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ABSTRACT

The protein kinase B (PKB, also designated Akt), is unarguably a crucial player in cell
proliferation, survival, metabolism, angiogenesis, and apoptosis. Akt plays a pivotal role in
the Ras-PI3K-Akt-mTOR signaling pathway. Akt recruitment to the plasma membrane is
enabled by its Pleckstrin homology (PH) domain, which interacts with signaling membrane
lipid, PIP;3, or PIP2. The interplay between the PH domain and PIP3 results in conformational
changes that facilitate phosphorylations of Thr308 in the kinase domain, and Ser473 in the
C-terminal regulatory domain by PDK1 and mTORC?2 complex, respectively. Enormous Akt
activation mechanisms have been proposed by various studies, which all seem to result in
PH domain peculiar role in translocating Akt to the plasma membrane, and to implication of
Calmodulin (CaM) intermolecularly interacting with the PH domain in breast cancer as
established by previous NMR studies. However, the exact mechanism of how CaM interacts
with the PH domain at the atomic level remains unclear. Also, in Akt autoinhibition state or
a “PH-in” conformer, the PH domain intramolecularly interact with the kinase domain to
prevent phosphorylation of a functional residue in the kinase domain. Several residues in the
PH-kinase allosteric interface maintain the PH-kinase domain autoinhibition, and mutations
of critical residues in the PH-kinase domain interface have the proclivity to disrupt the
interface, resulting in a “PH-out” conformer state. A “PH-out” conformer of Akt is required
for the PH domain to interact with membrane lipids, an event critical for Akt activation.
Furthermore, phosphorylation of Ser473 in the C-terminal tail that forms electrostatic
interaction with Arg 144 in the PH-kinase linker leads to conformational rearrangements in
the PH domain activating Akt. However, the structure of full-length Akt autoinhibited state
is yet to be crystalized to understand the PH and kinase domain autoinhibition. Here, this
dissertation purpose is two-fold: using modeling and molecular dynamics (MD) simulations
to figure out how CaM interacts with the PH domain to recruit Akt to the plasma membrane
and how the PH domain intramolecularly interact with the kinase domain at the atomic level
with emphasis on the interfacial residues that play a crucial role in the PH-kinase domain
autoinhibition.

In the dissertation's first part, CaM-PH domain complexes were modeled and subjected to all
atoms MD simulations. The simulation results show that CaM-PH domain interactions are
thermodynamically stable and involve a B-strand, rather than an a-helix interaction, both
agreeing with the NMR data and that electrostatic and hydrophobic interactions are critical
to maintaining CaM-PH complex. The PH domain interacts with CaM lobes; however,
multiple modes are possible, and the involvement of IP4, polar head of PIP; attenuates CaM-
PH domain interaction, implicating the release mechanism at the plasma membrane. In the
second part of the dissertation,
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we modeled full-length Akt (480 residues) in the inactive state to explore the intramolecular
interaction between the PH and kinase domains and identify crucial interfacial residues that
maintain the PH-kinase intact interface. Further, Asp 323, an important interface residue was
mutated to His to discern its effect on PH-kinase allosteric interface. The results show that the
mutation led to substantial displacement of ATP from the ATP binding pocket in Akt and led
to kinase domain adopting a more open conformation. Additionally, the RMSD and RMSF
profiles depict that D323H leads to an increase in conformational changes, and we deduce that
although the mutation is approximately 21A away from ATP binding site, perhaps there is an
allosteric communication between these two functional sites in Akt. The modeled structures
of full-length autoinhibited Akt state are best representations that would guide pharmaceutical
chemists to develop Akt allosteric inhibitors, which require an intact PH-kinase interface, and
ATP-competitive inhibitors that do not require such intact PH-kinase interface but might rely
on intact kinase domain N- and C- lobes interface for their cellular activity. The development
of allosteric and ATP-competitive inhibitors is crucial for targeting Akt since it is frequently
activated in tumor cells, necessitating its regulation. The dissertation results have functional
implications in developing inhibitors that would target CaM-PH domain complex and
allosteric and ATP-competitive inhibitors that bind to the PH-kinase domain interface and
ATP binding pocket in Akt, respectively. Finally, these results add to the already existing
incredible wealth of information on the Akt kinase activation mechanism, which all seem to

result from loosening the PH-kinase domain autoinhibition.



OZETCE

Protein kinaz B (PKB, ayn1 zamanda Akt olarak da adlandirilir), hiicre proliferasyonu, hayatta kalma,
metabolizma, anjiyogenez ve apoptozda tartismasiz ¢ok 6nemli bir oyuncudur. Akt, Ras-PI3K-Akt-
mTOR sinyal yolunda énemli bir rol oynar. Plazma zarina Akt alimi, sinyal membran lipidi, PIP3 veya
PIP2 ile etkilesime giren Pleckstrin homoloji (PH) alami tarafindan saglanir. PH alami ve PIP3
arasindaki etkilesim, sirastyla PDK1 ve mTORC?2 kompleksi tarafindan kinaz alanindaki Thr308'in ve
C-terminal diizenleyici alanindaki Ser473'lin fosforilasyonunu kolaylastiran konformasyonel
degisikliklerle sonuglanir. Muazzam Akt aktivasyon mekanizmalari, g¢esitli ¢aligmalar tarafindan
onerilmistir; bunlarn tiimii, Akt'nin plazma zarina yer degistirmesinde PH alanina 6zgii bir rol ile
sonuglanmis gibi goriinmektedir ve dnceki NMR calismalar1 tarafindan belirlendigi gibi, meme
kanserinde PH alani ile Calmodulin'in (CaM) molekiiller aras1 etkilesime girdigini ima etmektedir.
Bununla birlikte, CaM'nin atomik diizeyde PH alani ile nasil etkilesime girdiginin kesin mekanizmasi
belirsizligini koruyor. Ayrica, Akt oto-inhibisyon durumunda veya bir "PH-in" konformerinde, PH
alani, kinaz alanindaki bir fonksiyonel kalintinin fosforilasyonunu 6nlemek i¢in kinaz alani ile
intramolekiiler olarak etkilesime girer. PH-kinaz allosterik arayiiziindeki birka¢ amino asit, PH-kinaz
bolgesi oto-inhibisyonunu korur ve PH-kinaz bolgesi arayiiziindeki kritik amino asitlerin mutasyonlari,
araylizii bozma egilimine sahiptir ve bu da bir “PH-out” konformer durumu ile sonuglanir. PH alaninin,
Akt aktivasyonu i¢in kritik bir olay olan membran lipidleri ile etkilesime girmesi i¢in Akt'nin bir "PH-
out" konformeri gereklidir. Ayrica, PH-kinaz baglayicisinda Arg 144 ile elektrostatik etkilesim
olusturan C-terminal kuyrugunda Ser 473'in fosforilasyonu, Akt'yi aktive eden PH alaninda
konformasyonel yeniden diizenlemelere yol acar. Bununla birlikte, tam uzunluktaki Akt oto-inhibisyon
durumunun yapisi, PH ve kinaz domain oto-inhibisyonunu anlamak i¢in heniiz kristallestirilmemistir.
Burada, bu tezin amaci iki yonliidiir: Akt'yi plazma zarina almak i¢in CaM'in PH alani ile nasil
etkilesime girdigini ve PH alaninin atomdaki kinaz alani ile intramolekiiler olarak nasil etkilesime
girdigini PH-kinaz alan1 oto-inhibisyonunda ¢ok énemli bir rol oynayan arayiizey kalintilarina vurgu
yaparak anlamak i¢in modelleme ve molekiiler dinamik (MD) simiilasyonlarini kullanmak. Tezin ilk
boliimiinde, CaM-PH alan kompleksleri modellenmis ve tiim atomlarin MD simiilasyonlarina tabi
tutulmustur. Simiilasyon sonuglari, CaM-PH alan etkilesimlerinin termodinamik olarak kararl
oldugunu ve bir a-sarmal etkilesimi yerine bir B-sarmalini i¢erdigini, her ikisinin de NMR verileriyle
uyumlu oldugunu ve elektrostatik ve hidrofobik etkilesimlerin CaM-PH kompleksini siirdiirmek igin
kritik oldugunu gostermektedir. PH alani, CaM loblari ile etkilesime girer; bununla birlikte, ¢oklu
modlar miimkiindiir ve IP4'lin dahil edilmesi, PIP3"in kutup basi etkilesimini, plazma membraninda
saliverme mekanizmasini isaret ederek CaM-PH alan etkilesimini azaltir. Tezin ikinci boliimiinde, PH
ve kinaz alanlar1 arasindaki molekiil i¢i etkilesimi arastirmak ve PH-kinaz bozulmamis arayiiziinii

