by;
Exc= 1% Exexact + UXCLD (226)

The equation 2.26, which is known as adiabatic connection formula, is the sum of
exact and approximated exchange-correlations. This provides an accurate theory of
the exchange-correlation functional and is the starting point of many approximations.

The functionals which include an exchange term, are called hybrid functionals.

The functional used in this thesis is M06-2X. It belongs to a family of functionals,
including also M06 and MO06-L, where the main difference being the amount of the
exact exchange. It is designed by Zhao et al. [35] and is a hybrid meta-generalized
gradient approximation. The reason why they are called hybrid functionals is the
addition of Hartree-Fock exchange functional into pure DFT functionals. They are
also called latest generation functionals and used extensively in recent years because
of their accuracy, and this accuracy of calculation depends upon the exchange-

correlation functional, Ex[p].

The pure DFT parts (meta-GGA) depend on spin density (p), reduced spin density
gradient (x) and kinetic energy functional [7(p)]. The reduced spin density gradient
(Xs) is shown in (2.27):

Xo = | Voo | 1 po™ (6= a, B) (2.27)

The M06 functional family includes 3 additional terms; Z as a working variable, y

and h as working functions.
Zs = [2t 1 po>"] - Cr, Ce= 315 (67972, y(Xo, Zo) = 1+ a(Xs> + Z5)  (2.28)

h(Xe,Zo)=[doly(X, Z)]+[(d1Xe+d22Z)/ Y2 (X, Z)]+[(daXs +daxs?Zs + dsZ2)YP(X, Z)] (2.29)

The exchange functional term (Ex[p]) of the M06-2X functional is kept same as in
the MO06-L functional:

EMC = 3 1 [ FooPBE (0u(1), Vpo(r) T (@) + &P Ny(Xnzo)] dr  (2.30)

where hy(x,z) is defined in (2.29). F,"B5 (p(r), Vp,(r)) indicates the exchange energy

density, which is taken from PBE exchange model. According to Zhao et al., PBE
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model satisfies the correct uniform electron gas (UEG) limit and also gives rather
good results in the non-covalent interactions [31].

exo 7 is the local spin density approximation for exchange;
exo P = =312 (3/41) 20, 3(r) (2.31)
and the f (w,) is the spin kinetic energy density factor;

m

f(w)=Y a v, (2.32)
i=0

where the variable w,is the function of t,, and the t, is the function of spin kinetic

energy density (T) and spin density (o).

we=(t,— 1)/ (t, + 1) (2.33)
=T M T, (2.34)

where
ToPA=3/10 (67%)Rp,"° (2.35)

The correlation functional form of the M06-2X functional is again kept same as in
their M06-L functional family. However, in this new correlation functional, the
opposite spin and parallel spin correlations are treated differently by Truhlar and co-

workers.
The opposite spin M06 correlation energy is given by;

Ec™ = [ eag”™ [ Gup(¥ar Xg) + Nap(Xap Zap)] Cr (2.36)
where gqp(Xq, Xp) is described as:

N .
Jop(Xas XB?:j YCeapi [Yeap % +X37) / 14 yeop (%" + %59 11 (2.37)

and hyp(Xep,Zep) is described in (2.29) with X,p°= X,” + Xp° and Zep = 7, + Zp.
The parallel spin correlation energy is;

Ec® = [ €40”%° [ Guo(Xe) + Noa(Xa:Ze)] Do dr (2.38)
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where this time g,4(X,) is described with:

N .
gaB(Xm XB) = IZOCCaa,i [ YCaa (Xaz) / 1+ YCaa (chz) ] ! (239)

In (2.38), D, is the self-interaction correction term for avoiding self-interactions:

De=1—(X2/4[z4+Ce]) (2.40)

If the system is a one-electron system, Equation 2.39 will be meaningless. The terms
eqp 0 and e, are the uniform electron gas correlation energy density for opposite

spinned and parallel spinned systems.

The total MO6 correlation energy can be written as the sum of opposite spinned and
parallel spinned components:

Ec = Ec®® + E¢** + ECP (2.41)

The ycop and yeqq terms in the (2.37) and (2.39) are constants equal to 0.0031 and
0.06, respectively [34].

All of energies form the hybrid meta-generalized functional. The hybrid exchange-

correlation energy (Exc[p]) now can be written as;

Exc = (X/100) Ex"™ + [1-(X/100)] Ex?"T + Ec®F (2.42)

Where Ex" is the nonlocal Hartree-Fock exchange energy and X is the percentage of
this Hartree-Fock exchange energy in the hybrid functional. The X value is
optimized to obtain the best results. In addition to X value, all the parameters in the

equations are optimized against accurate data too [37].