koruyan 6nemli arayiizey tortularini belirlemek i¢in aktif olmayan durumda tam
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uzunluktaki Akt'yi (480 tortu) modelledik. Ayrica, Asp 323, 6nemli bir arayiiz tortusu, PH-
kinaz allosterik arayiizii iizerindeki etkisini ayirt etmek i¢in His'e mutasyona ugradi.
Sonuglar, mutasyonun, ATP'nin Akt'deki ATP baglama cebinden Onemli Olgiide yer
degistirmesine yol agtigin1 ve kinaz alaninin daha agik bir konformasyon benimsemesine yol
actigin gostermektedir. Ek olarak, RMSD ve RMSF profilleri, D323H'nin konformasyonel
degisikliklerde bir artisa yol actigini gosterir ve mutasyonun ATP baglanma bdlgesinden
yaklasik 21A uzaklikta olmasina ragmen, Akt'taki bu iki fonksiyonel bolge arasinda belki de
bir allosterik iletisim oldugu sonucuna varabiliriz. Tam uzunlukta oto-inhibe edilmis Akt
durumunun modellenmis yapilari, farmasotik kimyagerlere, bozulmamis bir PH-kinaz
arayiizii gerektiren Akt allosterik inhibitorleri ve bu tiir bozulmamis PH-kinaz arayiizii
gerektirmeyen ancak hiicresel aktiviteleri i¢cin bozulmamis kinaz alam1 N- ve C-loblar
arayiizii gerektirebilecek ATP-rekabet¢i inhibitorleri gelistirmeleri i¢in rehberlik edecek en
iyi temsillerdir. Allosterik ve ATP-rekabetci inhibitorlerin gelistirilmesi, tiimor hiicrelerinde
siklikla aktive edildiginden ve diizenlenmesini gerektirdiginden Akt'yi hedeflemek igin ¢cok
onemlidir. Tez sonuglarinin, CaM-PH alan kompleksini ve sirasiyla Akt'ta PH-kinaz alani
arayliziime ve ATP baglama cebine baglanan allosterik ve ATP-rekabet¢i inhibitorleri
hedefleyecek inhibitorlerin gelistirilmesinde islevsel etkileri vardir. Son olarak, bu sonuglar,
timii PH-kinaz alan1 oto-inhibisyonunun gevsemesinden kaynaklanmis gibi goriinen Akt
kinaz aktivasyon mekanizmas1 hakkinda halihazirda var olan bilgi zenginligine katkida

bulunur.
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Chapter 1: Introduction

Chapter 1

INTRODUCTION

The protein kinase B, PKB (also designated as Akt), is a Ser/Thr protein kinase that
unarguably regulates a myriad of cellular processes such as cell survival, proliferation,
apoptosis, metabolic regulation, and oncogenes[1]. Akt plays a crucial role in the PI3K-
Akt-mTOR pathway, and it belongs to the AGC subfamily of protein kinases. The AGC
family of kinases (designated after protein kinase A, protein kinase G, and protein kinase
C) contains about sixty enzymes grouped into sixteen subfamilies[2]. Akt subfamily
consists of three conserved mammalian isoforms, Aktl, Akt2, and Akt3 (traditionally
known as PKBa, PKBf, and PKBY respectively). Interestingly, these Akt’s isoforms
are transcribed from distinct genes and possess a conserved structural architecture,
which includes an amino-terminal Pleckstrin homology (PH) domain, a centrally
positioned kinase domain, PH domain-Kinase domain linker, and C-terminal regulatory
domain[3, 4]. Aktl (focused on herein and hereafter referred to as Akt) remains the most
studied of these isoforms[1]. Structurally, the lipid binding PH domain of Akt consists
of a C-terminal helix, seven antiparallel beta-sheet, and three distinct loops, and a
binding site for PIP3 or PIP>. In the context of a function, the PH domain performs two
essential functions: binding phospholipids and other proteins that drive Akt recruitment
to the membrane (Akt membrane localization), and intramolecularly binding to the
kinase domain that triggers Akt inactivation[5]. The later function of the PH domain
creates an intricate balance in Akt enzymatic regulation; that is, the PH domain locks
the kinase domain in an inactive conformation, whereas the Kinase domain disrupts the

lipid-binding site of the PH domain[6, 7].

On the other hand, the kinase domain comprises a smaller C-terminal lobe, a larger C-
terminal lobe, and a deep cleft that lies between these two lobes. The deep cleft between
the N-and C-lobes of the kinase domain, which is located beneath the highly conserved
G-loop (glycine-rich nucleotide positioning motif), accommodates adenosine
triphosphate, ATP. Furthermore, the C-terminal regulatory domain of Akt contains a

hydrophobic motif (HM) phosphorylation site [FxxF(S/T) Y], where x is any amino
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Chapter 1: Introduction

acid[8].

Akt is activated indirectly by insulin and other growth factors stimulation of PI3K that
directly converts phosphatidylinositol-4,5-diphosphate (PIP2), a membrane-embedded
substrate to phosphatidylinositol 3,4,5-triphosphate (PIP3)[9, 10]. PIP; production at
the plasma membrane drives Akt activation; PIP3 interacts with the PH domain to
recruit Akt to the plasma membrane[11, 12]. In the context of Akt activation, the
intramolecular interaction between the lipid-binding PH domain and kinase domain, a
“PH-in” conformer, hinders Thr308 phosphorylation in the action loop. When the PH
domain interacts with the produced PIPs, it drives a conformational change in Akt,
“PH-out” conformer, which releases the domain-domain autoinhibition[13]. At the
plasma membrane, Akt “PH-out” conformational state enables Thr308 phosphorylation
by 3-phosphoinositide-dependent protein kinase 1 (PDK1)[6]. Thr308 phosphorylation
by PDKI1 along with phosphorylation of Ser473 in the carboxy-terminus regulatory
domain by mammalian target of rapamycin complex 2 (mTORC?2) fully activates Akt
[14, 15]. The subsequent dephosphorylations of these residues, Thr308 and Ser473, are
carried out by Protein Phosphatase 2A (PP2A) and PH domain Leucine-rich repeat-
containing Protein Phosphatase (PHLPP), respectively[4].

A quantum leap of studies on Aktl has revealed an incredible tapestry of Akt activation
mechanisms, all of which seem to emphasize on the loosening of PH-kinase domains
autoinhibition and the versatility of the PH domain. For instance, phosphatidylserine
(PS) has been implicated in regulating Akt recruitment to the plasma membrane by
interacting with key residues in the PH and regulatory domains. PS cooperativity with
PIP3 drives Akt interdomain-conformational changes that lead to phosphorylation of
Thr308 in the A-loop of the kinase domain and Ser473 in the hydrophobic motif[16].
Also, mutational studies on key residues in the PH domain that weaken the interplay
between the PH and kinase domains lead to constitutive activation of Akt that results
in human diseases[17]. As stated early on, the lipid-binding PH domain is versatile and
tends to participate in protein-protein interaction. For example, a recent study showed
that calmodulin (CaM) interacts with the PH domain to facilitate Akt translocation to

the plasma membrane, enabling Akt membrane anchoring, phosphorylation, and
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Chapter 1: Introduction

activation[18, 19]. Along a similar line, we recently established via computation that
the interaction between CaM and PH domain is thermodynamically stable and is

attenuated by the interference of IP4, the polar head of PIP3[20].

Furthermore, the physical association of PDK1 with Akt was proposed to be necessary
and sufficient for Akt phosphorylation at Thr308 independent of plasma membrane
localization and PI3-kinase[21]. Expressed protein ligation (EPL) studies have shown
that Akt activation is driven by C-terminal phosphorylation of Ser 473 in the HM
motif[14]. Like other kinases, Akt utilizes ATP to phosphorylate its substrates by
transferring the Y-phosphate group of ATPs. Recent studies have uncovered that ATP
occupancy in the ATP-binding cavity of Akt prevents pThr308 dephosphorylation by
PP2A, while ADP occupancy in the ATP-binding cleft does not protect the pThr308
level. pThr308 level protection by ATP suggests a unique allosteric communication
between pThr308 in the catalytic cleft of the kinase domain and ATP since ATP is not
close to pThr308 in three-dimensional space[8]. Another striking mechanism has
revealed that Akt can be activated by ubiquitination[22]. A previous study has revealed
that E3 ubiquitin ligase can ubiquitinate Akt kinase. Although in some situations,
ubiquitination of Akt may signal its degradation, it has been shown that certain
ubiquitination promotes Akt activation. As was reported by Yang et al.[22], Akt
ubiquitination by E3 ligase TRAF6 on the PH domain drives Akt recruitment to the
plasma membrane. It leads to subsequent phosphorylation of residues Thr308 in the
kinase domain and Ser 473 in the HM domain, thus activating Akt. If true, this
mechanism simply suggests that such ubiquitination has the propensity to loosen the
PH-kinase domains interface or disrupt PH-kinase intramolecular interaction to relieve
the autoinhibition. The PH-kinase linker in Akt has been mapped to several post-
translational modifications (PTMs) such as Cys oxidation in Akt2 isoform[23], Lys
methylation[24, 25], and Pro hydroxylation[26], which dephosphorylates Aktl.
Collectively, these studies suggest that synergies between membrane lipids and PH
domain, the intramolecular interplay between the PH domain and the Kinase domain;
intermolecular association between CaM and the PH domain, physical association of
PDK1 with Akt, and ubiquitination on PH domain by E3 ligase are perhaps required

for Akt recruitment, phosphorylation, and activation, respectively. Taken in total, these
3



Chapter 1: Introduction

previous studies have proposed several different mechanisms of Akt translocation,
phosphorylation, and activation. However, from the embers of proposed mechanisms,
a common feature is that all allude to disrupting the “PH-in” conformer or loosening
the PH-kinase domain allosteric interface to relieve the autoinhibition. Therefore, while
the actual mechanism of Akt translocation, phosphorylation, activation remains
obscure or a matter of debate, it comes unsurprisingly that the role of the PH domain

in Akt activation is incredibly profound.

Previously, the association between the PH domain and the dumbbell shape molecule,
CaM, has been established by Nuclear Magnetic Resonance (NMR) studies[18, 27].
However, the exact mechanism of the interplay between CaM and Akt PH domain at
atomic level has not been established. In this dissertation, we predicted CaM-PH
domain complexes using available crystal structures (1CCL and 1H10) with Interactive
Rosetta[28] and investigated the underlying mechanism of how CaM interacts with the
PH domain at atomic level. These findings established via computation then suggested
how the mechanism can help to elucidate the crucial question of how CaM interacts
with the PH domain at the atomic level and how the interference of IP4, the polar head
of PIP; can attenuate CaM-PH domain complex. Elsewhere, molecular modeling
studies based on homology modeling using the crystal structure of Akt2 have attempted
to uncover the nature of the domain-domain intramolecular interaction of Akt1[6, 7].
Still, these molecular modeling studies have some caveats, such as simulation time, six
nanoseconds, and homology modeling based on Akt2 crystal structure. Although the
validity of these studies cannot be questioned, but the result should be handled
meticulously. Additionally, using only the kinase domain of Akt, the role of ATP
protection of pThr308 was established in the absence of the PH domain([8, 29]. Of note,
these computational studies have utilized crystal structure of only Akt kinase domain
or PH domain, but not full-length Akt that comprise the kinase domain, PH domain,
the PH-kinase linker, and the regulatory domain probably because of the unavailability
of the full-length crystals structure at the time the studies were undertaken. Also,
recently, crystal structures of full-length Akt have been deposited in the PDB. Still,
these structures lack the linker between the PH domain and the kinase domain, and the

C-terminal regulatory domain. However, these findings imply that implying the exact
4
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mechanism of PH-kinase domain autoinhibition in full-length Akt has not been fully
established at the atomic level. Here, for the first time we modeled full-length Akt using
the existing crystal structures (PDB ID: 4EJN)[30] and (PDB ID: 6S9W)[31] with I-
TASSER program[32, 33] and performed molecular dynamics (MD) simulation to
elucidate the conformational changes of the domain-domain interaction that relieve the
PH-kinase domain autoinhibition. The apostate, nucleotide-bound states (ATP-bound,
ADP-bound,) and the mutant structures of full-length Akt were generated and subjected

to MD simulations to uncover the domain-domain interactions at the atomic level.

Chapter 2 of the dissertation provides a descriptive, analytical, and comprehensive
review of Akt kinase and the protein kinase A, protein kinase G, and protein kinase C
(collectively known as the AGC protein kinases). Chapter 3 gives detailed information
on the methodology — material, and methods used in this dissertation to achieve the
intended objectives. In chapter 4, computational results of the interplay between CaM
and the PH domain and the effect of the presence of IP4 are presented and discussed in
detail. Chapter 5 encapsulates the full-length Akt autoinhibition and conformational
dynamics and further explains the autoinhibitory interplay between the lipid-binding
PH domain and the kinase domain, identifies critical interface residues, role of the PH-
kinase linker, and the C-terminal tail, and mutational effect on residues in PH-kinase
allosteric interface. Finally, chapter 6 provides the conclusion and future direction, such
as therapeutics development of Akt allosteric and ATP-competitive inhibitors to

regulate frequent Akt activation in tumor cells.
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Chapter 2

Literature Review

2.1 Historicity and background biology of the AGC protein kinases

The uncovering of the Ser/Thr protein kinase B (Akt subfamily of protein kinases) points to
earlier experimental studies over decades ago, which involves the discovery of v-akt, an
oncogene of the AKTS transforming retrovirus[34]. Akt is well-conserved from primitive
metazoans to humans, and it belongs to the AGC subfamily of protein kinases. The AGC
subfamily of protein kinases named after protein kinase A, protein kinase G, and protein
kinase C comprises over 518 members in humans[35]. The AGC family of kinases contains
about sixty enzymes that are grouped into sixteen subfamilies[36]. The protein kinase A,
also designated as the cyclic AMP-dependent protein kinase, is the most extensively studied
of these AGC kinases. It serves as the paradigm to understanding the AGC kinases. Most
AGC kinases members such as protein kinase A, protein kinase C, Aktl, Akt2, Akt3, PDKI,
GRK, SGK, LAST1/2 are major hallmarks in cell signaling, permitting cells to respond to
extracellular stimuli[36]. Of not with emphasis, the dysregulation of the AGC protein
kinases is linked to several clinical conditions or abnormalities such as inflammation,
neurologic diseases, cardiovascular disease, and cancer [37]. There are ongoing efforts to

develop inhibitors to target these enzymes[38].

2.2 PI3K/Akt/mTOR signaling pathway.

The PI3K/Akt/mTOR signaling pathway is one of the most studied pathways in cancer
biology. The protein kinase B (Akt) was propelled into this signal transduction pathway
after it was found that Akt activation eventuates downstream of phosphoinositide 3-kinase
(PI3K) — a lipid kinase associated with insulin response and cellular transformation[39].
At the plasma membrane, extracellular signals mediate physiological effects through G-
protein-coupled receptors (GPCR) or receptors tyrosine kinase (RTK) to activate PI3K,
which converts PIP> to PIP3[40, 41]. In the absence of ligands mediated signals at the
plasma membrane, Akt is localized primarily in the nucleus and cytosol. The production

of PIP3, a plasma membrane lipid, triggers Akt translocation to the plasma membrane by
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interacting with the PH domain of Akt [42]. The PI3K/Akt/mTOR is tightly maintained
by the phosphatase and tensin homolog (PTEN)[43] — a tumor suppressor phosphatase that
opposes the action of PI3K. PTEN dephosphorylates PIP3 to PIP,, thereby acting as a
negative modulator of PI3K[44, 45]. In cancerous cells, a mutation or the loss of PTEN
expression is not uncommon — frequently observed events[46]. The dysregulation of the
PI3K/Akt/mTOR signaling pathway plays a critical role in disease progression —especially
so in cancers with poor prognoses[47, 48]. Of principal importance, cancers cells acquire
mutations that often lead to constitutive activation of PI3K/Akt/mTOR pathway [49]. In
this pathway, Akt is a central node with a pleiotropic effect on enormous cellular processes,
playing a cardinal role in tumorigenesis when hyperactivated [48, 50]. Over one hundred
Akt substrates have been identified, three of which are direct downstream substrates:
glycogen synthase kinase (GSK), Forkhead box protein O1 (FoXO1), and the TSC1/TSC2
(hamartin-tuberin) complex are responsible for cell survival and death[51-53], growth and

proliferation[54, 55], angiogenesis[56, 57], and glucose and glycogen metabolism[58-60].

Cell proliferation and survival — in the context of signaling, FoXO family of transcription
factor proteins can efficiently respond to insulin or insulin-like growth factor (IGF)
signaling within the cell[61]. When Akt is activated via insulin-like growth factor (IGF)
signaling, it phosphorylates key-conserved residues on FoxO1: Thr 24, Ser256, and Ser319
at the amino-terminus, the nuclear localization sequence, and near the nuclear export
sequence, respectively[62]. These phosphorylation events of FoxOl1 are vital because they
create motifs that can be recognized by 14-3-3 proteins, which help export FoxO1 from the
nucleus to cytosol[63]. Additionally, the inhibition of FoxO1 results in the repression of
transcriptional activity, leading to apoptosis, catabolism, autophagy, and cell cycle arrest[1,

64, 65].