For observing the accuracy of the M06-2X method, some comparisons were done.
These comparisons consisted of hybrid functionals, pure DFT functionals and
functionals with full Hartree-Fock exchange. According to Zhao et al., it performed
better than all other functionals for calculation of the atomization energies, ionization
potentials, electron affinities and proton affinities [35]. The M06-2X method also
performed better to calculate the alkyl-bond dissociation energies, proton affinities of
conjugated 7 systems, binding energies of a Lewis acid-base complex, heavy-atom
transfer barrier heights [37, 40].
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2.2 Basis Set

A basis set is a set of functions used to build the molecular orbitals. In the first
quantum mechanical calculations using the Hartree-Fock theory, molecular orbitals
(MO) were calculated with the Linear Combination of Atomic Orbitals (LCAO)

technique, which is described in (2.9).

The approximation of molecular orbitals as the sum of one-electron atomic orbitals
provided an easiness. These atomic orbitals are typically Slater-type orbitals (STO),
defined by;

Snim(r,0,0) = Nr'" e 5Y,"(6,0) (2.43)

where N is a normalization factor in the radial part, n is the principal quantum
number of the orbital, { is called the orbital exponent (which controls the width of the
orbital) and Y,™ is the spherical harmonic. These orbitals can also be written with the

Cartesian coordinates:

Sabc(X, ¥, Z) = Nx?yPz%e ™ (2.44)
One can see that these functions depend on quantum numbers (n,I,m) and decrease
exponentially with distance from the nuclei. The difficulty of the integration process
of this type of orbitals, led to some approximations. If the exponential term is written

as exp(-Cr?), thefunction becomes a Gaussian type function (GTO):
NXPy"z%exp(-(r?) (2.45)

which is called a primitive, an individual Gaussian function. With Gaussian functions
the electron integrals can be solved analytically. Except that the Gaussian functions
decay faster than Slater-type functions at large r values, this approach was better than
STO’s, yet it was still taking longer to solve these integrals. To cure this problem,
Pople and his co-workers proposed the minimal basis sets. They determined optimal
contraction coefficients and exponents for mimicking STOs with contracted GTOs

for a large number of atoms.

With this approximation, a linear combination of Gaussian functions is treated as a
single function. This linear combination of primitive Gaussian functions is called a
contracted Gaussian function. Therefore this type of basis sets are called STO-nG

basis sets, where n is the number of primitive Gaussian orbitals mimicking a single
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STO, varying from 2 to 6 (2.45). Higher the number of these primitive Gaussian
functions better is the accuracy.

n
Sae(x, ¥, 2) =N X ¢ X2yP2¢ exp(-Cr?) (2.46)
=

This summation of linear combinations of Gaussian functions made the computation
much easier, but the minimality was the problem. As one can see, there is only one
contracted basis function defined for each type of orbital, either core or valence. A
split-valence basis uses only one contracted basis function for each core atomic
orbital, and multiple basis functions for the valence atomic orbitals. Therefore these
types of basis sets are called split-valence basis sets. The simplest split-valence basis
sets are called Pople basis sets, which are created by Pople and co-workers, and they
used the X-YZG notation. X is the number of primitives for the core orbitals, but Y
and Z indicate that the valence orbitals are composed of two contracted basis
functions, the first one is composed of a linear combination of Y primitive Gaussian
functions, the other one is composed of a linear combination of Z primitive Gaussian

functions.

Basis sets can be modified with two functions, which are polarization functions and
diffuse functions. The first one, polarization functions add higher angular momentum
orbitals for any heavy atom in the system. This addition permits polarization of the

wave function and gives flexibility to electrons.

The second function is the diffuse function, which is useful for systems which have
anions, weak interactions, lone pairs. The diffuse function permits the orbitals to
occupy larger spaces. Basis sets with diffuse function are important for systems
where electrons are relatively far away from the nucleus, as systems with significant

negative charge and so on.

The selection of a basis set for quantum chemical calculations is very important and
calculations can often be improved by the addition of diffuse and polarization
functions [36, 39].
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2.3 ONIOM

Hybrid methods are methods which combine two or more computational techniques
in one calculation and allow analyzing the chemistry of very large systems with high
precision. Most hybrid methods combine a quantum mechanical QM method with a
MM method, which is generally referred to as QM/MM methods. The other class of
hybrid methods combines (QM) method with (QM) method. The ONIOM (Our own
N-layered Integrated molecular Orbital and molecular Mechanics) scheme can
combine any number of molecular orbital methods as well as molecular mechanics
methods. The region of the system where the chemical process takes place, as bond
breaking or bond formation, is treated with an appropriately accurate method, while
the rest of the system is treated at a lower level. QM/MM schemes provide
opportunity to investigate enzyme reactions by treating the active site via a high level
method, such as DFT, and the protein environment with less expensive method, by

molecular mechanics.