Angiogenesis — Akt plays a role in upregulating the translation of hypoxia-inducible factor
(HIF) in response to high level of glucose and oxygen in solid tumors[56]. Radiotherapy
of tumors leads to the formation of free radicals, that is, HIF1 cumulates in the nucleus,
which can be activated in response to reactive oxygen species (ROS)[66]. Structurally,
HIF1 is a heterodimer protein that contains & and B-subunit. While the HIF1B-subunit can
be activated constitutively and often insensitive to alteration in oxygenation, on the other

Chapter 2: Literature Review



hand, the hydroxylation of Pro402 and Pro564 on the HIF1a subunit is said to be oxygen
dependent[67]. Also, at normoxic conditions within the cell, it has been established that
prolyl hydroxylases can tag HIFla for ubiquitination and proteolysis[68]. However, in
hypoxic conditions, especially so in the cancer cells, HIFla escapes degradation, and
accumulates to dimerize with HIF1 in the nucleus, which activates vascular endothelial

growth factor (VEGF) — initiating angiogenesis and inhibiting apoptosis[68, 69].

Lipid synthesis — tumor cells can exhibit high de novo lipids production rates, which are
building blocks for biological activities[70]. It has been shown that Akt affects lipids
synthesis and degradation that are involved signaling for cell growth and survival, hence
aberrant alterations to lipid metabolism leading to oncogenesis[70]. The mechanism of
Akt-mediated activation of mammalian target of rapamycin complex 1 (mTORCI) is
achieved via disruption of TSC1/TSC2 complex, a tumor suppressor protein. Upon insulin
stimulation at the plasma membrane, Akt phosphorylates Ser939 and Thr1462 on TSC2,
which triggers its disassociation from TSC1 and degradation to activate mTORCI1[71].
Oppositely, mTORCI1 also inhibits PI3K — through negative feedback mechanisms[71].
Akt-mediated degradation of TSC2 results in mTORCI1 activation[1], and the nuclear
transcription factor sterol regulation element-binding protein (SREBP1) activity depends
on mTORCI signaling[72]. In the process, both SREBP1 and ATP citrate lyase are
activated, which leads to the induction of cholesterol synthesis, fatty acid synthase, and

low-density lipoprotein (LDL)-receptor[73, 74].

Protein synthesis — the elF4E-binding protein 1 (4EBP1) phosphorylation through the
PI3k/Akt signaling pathway depends on activation by mTORC1[75]. Also, the mitogen-
activated protein kinase (MAPK), which is supplementary to the PI3K/Akt pathway,
regulates eukaryotic translation initiation factor 4E eIF4E), and mTORC]1 phosphorylates
4EBPI relieving its inhibitory binding of eIFAE[76]; eIF4E together with eIF4A and elF4G
forms a subunit of a huge complex, eIF4F. This complex binds to the 5° cap of mRNA to
recruit 40S ribosomal subunit, which initiates mRNA translation or protein synthesis[76-
78]. On another high note, phosphorylation of eIf4E at residue, Ser 209, which was
previously thought to be at Ser 53, is important for oncogenesis. Malignant transformation
due to overexpression of eI[F4E was first noticed in NIH/3T3 mouse fibroblast cells in vitro

experiments[77] and was later observed in mouse models in vivo[78]. Additionally,
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overexpression of eF4E has also been discovered in human tumor cells[76].

Glucose and glycogen metabolism by Akt — over 100 substrates of Akt have been
discovered over the decades of study of this congenic protein. The first downstream and
well-established substrate of Akt is GSK3[79]. There are two isoforms of GSK3: GSK3«a
and GSK3, which are directly phosphorylated on Ser21 and Ser9 respectively, via insulin
mediated Akt activation[60, 80]. Intriguingly, GSK3, in turn, modulates Akt activity by
either regulating the PTEN expression[81] or translocating Akt in proximity to phosphatase
PP2A[82]. Also, the inhibition of GSK3 has been implicated in regulating glucose uptake
and glucose transporter (GLUT) protein expression[83], glycogen, and protein
synthesis[79]. In the absence of Akt, GSK3 is implicated in the Wnt- B-catenin pathway
that modulates gene transcription[84]. AXIN1 and AXIN2, adenomatous polyposis coli,
and GSK3 are capable of forming a destructible complex that triggers [-catenin
destabilization[85]. When Akt is constitutively active in the cell, it has the propensity to
increase the rate of glucose metabolism and aerobic glycolysis[86] by activating a
hexokinase— a metabolic enzyme. The hexokinase is phosphorylated by Akt, hence
simulating phosphofructokinase activity to enhance ATP production[87, 88]. Strikingly,
the inactive form of Akt inhibits insulin from transcribing GLUT mRNA, which implies
that Akt's role in glucose metabolism is essential[87]. Figure 2.1 shows a simplified Akt

signaling pathway.

Growth factor

RTK

Plasma Membrane

mTORC1

Cell Survival Cell Proliferation Metabolism

Figure 2.1 The Akt signaling pathway.

9



Chapter 2: Literature Review

2.3 Akt/protein kinase B

Staal and co-workers identified Akt protein or protein kinase B in 1977 as transforming retrovirus
isolated from AKR with T-cell lymphoma and called it Akt-8[89]. Subsequently, Staal established
that Akt is an oncogene in humans[34], and activation of this kinase drives the switch to aerobic
glycolysis because cancerous cells need a continuous supply of glucose, which makes them

dependable on aerobic glycolysis for survival and proliferation[86].

2.3.1 The Isoforms of Akt

There are three isoforms of Akt protein with over 85% sequence similarity (Figure 2.2), which are
expressed by all mammalian cells. These isoforms are Aktl, Akt2, and Akt3, also called PKBa,
KPB, and PKBY’, respectively[90]. Aktl serves as a paradigm for understanding the Akt
isoforms. Aktl is ubiquitously expressed in all tissues and is related to proliferation and
antiapoptotic behavior[91]. Akt2 isoform is expressed in metabolically active tissues, for example,
adipose tissue, liver, and muscle tissues. Akt2 deletion has been implicated in hyperglycemia —a
type 2 diabetic phenotype and is also responsible for impairment of glucose uptake[92]. Akt3 is
mainly expressed in the testes and brain [93, 94], and the absence of Akt3 leads to neuronal
malformation and altered fatty acid metabolism [95]. Recent findings using lockdown studies have
uncovered opposite roles of Aktl and Akt2 in various tumor types. In an aggressive breast cancer
context, the Akt2 isoform seems responsible for metastasis and invasiveness in advanced stages,
indicating that selective inhibition of Akt2 would be the best therapeutic strategy[96]. On the other
hand, a different behavior was observed for lung cancer, in which Akt functions as tumor initiator,
whereas Akt2 had suppression behavior, suggesting an Aktl selective strategy[97]. Of note with
emphasis, all these results on isoform-specific functions within this intricate signaling pathway
were based on knock-down studies[31]; therefore, a thorough investigation with chemical tools
would aid in further clarifying this complex network and interplay through minimally invasive

perturbation studies[98].
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100
MSDVAIVKEG WLHKRGEYIK TWRPRYFLLK NDGTFIGYKE RPQDVDQREA PLNNFSVAQC QLMKTERPRP NTFIIRCLQW TTVIERTFHV ETPEEREEWT
MNEVSVIKEG WLHKRGEYIK TWRPRYFLLK SDGSFIGYKE RPEAPDQTL P PLNNFSVAEC QLMKTERPRP NTFVIRCLQW TTVIERTFHV DSPDEREEWM
MSDVTIVKEG WVQKRGEYIK NWRPRYFLLK TDGSFIGYKE KPQDVDLPY P LNNFSVAKCQ LMKTERPKPN TFIIRCLQWT TVIERTFHVD TPEEREEWTE

200
TAIQTVADGL KKQEEEEMDF RSGSPSDNSG AEEMEVSLAK PKHRVTMNEF EYLKLLGKGT FGKVILVKEK ATGRYYAMKI LKKEVIVAKD EVAHTLTENR
RAIQMVANSL KQRAPGEDPM DYKCGSPSDS STTEEMEVAV SKARAKVTMN DFDYLKLLGK GTFGKVILVR EKATGRYYAM KILRKEVIIA KDEVAHTVTE
AIQAVADRLQ RQEEERMNCS PTSQIDNIGE EEMDASTTHH KRKTMNDFDY LKLLGKGTFG KVILVREKAS GKYYAMKILK KEVIIAKDEV AHTLTESF%\.’OI;)
VLQNSRHPFL TALKYSFQTH DRLCFVMEYA NGGELFFHLS RERVFSEDRA RFYGAEIVSA LDYLHSEKNV VYRDLKLENL MLDKDGHIKI TDFGLCKEGI
SRVLQNTRHP FLTALKYAFQ THDRLCFVME YANGGELFFH LSRERVFTEE RARFYGAEIV SALEYLHSRD VVYRDIKLEN LMLDKDGHIK ITDFGLCKEG
KNTRHPFLTS LKYSFQTKDR LCFVMEYVNG GELFFHLSRE RVFSEDRTRF YGAEIVSALD YLHSGKIVYR DLKLENLMLD KDGHIKITDF GLCKEGITDA 400

KDGATMKTFC GTPEYLAPEV LEDNDYGRAV DWWGLGVVMY EMMCGRLPFY NQDHEKLFEL ILMEEIRFPR TLGPEAKSLL SGLLKKDPKQ RLGGGSEDAK
ISDGATMKTF CGTPEYLAPE VLEDNDYGRA VDWWGLGVVM YEMMCGRLPF YNQDHERLFE LILMEEIRFP RTLSPEAKSL LAGLLKKDPK QRLGGGPSDA
ATMKTFCGTP EYLAPEVLED NDYGRAVDWW GLGVVMYEMM CGRLPFYNQD HEKLFELILM EDIKFPRTLS SDAKSLLSGL LIKDPNKRLG GGPDDAKEIM

EIMQHRFFAG IVWQHVYEKK LSPPFKPQVT SETDTRYFDE EFTAQMITIT PPDQDDSMEC VDSERRPHFP QFSYSASGTA 480
KEVMEHRFFL SINWQDVVQK KLLPPFKPQV TSEVDTRYFD DEFTAQSITI TPPDRYDSLG LLELDQRTHF PQFSYSASIRE 481
RHSFFSGVNW QDVYDKKLVP PFKPQVTSET DTRYFDEEFT AQTITITPPE KYDEDGMDCM DNERRPHFPQ FSYSASGRE 479

Figure 2.2 The sequence of Akt three isoforms with phosphorylation site residues (Thr308 and S473) in
Aktl colored red
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Within the context of structure, the three isoforms of Akt have similar structural architecture. In a
more perspective, Akt comprises an amino terminus pleckstrin homology domain (PH domain),
followed by a linker region, connected to a centrally positioned kinase domain, and the C-terminus
regulatory domain, which contains a hydrophobic motif, figure 2.3 [99]. Akt1 kinase domain shares
about 85 percent sequence identity with the rest of the isoforms, Akt2 and Akt3, while Aktl PH
domain shares about 60 percent sequence identity with Akt2 and Akt3 [100]. Here, this dissertation
focuses on Aktl, which serves as a paradigm for understanding all the Akt isoforms and is
frequently hyperactivated in tumor cells

A Sequence and domain Structure of Akt

10 20 30 a0 50 60 70 80 90 100
MSDVAIVKEG WLHKRGEYIK TWRPRYFLLK NDGTFIGYKE RPODVDOREA PLNNFSVAQC OLMKTERPRP NTFIIRCLOW T TVIERTFHV ETPEEREEW
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KDGATMKTFC GTPEYLAPEV LEDNDYGRAV DWWGLGYVMY EMMCGRLPFY NODHEKLFEL ILMEEIRFPR TLGPEAKSLL SGLLKKDPKQ RLGGGSEDAK
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EIMOHRFFAG IVWQHVYEKK LSPPFKPOVT SETDTRYFDE EFTAQMITIT PPDODDSMEC VDSERRPHFP QFSYSASGTA

E17K R25C g350 | 52R R96W pT308 D323H HF motif  pS473

480

408 409
PH-Kinase linker

Figure 2.3 the sequence and domain structure of Akt; the PH domain is colored blue, the PH-kinase linker
(red), the centrally kinase domain (cyan), and the C-terminal regulatory domain (orange)

The PH domain of Akt

The PH domain is a versatile domain, which often participates in protein-protein interaction (PPI)
[101]. The PH domain was discovered decades ago, and it was found to have approximately 100
to 123 amino acid residues[102]. The Akt kinase contains a PH domain, which is located at its
amino terminus. Structurally, the PH domain is a bend seven-stranded antiparallel B-sheet [103,
104] with three variable loops: V1, V2 and V3 and closed on one end by a C-terminal a-helix[105].
These structural architectures are recognized as general features for the PH domains in hundreds
of proteins in bacteria and mammals. In the context of function, there are two principal functions
of the PH domain of Akt: the binding to PIP; or PIP,, which leads to translocation of Akt to the
plasma membrane [5], and intramolecularly interacting with the kinase domain, which result in
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PH-kinase domain autoinhibition or Akt inactivation[6, 7]. The recruitment of Akt to the plasma
membrane via the PH domain facilitates Akt proximity to PDK1 and mTORC?2, which leads to
Akt phosphorylations in the activation loop and C-terminus, respectively[1]. The figure 2.4 depicts
structure and sequence of the lipid-binding PH domain of Akt.

Structure of PHD

Domain structure of Akt1
Fhosphorylation

T308

Kinase domain

100

108 150 408 480
Sequence of PHD -

10 20 30
MSDVAIVKEG: WLHEKRGEYIK TWRPRYFLLK
40 50 60

DGTFIGYKE RPODVDOREA PLNNFESVA
70 80 90
LMKTERPRP FIIRCLOW VIERTFHV

110

ETPEEREEW: AIOTVADGL

(PDB: 1H10)

Figure 2.4. Sequence and domain structure of Akt PH domain

The kinase domain of Akt

All Akt isoforms contain a centrally positioned kinase domain. The kinase domain consists
of the activation loop containing a functional site or phosphorylation site. Structural-wise,
the kinase domain comprises two lobes: a smaller amino-terminal lobe and the larger C-
terminal lobe[8]. Located between these two lobes is a deep cleft or cavity beneath a highly
conserved glycine-rich nucleotide positioning motif, also referred to as the Glycine-loop
(G-loop)[8]. The deep cleft between these lobes accommodates ATP; in other words, ATP
is bound in the deep cleft between the N-and C-lobes in the kinase domain. In Aktl, the
1soform under discussion in this dissertation (Akt), the binding cavity of ATP is about 20A
away from phosphorylated Thr308 (pThr308) in the activation loop of the bilobal kinase
core domain[8]. Three amino acid residues encapsulate ATP in the catalytic cleft. These
residues include HIS194, Arg273, and Lys297 — all of which are positively charged
residues. The phosphorylation of Akt at Thr308 in the kinase domain acts as a switch on,
enabling Akt to phosphorylate its downstream substrates[8]. Researchers have established
that the binding of ATP in the binding cleft protects the phosphorylated Thr308 level[29,
106]. On the other hand, the occupancy of ADP in the binding cleft between the N-and C-
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lobes of Akt apostate cannot maintain Thr308 phosphorylation level. To put this in more
perceptive, ATP-loaded phosphorylated Thr308 of Akt can resist dephosphorylation by the
phosphatase, PP2A, whereas Akt kinase ADP-loaded phosphorylated Thr308 cannot resist
dephosphorylation by PP2A. In general, the function of ATP in kinases is to provide its Y-
phosphate group, which kinases can utilize to phosphorylate their downstream substrates,
hence the “on-off” switch mechanism through ATP binding to Akt is essential for the
kinase activity[8].
Domain srtucture of Akt

PH domain

PH -Kinase linker

Regulatory domain

C-lobe

PH -Kinase linker
Figure 2.5: Domain structure of Akt with kinase domain; A (surface representation) and B (ribbon representation. The

phosphorylation sites are marked with the various regions such as PH domain, the PH-kinase domain linker, kinase
domain and C-terminal tail are colored differently. The APT binding pocket and the magnesium ion (ii) are also indicated
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2.4 Akt activation and dissociation mechanisms

A study has established that Akt can be allosterically activated by membrane lipid, PIP3, or
PIP» at the plasma membrane. The interaction of PIP3 or PIP, with Akt PH domain relieves
the autoinhibitory intramolecular interaction, “PH-in” conformer between the PH domain and
the kinase domain[107]. When the positively charged PH domain binds to the negative charge
PIP; at the membrane, Akt undergoes a conformational change leading to its activation. This
conformational rearrangement disrupts the interaction between the lipid-binding PH domain
and the kinase domain, which exposes Akt phosphorylations sites and access for substrate
binding, but not the binding of nucleotides such as ATP or ADP. The “PH-out” conformer
enables Thr308 phosphorylation in the activation loop in the kinase domain by PDKI1[7].
Thr308 phosphorylation by PDK1 along with phosphorylation of Ser473 in the carboxy-
terminus regulatory domain by mammalian target of rapamycin complex 2 (mTORC?2) fully
activates Akt. Of note, Akt activity is restricted to membranes sites comprising membrane
lipids, PIP; or PIP2 [108]. Akt is unarguably a significant component of phospholipid signaling
pathway, which involves phosphatidylinositol 3.4,5-triphosphate (PIP3). PIP; levels in this
pathway are usually controlled by two opposing actions of phosphatidylinositol 3-kinase
(PI3K) and phosphatase and tensin homolog (PTEN)[43]. The activation of Akt is instigated
upon growth factor stimulation of PI3K, which creates PIP3, from phosphatidylinositol 3,4-
bisphosphate (PIP») at the plasma membrane[10, 40, 41, 109, 110]. These phospholipids, PIP3
and PIP;, are localized in the plasma membrane and serve as docking sites of Akt, which gets
translocated to the plasma membrane via its NH3-terminal PH domain[18, 40, 42, 110, 111].
Contrary to most AGC kinases that lack PH domains, Akt contains a PH domain, which has a
high binding affinity for PIP3[1, 112]. The interplay between PH domain and PIP; is essential
and has been considered a “hallmark” in the Akt pathways and is required for phosphorylation
and downstream activations of effector proteins[18, 109]. Akt translocation to the plasma
membrane containing PIP3 is needed for its phosphorylations and subsequent activation, and
Akt dissociation from the membrane leads to rapid dephosphorylations and inactivation[108].
The intramolecular interaction between the PH domain and the kinase domain of Akt, a “PH-
in” conformer, hinders Thr308 phosphorylation in the activation loop by phosphoinositide-
dependent kinase 1 (PDK1)[6]. When the PH domain interacts with PIP3[13], it leads to a