Hybrid methods have some more differences, not only the different methods they
combine but the treatment of covalent interaction between the QM and MM region
(high and low level region) could change according to the method used. During the
QM calculations dangling bonds are formed which must be saturated. Simplest
approach to solve this problem is to use link atoms (LAS). Link atoms could be any
atom that mimics the part of the system it substitutes but usually hydrogen atoms are
used. Link atoms are used in a large proportion of QM/MM implementations as well
as ONIOM scheme.

The second main difference between various QM/MM methods is the way the
electrostatic interaction between the two layers is managed. Two different
approaches are used to evaluate the electrostatic interaction. In classical or
mechanical embedding approach the electrostatic interaction is evaluated as the
interaction of the MM partial charges with partial (point) charges assigned to the

atoms in the QM region.

In the second approach referred to as electronic embedding, the charge distribution of
the MM region interacts with the wave function of the QM region. As a result
electrostatic interaction are more accurately described in electronic embedding since

the partial charges from the MM region are included in the QM Hamiltonian, by
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allowing the wave function to respond to the charge distribution of the MM layer
[26-28, 40].

The ONIOM energy expression is written as an extrapolation, in contrast to the
merged Hamiltonian of traditional QM/MM methods. The ONIOM method works by
approximating the energy of the whole system as a combination of the energies
computed by less computationally expensive means:

EONOM = E°%(Real) + E"9"(Model) — E™™"(Model) (2.47)

In ONIOM, the real system contains all the atoms and is calculated only at the MM
level. The model system contains the part of the system which is treated at the QM
level with the link atoms that are used to cap dangling bonds resulting from cutting
covalent bonds between the QM and the MM regions. Both QM and MM
calculations need to be performed for the model system (see Figure 2.3. for the

definition of the real and model systems and link atoms).

Real System Model System
MM H H
Layer Pt Link Atom (LA)
H"'C/
v
H” N H Link Atom Host
/ H (LAH)
/O—C\\ <5 [ Link Atom Connection /O—C\\
H o] (LAC) H o]
am
Layer

Figure 2.1 : The components of the ONIOM scheme [28].

2.4 MM Force Fields

Force fields can be described by parameters for all of the bonds, angles, dihedrals,
and atom types in the system. In the context of molecular modeling, a force field
refers to a collection of equations and related constants designed to reproduce

molecular geometry and to describe the potential energy of a system.

Force field functions and parameter sets are derived from both experimental work
and high-level quantum mechanical calculations. A force field is composed of
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bonded terms and non-bonded terms. Bond stretching, angle bending and torsion
angle represent bonded terms, while, van der Waals and Coulomb forces are

classified into non-bonded terms contributions (Figure 2.4).

&
Q@Q—9 - §-
- -
Bond stretching \ = -
|
\ e

-

1 -

MNon-bonded interactions
{electrostatic)

Angle Bending )

Bond rotation (torsion) Non-bonded interactions

{van der Waals)
Figure 2.2 : Force field elements.

A general form for the total energy in an additive force field can be written as
(2.48)
Etotal = Ebonded + Enonbonded

the components of the covalent and noncovalent contributions are given by the

following summations:

(2.49)
Ebonded = Ebond + Eangle + Edinedral
(2.50)
Enonbonded = Evan der Waals T Eelectrostatic
1 bond 2 1 angle 2
Erwa= ) SK™ =)+ ) SKEM (6, - )
bonds angles
"’chiheclr:alsk;:lihla [1 + CDS(nili)i + 6!)]
%] () - (2) ]+ gt 251
+ij=tir__lj_r__lj+ij=ti?u (2.51)
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The functional form of the AMBER force field is the sum of the equations (2.49) and
(2.50) shown as equation (2.51) above [30, 41, 42]. The force is the derivative of this

potential with respect to position.

The bonded interactions, formed by all chemical bonds, angles, and dihedrals which
are present in the system are described respectively by the first three terms of the
equation shown above. First term represents the energy between covalently bonded
atoms. This harmonic force is a good approximation near the equilibrium bond
length, but becomes increasingly poor as atoms separate. The second term represents
the energy due to the change of an angle between two consecutive covalent bonds.
Third term represents the energy for twisting a bond due to bond order (e.g. double

bonds) and neighboring bonds or lone pairs of electrons.