conformational change, “PH-out” conformer, releasing the domain-domain autoinhibition.
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The “PH-out” conformer enables Thr308 phosphorylation in the activation loop of the kinase
domain by PDK1[6]. Thr308 phosphorylation by PDK1 along with phosphorylation of Ser473
in the carboxy-terminus regulatory domain by mammalian target of rapamycin complex 2
(mTORC?2) activates Akt fully within the cells [14, 15].The dephosphorylations of these
residues, Thr 308 and Ser 473, are carried out by Protein Phosphatase 2A (PP2A) and PH
domain Leucine-rich repeat-containing Protein Phosphatase (PHLPP), respectively[4]. Akt
translocation to the plasma membrane was proposed to be regulated by phosphatidylserine
(PS), where PS interacts with key residues in the PH and regulatory domains. The interaction
promotes the binding of Akt to PIP;. The association between PS and PIP; can trigger Akt
interdomain conformational rearrangements that lead to the phosphorylation of Ser473 and
Thr308 [16, 27]. Mutations in the PH domain that weaken the interaction between the PH
domain and the kinase domain result in constitutive activation of Akt [17]. The PH domain of
Akt has tends to bind to other proteins. For example, in breast cancer cells, Calmodulin (CaM)
binds to the PH domain of Akt[18]. That is, upon epidermal growth factor (EGF) stimulation,
CaM co-localizes with the PH domain at the plasma membrane to enable Akt membrane
anchoring and activation [19], as depicted in Figure 3 (or 2.6). The interaction between CaM
and PH domain by CaM’s antagonist inhibited CaM-Akt translocation to the cellular
membrane, resulting in apoptosis in tumorigenic mammalian carcinoma cells [19, 113].
Additionally, protein ligation studies have unearthed that pSer473-Akt activation is driven by
an intramolecular interaction between the PH domain and kinase domain linker that relieves
PH domain-mediated Akt autoinhibition. Phosphorylation of Ser477/Thr479 activated Akt via
an allosteric mechanism requiring loop interaction, reducing PH domain autoinhibition, and
lowering PIP; affinity [15], as illustrated in Figure 2.6. Furthermore, the physical association
of PDK1 with Akt has been proposed to be sufficient for Akt activation/phosphorylation at
Thr308 independent of plasma membrane localization and PI3k [21]. Also, elsewhere,
molecular modeling based on homology modeling using the crystal structure of Akt2 has
attempted to uncover the nature of the domain-domain intramolecular interaction of Akt [6,
7]. Everything considered, these findings suggest that synergies between membrane lipids,
and the PH domain, the intermolecular interplay between the PH domain and the kinase
domain linker, interaction between CaM and the PH domain, and physical association of
PDK1 and Akt are perhaps required for Akt translocation, phosphorylation, and activation,

respectively. Taken altogether, these pioneering studies have proposed several different
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mechanisms of Akt translocation, phosphorylation, and activation. Resultingly, the actual
mechanism of Akt translocation, phosphorylation, and activation remains obscure or a matter
of debate. Also, how CaM interacts with the PH domain at the atomic level and the PH-kinase
autoinhibition in full-length Akt have not been fully established and require additional studies,
which this dissertation strives to uncover the underlying mechanisms of CaM-PH interplay

and PH-kinase domain autoinhibition as in Figure 2.7

Akt "PH-out" Conf
Akt "PH-in" Conformer out” L-ontormer

Activation loop

Figure 2.6 Akt activation mechanisms by Ser473 interaction with Arg144 in the PH-kinase domain linker and
dual phosphorylation at S477/T479 releasing the “PH-in” conformer of Akt [ 14].
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Figure 2.7 the proposed model of CaM-PH domain interaction that enabled the translocation of Akt to the plasma
membrane resulting in conformational rearrangements that facilitate phosphorylation of Thr308 and Ser473 by

PDK1 and mTORC?2, respectively

When Akt dissociates from PIP;3 at the plasma membrane, it phosphorylates its downstream
nucleotide and cytoplasmic proteins. It has been reported that the half-life of cytosolic active
Akt is about 3 to 5 minutes before dephosphorylation by phosphatases[6]. A proposed
mechanism of how Akt dissociate from the plasma membrane is the phosphorylation at
residue, Thr34, which depends on the recruitment of PKC([114] or PDK1 — concurrent
phosphorylation of Thr308[115], at the plasma membrane, which leads to a conformational
change and inducing the detachment from the plasma membrane. There have been various
outcomes of Akt protein-membrane dissociation depending on the required mutation at Thr34.
For instance, the conversion of threonine to alanine, Thr34Ala mutant (T34A), has the
potential to bind PIP; even when PKC( is present[114], although conflicting observations of
the Thr34Asp (T34D) mutant has been reported elsewhere. The Thr34 Asp mutant was either

reported to imitate phosphorylation, impairing Akt kinase translocation to plasma membrane
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[114]. In reverse, it was observed to localize Akt protein prominently at the plasma membrane
[116]. The reformation of the interplay between the PH domain and kinase domain enhances
membrane dissociation and Akt subsequent dephosphorylation [107]. The dephosphorylations
of Thr308 and Ser473 are carryout by the protein phosphates 2A (PP2A) and PH domain
Leucine-rich repat-containing protein phosphate (PHLPP), respectively[4].

2.5  Proposed models of Akt activation in cells

There are several in vitro insights of Akt regulatory mechanisms, and it is important to consider the
relevance of these proposed mechanisms in a cellular environment. In cellular environments, upstream
and downstream lipids and protein kinases and phosphatases play a crucial role in the kinetics and
activation mechanism of Akt. There are three popular proposed models of Akt regulation inside the
cells: diffusive model, ATP on/off switch model, and allosteric lipid switch model[117].

The diffusive model — in the absence of growth factor and other stimuli, inactive Akt localizes in cell
nucleus and cytosol. However, upon growth factor stimulation at the membrane that triggers the
production of PIP3 and PIP: results in PH domain-dependent accumulation of Akt at the respective
plasma membranes. The PH domain-dependent accumulation of Akt at the plasma membrane is
transient, usually peaking around 2 to 5 minutes after stimulation, but phosphorylation of Thr 308 in
the kinase domain and Ser 473 in Akt C-terminal extension is sustained for at least 2 to 3 hours post-
stimulation[6, 107]. These observations provide the basis for the classical or diffusive model of how
Akt is activated inside the sides. According to this proposed model, following the transient PIP; — PH
domain engagement and phosphorylation of Thr 308 and Ser 473 by membrane-associated PDK1 and
mTORC?2 respectively, activated Akt detaches from the plasma membrane and diffuses through the
cell interior phosphorylating its enormous substrates in the cell nucleus and cytosol before it's
inactivated by dephosphorylation by PP2A and PHLPP[117].