The fourth term of the equation describes the van der Waals interactions between

each pair of atom in the system. The form of the van der Waals energy is calculated
using the equilibrium distance (roj;) and well depth (€ ).
The fifth term represents the electrostatic interactions between atom pairs and is

evaluated using Coulomb’s law. The partial charges on atoms q; and @ are

parameters.

The non-bonded interactions are not calculated between two covalently bonded
atoms or between the first and third atoms in a covalently bound sequence because
these interactions are already accounted for in the bond stretching and angle bending

terms. The 1-4 non-bonded interactions are calculated but scaled.
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3. RESULTS AND DISCUSSION

Two main models based on the protonation state of the D201 have been prepared for
investigation of the ATP hydrolysis mechanism in DnaK. Initial geometries of these
two models are obtained from the snapshots of molecular dynamics simulations
carried out in a previous study in our group. Derivatives of these models are
produced by manually altering the resulting geometry. The model with a neutral
D201 is named 201N and the model with an ionized D201 is named 201l for
convenience. Similarly, the names of all stationary points in the reactions of 201N

and 2011 have the suffix N or I, respectively.

3.1 Hydrolysis in the 201N System

Several transitions structures and products have been optimized for the 201N system.
Their energies relative to the most stable reactant structure are displayed in Table
3.1.

Table 3.1 : Relative energies (with respect to RN) of the stationary points in the
reaction of 201N.

Relative energy

NAME (kcal/mol)
RMgN 20.4
PN -6.2
TSN1 28
TSN2 56.6
TSN3 60.2
AcidWN 31.3

In the reactant structure of the 201N model (RN, Figure 3.1), D201 and T199 are

oriented away from the active site. Mg®* is coordinated by B-phosphate and 5 nearby
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water molecules. K70 interacts with the y-phosphate and a nearby water molecule
hydrogen bonded to E171, but does not interact with the attacking water. E171
interacts with the protonated side chain of D194 and a water molecule in the
solvation shell of K*. A second K" ion, observed in the crystals, is not present
because it always leaves the active site in the molecular dynamics simulations when
D201 is neutral. D194 only interacts with a water molecule solvating the y-

phosphate.

Figure 3.1 : The most stable reactant structure (RN) in the 201N system.

To test the hypothesis that Mg®* can initiate the ATP hydrolysis as suggested in the
literature, this ion has been placed between the B- and y- phosphate groups and its
coordination shell has been rearranged according to its new position [3]. Upon
geometry optimization, configuration of the active site has remained the same as RN,
except that the new position of the Mg?* has caused K* to move 0.1 A away from y-
phosphate (RMgN, Figure 3.2). The energy of this model is 20.4 kcal/mol relative to
RN (Table 3.1). Considering that the shift in the position of Mg is suggested to
initiate the reaction, this type of reaction is not energetically feasible.
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Several product structures differing in the position of Mg®* or protonation states of
Pi, E171 and D194 have been optimized. One of these structures corresponds to the
product immediately formed after hydrolysis starting with RN where Mg®* is
coordinated only to B-phosphate (PN, Figure 3.3). On the other hand, since in the
crystallographic structure Mg is coordinated to both B- and y-phosphates, the
possibility of a shift in the position of this ion has also been investigated.

Figure 3.2 : Alternative reactant structure where Mg?"* is coordinated to both f- and
y-phosphates A) in the same orientation as Figure 3.1, B) close view of
the coordination shell of Mg?®* in an orientation rotated by 90° with
respect to (A).
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In PN (the structure formed immediately after hydrolysis before any possible
rearrangement of the Mg?* position), positions of D194, E171, D201, T199 and K70
are almost the same as in RN (Figure 3.3). There are minor changes in the H-bond
lengths and the K ion is shifted as a result of the Pi formation, coordinating with the
O atoms of E171 and D194 (0.2 A towards E171 and D194, from 3.1 A and 3.0 A
respectively, relative to the reference reactant structure). K70 interacts with an O
atom of Pi. The relative energy of this product structure is -6.2 kcal/mol (Table 3.1).
One of the protons of H,PO, is oriented towards ADP, whereas the other proton

interacts with a water molecule coordinated to D194.

Figure 3.3 : The most stable product structure (PN) in the 201N system.

To test whether an arrangement like in the crystallographic ADP + Pi structure is
more stable than PN, the Mg?* ion has been positioned manually between B- and y-
phosphates and its coordination shell has been rearranged accordingly. Several
attempts to optimize such a structure have always ended up with a shift of Mg?* back
to the B-phosphate as in PN.

A transition structure containing a four-membered ring has been optimized (TSN1).
This transition state has an associative character with a cleaving bond length of 2.2A

and forming bond length of 1.7 A (Figure 3.4). The proton separated from the
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nucleophilic water is already bonded with the y-phosphate. Together with the long
cleaving bond distance, this indicates a late associative transition state. Since the
proton acceptor is ATP, this transition state corresponds to a substrate assisted
catalysis mechanism. In this structure, K70 does not interact directly with the
nucleophilic water. The oxygen of OH" is solvated by a water molecule that also
solvates D194. The H of OH makes a H-bond with another water molecule (1.8 A).
This interaction is not present in the RN. The same water molecule interacts also
with K70. This interaction distance increases in going from the reactant to the

transition state. K also shifts by 0.1A towards a nearby O of the y-phosphate.

Figure 3.4 : The associative transition state (TSN1) without the assistance of K70 or
T199.

The relative energy of this structure is 28kcal/mol (Table 3.1). This value is close to
the activation enthalpy previously measured in the literature (26 kcal/mol) [14]. The
computational methods used in our study are not accurate enough to interpret energy
differences of 1-2 kcal/mol, nevertheless this result is remarkable. Since in TSN1
there is no participation of K70 or T199, which are known to be catalytically
important residues, its relative energy puts an upper limit to the activation energy for
the substrate assisted mechanism. If those residues participate during the transition,

one may find significantly lower relative energy. Orientation of T199 in 201N model
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cannot do this type of interaction. Because of this, a model with both of these
residues participating the reaction is considered in 2011 model.

Alternative mechanisms involving acid-base catalysis have also been studied.
Candidates for an acid role are a water molecule between Mg?* and K*, K70 and

D194 whereas candidate for a base role is E171.

A second transition structure with E171 as a proton acceptor has been optimized
(TSN2). This transition also has associative character with 2.3 A for the cleaving
bond and 1.8 A for the forming bond (Figure 3.5). Proton transfer to E171 through a
water molecule is completed. This transition state has a cleaving bond length 0.1 A
longer than TSN1, which suggests this geometry is also indicates a late associative
transition state. In this structure, K70 interacts with both the leaving y-phosphate
group and nucleophilic water. OH" is solvated by the same water as in TSNL1.
Relative energy for this structure is 56.6 kcal/mol. Even though K70 stabilizes OH"
unlike TSN1, this structure has much higher energy. This suggests that the E171 as a
proton acceptor in the mechanism without a proton donor is not energetically

favorable.

Figure 3.5 : The associative transition state (TSN2) without a proton donor.

Our third transition structure (TSN3) corresponds to acid-base catalysis with D194 as
the proton donor and E171 as the proton acceptor (Figure 3.6). This transition state
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has an associative character with a cleaving bond length of 1.9 A and forming bond
length of 2.1 A. Proton from D194 is already bonded to the ATP. Proton transfer
from the nucleophilic water to E171 occurs with the assistance of a second water
molecule. Proton from this water is already accepted by E171 at the TS, but the
proton transfer from nucleophilic water is not complete. K70 does not interact with
the nucleophilic water directly; instead, it interacts with the leaving phosphate group
and the water which passes its proton to E171. K" interacts with and stabilizes all of
the nearby negative charges. Relative energy for this structure is 60.2 kcal/mol. This
result shows us that an acid-base catalysis where D194 acts as an acid as the reaction
mechanism is not energetically favorable. Before this optimization, we tried to
optimize a structure with D194 donating a proton to ATP so that the active site
environment can sort itself accordingly. Relative energy to the RN for that structure
is 30 kcal/mol. The reason why there is a very high relative energy for the TSN3
could be that the environment did not properly rearrange itself for this situation. But
since giving a proton to the ATP requires energy, the result for TSN3 will still be
high for it to be energetically favorable. If this residue does not have a role in acid-
base catalysis, the role of D194 could be positioning another residue or residues in
the active site.