The ATP on/off switch model is an elegant extension of the classical or diffusive model, which is
based on the observation that ATP-competitive inhibitors have the propensity to paradoxically induce
hyperphosphorylation of Akt inside the cells. According to this model, when ATP is bound in the
active site between the N-and C-lobes of the kinase domain, it protects Akt from dephosphorylation as
it diffuses through the cell to phosphorylate its numerous substrates. Phosphorylations of substrates
and the conversion of ATP to ADP concomitantly alter conformational changes in Akt rendering it a

suitable substrate for cellular phosphatases and therefore rapidly inactivated upon dephosphorylation
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[29]. It is worth emphasizing that the ATP on/off switch model limits kinase activity to a single round
of catalysis, linking this model to empirical data demonstrating that Akt activity is closely coupled to
membrane lipids — PIP5; and PIP> dynamics. In contrast, in the diffusive model, there is no restriction
of Akt activity or explicitly linking nucleotide exchange to Akt phosphorylation state. A finding
challenged the ATP on/off switch model that Akt kinase-inactive mutant retaining ATP binding
potential was dephosphorylated by phosphatases with the same kinetics as wild-type Akt[107]. While
the diffusive and ATP on/off switch models have accounted for existing empirical data, a subsequent
phosphoproteomic analysis[118, 119] uncovered that the substrates of Akt display different kinetics of
phosphorylation, which is not compatible with the distributive kinetics implied by freely diffusing Akt
in the cells. Additionally, a free diffusion at approximately 12 gm?would enable Akt to reach any of
its substrates in cells within 3 seconds. Yet, FRET results have indicated much slower kinetics (ti2 3
/5 minutes) of Akt activation in nucleus and cytosol, which suggest that Akt is not freely diffusing in
the cells[6, 120]. The third model of Akt activation mechanism, the allosteric lipid switch model, states
that in addition to phosphorylation of Akt that occurs at Thr 308 and Ser 473 in its kinase domain and
C-terminal extension, respectively, Akt activity requires binding to membrane lipids, PIP3 or PIP2, a
phenomenon that limits Akt kinase activity to a subset of subcellular membrane compartments[117].
This finding has important implications for regulating Akt activity and substrate phosphorylation in
cells, indicating that active Akt is associated with the plasma membranes. This model ensures that Akt
activity remains proportional to upstream regulators such as PI3K and PTEN and enables fine-tuning

its activity in the cellular environment as per the identity and lifetime of its lipid ligands.
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Figure 2.8 Proposed models of Akt activation in cell. (A) Active, phosphorylated Akt freely diffuses in the cytosol, and the
nucleotide exchange is independent from phosphorylation. (B) Active Akt kinase freely diffuses in the cytosol and the ATP
to ADP conversion is couple to Akt dephosphorylation. (C). Phosphorylated, active Akt is restricted to PIP3/PIP2-contianing

plasma membranes. [117]
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2.6 Akt post-translational modification

Like other nascent polypeptides, Akt undergoes several post-translational modifications such
as phosphorylation, methylation, lysine modifications, ubiquitination, SUMOQylation, and
glycosylation. Phosphorylation — is a significant post-translational modification that most
nascent polypeptides undergo and Akt kinase is not an exception. Akt phosphorylation and
dephosphorylation are the most common post-translational modification of this enigmatic
protein kinase. It is the primary mechanism by which Akt is activated to perform its cellular
duties[93]. The receptors such as GPCR, RTK, and GLUT are stimulated by extracellular
ligands, which include hormones, chemokines, epidermal (EGF), fibroblast, insulin-like (IGF)
growth factors that activate intracellular PI3K at the plasma membrane. Upon PI3K activation,
it converts PIP; to PIP3, a process that PTEN deregulates; that is, PTEN converts PIP3 back to
PIP», regulating PI3K activity[45]. The inactive form of Akt also called the autoinhibited state,
resides in the cytosol until it gets translocated to the plasma membrane. The binding of the PH
domain to PIP3[121], a docking site phospholipid, initiates the allosteric activation of Akt[13].
This conformational change results in phosphorylations of Thr308 and Ser47 in the kinase
domain and regulatory domain, respectively[121, 122]. The residue, Thr308 phosphorylation
by PDK1, is essential for Akt activation; it orders the activation loop and provides substrate-
binding access, while Ser473 phosphorylation is needed for maximal activity and positioning
of the catalytic residues[48]. Akt required minimal consensus sequence for phosphorylation is
Arg-X-Arg-X-X-Ser/Thr-h, where X presents any amino acid residue and lower letter h is a
bulky hydrophobic residue[99]. Additionally, a constitutively active phosphorylation site,
Thr450, within the C-terminal regulatory domain, is important for the folding and stability of
Akt[5]. Activated Akt dissociates from the plasma membrane upon phosphorylations into the
cytosol, where it phosphorylates its downstream substrates or target proteins. Subsequently,
cytosolic Akt get dephosphorylated rapidly by phosphatases, PP2A at Thr308 and PHLPP2 at
Serd73[4]. Methylation — DNA methylation that usually occurs in the promoter CPG islands
1s an epigenetic modification, which maintains gene silencing[123]. It has been observed that
Akt promoter region was significantly hypomethylated in tumor cells or patients with breast
cancer[124]. Lysine modification or acetylation — Akt membrane-binding activity is often
hindered by the reversible acetylation of lysine (Lys) residues. The acetylation of the Lys
residues is carried by histone acetyltransferase and deacetylases. The residues, Lys14 and

Lys20 acetylation inhibit the PH domain's binding to membrane lipid, PIP3, thereby regulating
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Akt activity[125]. The mutations of Lys14 to Arg, or Gln, and Lys20 to GIn have shown to be
analogous to constitutive acetylation of Akt, resulting in Akt inactivation. Intriguingly,
mutation Lys20 to Arg deacetylates Akt, which enables the PH domain to readily bind to PIP3
—leading to subsequent phosphorylation of Akt[125]. Akt ubiquitination plays a pivotal role
in its activation and stability. Akt in the “PH-out” conformer state is unable to be ubiquitinated.
Proteins often undergo Lys48-associated ubiquitination that leads to the degradation and
termination of their activity[126]. Intriguingly, Akt Lys63-associated ubiquitination at
residues: Lys8 and Lys 14 does not induce degradation of the kinase but instead mediates
plasma membrane binding and increases Akt phosphorylation[22]. SUMOylation — the
covalent conjugation of a small ubiquitin-related modifier (SUMO) to an internal lysine
residue in the protein kinase B is considered as a reversible post-translational modification
that affects cell proliferation and apoptosis. A study has shown that SUMOylated Akt usually
resides in the nucleus[127]. Also, several different reports implicated SUMO-modification
sites to be considered as major receptors, for instance, Lys64 in the amino terminus PH
domain, Lys182, Lys189[128], Lys276[129, 130], and Lys301[127] in the centrally positioned
kinase domain of Akt. Mutations of these Lys residues in Akt kinase significantly reduce
SUMOylation, thus perturbing Akt activity[128]. Akt SUMOylation in vivo has been detected
under heat-shock stress conditions — indicating that Akt is not constitutively modified by
SUMOI128]. Glycosylation — the modifications of threonine and serine residues in Akt kinase
by O-linked N-acetylglucosamine are reversible post-translational modifications process that
often inhibits phosphorylation of Akt protein [131]. The competitive association between Akt

phosphorylation and glycosylation sites has been involved in cancer cell progression[132].

2.7 Akt mutation in Human cancers

Akt is a ubiquitously expressed protein kinase, and it has been implicated in various cancer
types. For example, over 50% of the human cancers in the Catalogue of Somatic Mutations in
Cancer (COSMIC) database have shown aberrant Akt expression. Mutations in Akt occur in
about 3-5% of human cancers and are relatively conserved throughout Akt other isoforms,
Akt2 and Akt3[133]. Akt function greatly depends on its lipid-binding PH domain; as a result,
a disruption of the PH domain interaction is often implicated in tumor cells progression[134].

For example, somatic mutations of residues in the PH domain have frequently disrupted Akt
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membrane binding and dissociation. These amino acid residues are often located close to the
phospholipids binding pocket on Akt; hence aberrant structural alterations are direct attributes
to these mutations. The most frequently observed somatic missense mutation in the PH domain
is the Glul7 to Lys (E17K), which is located close to the phospholipids binding pocket. The
Glul7 to Lys mutation accounts for about 36% of all Akt mutations (cBioPortal for Cancer
Genomics)[133, 135, 136]. In breast cancer, the E17K mutation has been observed[134, 137,
138], and also in endometrial carcinomal139], prostate[140], bladder[141], non-small cell
lung cancer[142], melanoma[ 143] and acute leukemias [144]. This E17k mutation in the lipid-
binding PH domain has the propensity to perturbs the interplay between the PH domain and
the kinase domain to induce the hyperactivation of Akt either with or without insulin
stimulation[22]. Additionally, other missense activating mutations in PH domain are Leu52 to
Arg (L52R) and GIn79 to Lys (Q79K). These two mutations account for 1.2% of all Akt
mutations [135, 136] in colorectal and breast cancers[137, 138]. Also, in the PH domain of
Akt, Cys77 mutation has been detected in cancer patients (COSMIC). The Cys 77 to Phe
(CT7F) missense mutation in breast luminal carcinoma[138, 145], Cys77_Lys78ins10
(insertion of ten residues, in breast ductal carcinoma)[146], and the Cys77_Lys78ins12
(insertion of 12 residues, in frame) in ovarian granulosa cell tumor[147].