Figure 3.6 : Associative transition state (TSN3) with D194 as a proton donor and
E171 as a proton acceptor.
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A water molecule between Mg?* and K* has been deprotonated to give a proton to y-
phosphate as an initiator for the reaction. Even though one may think that it is
possible for this water molecule to be deprotonated as it has a low pKa because of its
position between the two cations, the proton did not create a bond with the y-
phosphate and shifted back to its original position upon geometry optimization.
Because of that, the optimization has been conducted with freezing the bond between
the proton and the accepting O atom. Removing the constraint has still resulted in the
same geometry as before, so to see the energy difference, whole optimization process
has had to be conducted with freezing the bond. In the optimized geometry
(AcidWN), K" shifted itself away from E171 and D194 to stabilize the OH" ion
better. K70 is also oriented away from y-phosphate to interact with a nearby water
molecule (Figure 3.7). Relative energy of this model is 31.3 kcal/mol, too high to be
the initial step of a general acid catalyzed reaction. Nevertheless, we have attempted
to optimize a transition state for the hydrolysis reaction following the proton transfer

from this water molecule. The proton migrated back to water during optimization.

One of the mechanisms proposed in the literature also begins with such a proton
transfer, followed by the attack of the OH- ion formed by this proton transfer [25].

Our results indicate that this pathway is unlikely.

K70 would be another candidate as an acid. But when we tried to do a geometry
optimization with K70 giving one of its protons to ATP, it resulted in the shift of the
proton to its original position. Nevertheless, we also attempted to optimize a TS, but

the optimization collapsed back to the reactant structure.

With two of the optimizations collapsing back to the reactant structure and one with

a very high relative energy suggests that acid-base catalysis is not likely to occur.

We tried to search for a dissociative transition state but those tests always resulted in

going to the reactant or product states.

The relative energies of all of our 201N models can be seen in the energy versus
reaction path graph (Figure 3.8.), where unlikely mechanisms are shown in dashed

lines.
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Figure 3.7 : The structure (AcidWN) obtained after the proton transfer from the
water between Mg?* and K* to the y-phosphate A) in the same
orientation as Figure 3.1, B) in an orientation rotated by 90° with
respect to (A) (the O-H distance has been frozen during optimization,
distances in A).
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Figure 3.8 : Energy versus reaction path graph of the 201N models.

3.2 Hydrolysis in the 2011 System

Several transitions structures and products have been optimized for the 2011 system. Their
energies relative to the most stable reactant structure are displayed in Table 3.2.

Table 3.2 : Relative energies (with respect to R1) of the stationary points in the reaction of

2011.
Relative energy
NAME (kcal/mol)
Pl 9.8
P171I 11.8
P2011 11.8
Cl 26

In the optimized reactant structure for the 2011 model (R1), both T199 and D201 are in the
active site. The nucleophilic water is between K70 and T199. T199 directly interacts with the
y-phosphate. K70 positions one of its H atoms next to the nucleophilic water instead of a
water molecule solvating E171. The latter water molecule interacts with the nucleophilic

water and forms an H-bond with D201 instead of D194. K" is also positioned differently than
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in the 201N model. It interacts with D194, D201, ATP (2.7 A) and to a lesser extent, T199.
This structure has a second K* atom positioned at the o-phosphate (Figure 3.9).

Figure 3.9 : The most stable reactant structure (R1) in the 2011 system.

In the product structure of 2011 model formed right after the hydrolysis (PI, Figure
3.10), interactions with K70 and T199 are stronger as a result of the Pi formation.
Interaction between K70 and E171 is weakened by 0.1 A and K™ also shifted by 0.1
A towards D194 and 0.1 A away from D201. Relative energy of this structure with
respect to the reference reactant is 9.8kcal/mol. This value will be exothermic when
Pi completely leaves the protein. An interesting point in this geometry is the
interaction of the Pi with the water between E171 and D194. The distance between Pi
and this water molecule is 1.4 A, and this water has stronger interactions with E171
and D194 than in RI. This led us to test the possibility of E171 or D201 accepting a
proton from Pi through that water molecule.
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Figure 3.10 : The most stable product structure (P1) in the 2011 system.

Product structure with E171 accepting a proton from the Pi resulted in further
elongation of the cleaving bond by 0.2 A and K70 having a stronger interaction with
the Pi and a weaker interaction with E171 (P171I, Figure 3.11). K* shifted away
from D194 by 0.1 A. Relative energy for this structure is 11.8 kcal/mol, 2 kcal/mol

higher than PI (Table 3.2).

Figure 3.11 : The product with E171 accepting a proton from Pi (P1711).
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Optimizations with D201 accepting a proton (P2011) resulted in the shift of the
proton back to the water, creating a hydronium ion in the process (Figure 3.12).
Relative energy for this structure is -11.8 kcal/mol. These optimizations led us to
think that considering our results, the protonation of E171 may ocur after the
completion of the ATP hydrolysis. Or the proton can pass on a water to form a
hydronium ion. Both of these processes require only 2 kcal/mol and a slight change
in the environment due to the linker or DnaJ may make them more favoravle. Proton
donation by Pi increases the negative charge on it, resulting a higher electrostatic

repulsion between ADP and Pi which would facilitate the release of Pi.

Figure 3.12 : The product with hydronium formation after D201 did not accept a
proton from Pi (P2011).

Alternative geometries to test the initiation of the reaction by a shift in the Mg**
position as suggested by McKay and coworkers have also been attempted in the 2011
model. RI has been manually modified by putting Mg®* between B- and y-
phosphates. But geometry optimizations resulted in Mg?* shifted back to its original
position. In addition, product structures with Mg?* coordinated to B-phosphate and Pi
(designed by manually modifying PI or P1711) to reproduce the crystals have failed,

again Mg®* shifting back to its original position. In another attempt to locate Mg?*
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between B- and Pi, the crystallographic ADP + Pi + Mg®* configuration has been
placed into PI. Coordination shell of the Mg®" is then rearranged accordingly. In the
optimized geometry (CI, Figure 3.13), Mg®* remained between the two phosphate
groups. K70 shifted away from E171 to Pi. There is a water molecule between the Pi
and the ADP. The distance of the water between E171 and D201 is equal to both of
the residues. Pi gives one of its H atoms to this water, creating hydronium. Relative
energy for this structure is 26 kcal/mol. This much relative energy may be obtained
because we tried to manually replace ATP+Mg*" and the environment could not

rearrange itself in this new geometry.

Figure 3.13 : Product structure with ATP+Mg obtained from crystal structure (CI).

After observing that the Pi has the ability to deprotonate, we considered the options
with that donated proton completely leaving the active site and decided to try out
models with deleting one proton from the Pi to understand the effect of the

deprotonation of Pi.
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Table 3.3 : Relative energies (With respect to PHIO) of the stationary points in the
reaction of 2011,

Relative energy

NAME (kcal/mol)
PHI1 -3.2
PHI2 -4.2

Reference product (PHIO0, Figure 3.14) for the studies with a deleted proton from the
structure is created with Mg®* coordinating only with the B-phosphate group. In this
structure, K70 does not interact directly with E171 but has a H-bond with Pi. The
water between E171 and D201 shows a weaker interaction to D201. K* shifted 0.1 A
away from D194. Cleaved phosphate bond is 0.2 A longer than PI, but the H-bond
between Pi and the ADP is 0.1 A shorter.

Two models for the situation where Mg?* is coordinated between the B-phoshphate
and Pi have been created for this study. PHI1 lacks the proton oriented away from
ADP and PHI2 does not have the proton interacting with ADP in the product
structure. Both models have Mg?* between - and y-phosphate groups. Coordination

shells have been rearranged accordingly before calculations.

Figure 3.14 : Reference product with a deleted proton from Pi (PHI0).
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First model (PHI1) has the same proton deleted as the reference structure (Figure
3.15). Mg*" interacts with both p-phosphate and Pi. The distances of Pi from ADP,
T199 and K70 are all longer by 0.1 A with respect to PHI0. K70 is closer to E171
than the reference product structure by 0.8 A. The water between E171 and D201
shifted towards D201. K" shifted towards T199 from D201 by 0.1 A. Relative energy
of this structure to the reference product is -3.2 kcal/mol.

Figure 3.15 : Product structure with the proton facing towards a nearby water
deleted on Pi (PHI1).

Proton facing ADP is removed in PHI2. Mg** interacts with both the b phosphate
and Pi, but its coordination shell is arranged in a distorted octahedral manner (Figure
3.16). Unlike the crystallographic struicture and PHI1, Mg?" interacts with two O
atoms of the Pi, one O atom of the ADP and three adjacent water molecules. Cleaved
bond between B- and y- phosphate group is 0.1 A shorter from PHI1 and 0.2 A
shorter from PHI0. K is located as in PHI0. Orientation of the K70 is similar to the
PHI1. D194 is very close to the E171. The water between E171 and D201 has equal
distance to the both residues, forming an H bond with both of them. Pi strongly
interacts with this water. Relative energy of this structure to the reference product is
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-4.2 kcal/mol, meaning this structure is more energetically favorable even though it

has a distorted coordination shell for Mg?*.

These results indicate that the position of Mg®* being between B-phosphate and Pi is
energetically favorable only when Pi is deprotonated. With a more negatively

charged Pi, it is possible that Mg®* can shift towards Pi.

L

Figure 3.16 : Product structure with the proton facing ADP deleted on Pi (PHI2).

The mechanism involving a water molecule between Mg®* and K* donating a proton
to the y-phosphate is also tested in the 2011 model (Figure 3.17). We had the same
problems in this calculation like in 201IN model, so the calculation was performed
having a constraint between the donated proton and the acceptor O atom on the vy-
phosphate. The biggest difference from the reactant structure is the reorientation of
the nucleophilic water and K*. K* shifted 0.9A away from T199, 0.2 A away from
D201 and 0.1 A towards D194 compared to RI. Relative energy of this structure is
20.1 kcal/mol to the 2011 reactant structure, which is also too high to be the initial

step of a general acid catalyzed reaction.

The relative energies of all of our 201N models can be seen in the energy versus
reaction path graph (Figure 3.18), where unlikely mechanisms are shown in dashed
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lines. We could not optimize a transition state, so it is left blank. The models with a
deleted proton on Pi are excluded from this graph, because only the models which

have the same number and same type of atoms are energetically comparable.
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Figure 3.17 : The structure (AcidWI) obtained after the proton transfer from the
water between Mg?* and K* to the y-phosphate.
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Figure 3.18 : Energy versus reaction path graph of the 201N models.
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4. CONCLUSIONS AND RECOMMENDATIONS

This study analyzed the hydrolysis mechanism of the chaperone protein Hsp70. We
tried to shed light on that if the reaction pathway is associative or dissociative,
protonation states of the critical residues in the active site and if there is an acid-base
catalysis or not with creating two different main models based on the protonation
state of D201 (201N and 201l). This choice has been made because of the
orientations of the two critical residues D201 and T199. When D201 is protonated, it
is oriented away from the active site and T199 does not interact with ATP. On the
other hand, deprotonated D201 faces towards the active site and T199 directly
interacts and creates a H-bond with ATP.

In the 201N structures, we observed that placing Mg?* between B- and y-phosphates
gave an energetically unfavorable result for reaction initiation as previously
suggested. In our transition structures, we considered E171 as a base candidate. Acid
candidates were K70, D194, and a water molecule between Mg®* and K*. Three of
those transition structures were succesful, with all of them having associative
character, one with direct hydrolysis with the nucleophilic water without involment
of any other residue, one with E171 as a base without an acid, and one with D194 as
an acid with E171 as a base. Only the one with direct hydrolysis (TSN1) gave a
result which can be considered consistent with experimental values. If K70 and T199

is involved in this reaction, one may obtain better results.

We tried to search for a dissociative transition state but those tests always resulted in
going to the reactant or product states, so we can say that the reaction does not

proceed via dissociative pathway.

The results with our other transition states led us to think that there is not an acid-
base catalysis involved in the reaction mechanism, but the residues expected to
participate an acid-base catalysis mechanism have other important roles in the active

site.
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In 2011 models, we observed that Pi has a tendency to donate a proton to a nearby
water molecule, creating a hydronium ion in the process. Alternatively, this proton
can pass into E171. These two possibilities are energetically identical and requires 2

kcal/mol to occur after the product formation.

After the formation of hydronium, this hydronium can leave the environment. To
mimic that, we created models with a deleted proton from Pi. After our initial model,
we tried this model type with Mg®* between B-phosphate and Pi. These calculations
gave exothermic results with respect to our initial model which has Mg?* only
interacting the b position. This means that it is only energetically favorable for Mg®*
to be found between B-phosphate and Pi when Pi is deprotonated.

Overall, it is possible that the reaction is following an associative path with no acid-
base catalysis and two key residues, K70 and T199 may assist stabilizing the
transition structure. E171 (and possibly D194) retain its charge until after hydrolysis
occurs and Pi forms. E171 may act as a base only after the product formation,
receiving a proton from the Pi. Alternatively, Pi can donate a proton to a nearby
water, creating a hydronium ion. With this behaviour, Pi can leave the environment
relatively easily because the resulting negative charge on Pi can cause a stronger
repulsion from ADP.

It is suggested that D194 has a role in Mg?* binding. Deprotonation of D194 before
product formation may cause disorientations in the active site. The pH profile studies
can be explained with this, because when D194 is mutated into alanine, which is also
a neutral residue, rate increases with increasing pH. The increasing rate with the pH
is may be the result of the deprotonation of Pi and Pi leaving easily from the

environment because of the deprotonation.

Particular attention should be paid to the protonation state of D194 in the reactant
and product states and behaviour of this residue in respect to its protonation state.
Another important points are the movement of Pi after product formation and Pi
donating a proton to E171 or hydronium, all of which can be done via molecular
dynamics simulations. For the QM part, options with T199 and K70 assisting the

hydrolysis mechanism should be examined in detail.
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