Additionally, on the PH domain of Akt, there are other inactivating mutations. The mutation
of Argl5 to Ala (R15A) and mutation of Lys20 to Ala (K20A) have been shown to inhibit the
translocation of Akt to the plasma membrane, despite the presence of signaling hormone
insulin[16, 148]. From the COSMIC database, R15Q has been observed in cervical cancer. In
the PH-in conformer of Akt, the PH domain interacts with the C-lobe of the kinase domain
close to the residues, Asp323 and Asp325, and the unphosphorylated activation loop, where
the phosphorylation site, Thr308, is located[108]. In a recent report, the double mutants,
Asp323 to Ala and Asp 325 to Ala (D323A &D325A), disrupt the PH domain-mediated
inactivation by permanently exposing the phosphorylation site in the kinase domain and
rendering substrate access, thus leading to Akt constitutive activation[108]. Table 2.1 depicts
mutation in Akt isoforms, and the spectrum of recurrent mutations in Aktl are relatively
conserved in Akt2 and Akt3 isoforms. This dissertation focuses on the D323H mutation in the

Aktl isoform, which occurs in the PH-kinase domain interface.
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Table 2.1, various mutations that occur in Akt isoforms

Domain of Akt Aktl Akt2 Akt3

PH domain E17K E17K E17K
D32N/Y D32H/N D32N
D46E D46N D46H
P5S1L/S WS80C/L P50L/S
L52F/H/R, L51L/R
Q79K/R Q78K
W80OR

PH-kinase linker R121W

Kinase domain D221IN D324G/H/N D219N
S266N/S R368C/H/N S264F
D323G/H/N/Y R367C | R371C/H/L D320H
R370C/H R367Q

Table 2.1 Taken from Yi, K.H & Lauring 2015 and the Catalogue of Somatic Mutations in Cancer (COSMIC)

2.8 Inhibitors of Akt in clinical studies

Akt protein kinase has long been an attractive target for cancer therapy due to its involvement
in cancer initiation and progression. Akt targeting small molecules is limited by their lack of
moderate potency, specificity, and poor solubility. Current Akt inhibitors in clinical studies
have not been successful due to their toxicity properties or development of resistance[149].
Akt inhibitors can be categorized into three: ATP-competitive inhibitors, allosteric inhibitors,
and PIPs-analogues. A fairly common practice to inhibit protein kinases is targeting the
binding activity with ATP-competitive inhibitors. However, for Akt there is a unique allosteric
binding pocket with several advantages regarding the selectivity of developed small molecule
inhibitors. For instance, active binders often target the conserved ATP-binding pocket[150],
stabilizing the active conformation, “PH-out” conformer of Akt kinase. In contrast, allosteric
inhibitors target the interdomain region between the kinase domain and the PH domain,
stabilizing the inactive conformation, the “PH-in” conformer of Akt.

As their name suggests, ATP-competitive inhibitors act as small molecules that occupy the
ATP binding pocket in the kinase[106]. The ATP binding pocket is conserved for all Akt
1sozymes[150]. A major drawback to ATP-competitive inhibitors is their lack of efficacy and

specificity against the Akt isoforms and other AGC kinase members in pre-clinical and clinical
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trials[149] — unexpectedly inducing hyperphosphorylation[151]. Due to the high sequence
homology of Akt isoforms, there have been numerous challenges in developing Akt isoforms-
specific inhibitors that could progress in clinical studies [152]. Additionally, the known Akt
allosteric inhibitors target the PH domain to prevent Akt plasma membrane localization and
activation[7, 149, 153]. The effectiveness of the allosteric inhibitors dramatically relies on the
PH-kinase domain intact interface because as soon as the allosteric interface is comprised,
drug sensitivity is lost, which drives Akt activation[17]. Furthermore, the PIP3 or PIP; binding
pocket on Akt is not an ideal target for allosteric inhibitors because of its shallow and highly
charged nature[154].

Another competitive approach to target Akt involves the use of PIP3-analogues. The PIP3-
analogues usually bind to the PIP3 cavity with the amino-terminal PH domain and disable the
kinase activation mechanism. However, the PIP3-analogues have several drawbacks, such as
lack of selectivity because there are over 300 structurally related PH domains and poor drug-
like properties. On a high note, even though enormous inhibitors have shown to be promising
in inhibiting Akt kinase both in vivo and in vitro, only a handful of these inhibitors have
entered clinical trials. For example, two ATP-competitive Akt inhibitors: Capivasertib
(AZD5363) and ipatasertib (GDC-0068), are in phase I and Phase II clinical studies for mono-
or combination therapy with diverse indications. However, the selectivity of these inhibitors
in inhibiting Akt has been hindered due to the highly conserved ATP-binging pocket among
the protein kinase family. Resultingly, dose-limiting side effects of these drug molecules
during treatment and the lack of efficacy resulting from the inevitable dose reduction have
occurred[155]. Due to these drawbacks, medicinal chemists have applied efforts to identify
Akt specific and isoforms-selective inhibitors, which led to the discovery and development of
bioactive allosteric inhibitors. As a result of this alternative approach, inhibitors such as MK-
2206 and miransertib (ARQ092) have been identified with greater specificity, lower toxicity,
and reduced side effects than the aforementioned target approach. For instance, MK-2206 —
an orally active, highly potent, and selective allosteric pan-Akt inhibitor has been investigated
in clinical trials to treat breast cancer[156]. Still, the expected clinical outcome is yet to be
achieved. On the other hand, Miransertib and its next-generation small molecule Arq751,
orally available highly selective pan-Akt inhibitors, undergo clinical evaluations. In the case
of Miransertib, promising results have been observed in cells harboring the biomarker Akt

E17K, and both inhibitors are undergoing investigations as a potential therapy for Proteus
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Syndrome[157]. It is worth emphasizing that, although there are numerous clinical trials for
targeting cancer; however, none of the targeted Akt inhibitors have reached phase III clinical
studies, which highlights the enormous complexity of Akt-signal dependent malfunctions. For
example, in diseases such as Proteus Syndrome, where the Akt E17K mutation has been a
critical biomarker, promising response rates in monotherapy have been achieved[158, 159].
The drawbacks in clinical trials to ATP-competitive and allosteric inhibitors of Akt emphasize
the need for innovative strategies to establish Akt's role in disease[160]. One of the innovative
approaches is the development of covalent-allosteric Akt inhibits, hereinafter called CAAIs.
As described by Wiesner and colleagues, this approach combines the selectivity of small
allosteric molecules with irreversible covalent modification of two noncatalytic cysteine
residues in the activation loop of Akt kinase domain. As a result, the CAAIS demonstrates
prolonged residence time, which is somehow limited by the turnover of the kinases in the cell.
For instance, the borussertib, the lead compound, has shown enhanced inhibitory efficacy than
relevant Akt inhibitors. Moreover, borussertib shows strong antiproliferative effects and
exhibits target engagement in cancer cell lines harboring changes in the PI3K/Akt signaling
pathway. Furthermore, the efficacy of borussertib in vivo was proven in treatment combination
studies with MEK-inhibitor, trametinib in Kras mutant patient-derived xenograft (PDx)
models resulting in a partial response[161]. It is worth emphasizing that borussertib has shown
promising results in preclinic studies despite its pharmacokinetic properties limitations, which
underlines the potential of CAAIs for targeting Akt in relevant diseases. On the other hand,
borussertib pharmacokinetics properties must be refined by structure-based design before
peroral applications can be achieved[162]. Recently, structural insights into the allosteric site
of the different Akt isoforms guided the discovery and development of specific CAAls,
enabling future investigations of isoform-specific functions through the use of selective
probes[31]. Thus, CAAIs presents a powerful approach to scrutinize relevant questions about
Akt's impact and regulation in various disease[160].

Here, intrigued by these findings, this dissertation intends to probe how CaM binds to the PH
domain of Akt, the nature of the intramolecular interaction between the PH domain and the
kinase domain or the role of the interface residues of the domain-domain interaction, and
conformational changes that facilitate Akt translocation, phosphorylation, and activation at
atomic level. In this dissertation, computational methods such as molecular modeling and MD

simulations with CHARMM and NAMD were employed to explore the interplay between
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CaM and PH domain, PH-kinase domain autoinhibition, and the role of interfacial residues or
disruption of “PH-in” conformer, which releases Akt autoinhibition leading to Akt membrane

anchoring and activation.
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Methodology (Materials and Methods)

3.1 Molecular Modelling and Molecular Dynamics Simulation
3.1.1 Generating initial configurations of CaM-PH domain Complexes.

The crystal structures of calmodulin (CaM) with the extended and collapsed linkers (PDB
ID: ICLL; 1CDL respectively) and the PH domain of Akt (PDB: 1H10) were extracted
from the protein data bank[163]. The crystal structure of CaM was bound to four calcium
molecules, while the PH domain of Akt was bound to 1,3,4,5-tetrakisphosphate (IPs),
which is the polar head of PIP;. Using InteractiveROSETTA[28], the structures were
docked to obtain the initial complex structures of the CaM-PH domain that were subjected
to molecular dynamic (MD) simulations. Residues 1- 4 in CaM were missing in the crystal
structure but were inserted using Discovery Studio [164] before molecular docking.
Further, multiple decoys of CaM-PH domain complexes were collected after a series of
docking with InteractiveROSETTA [28]. The chemical shift perturbations (CSPs) from
previous NMR studies[18, 27] were traced, and the highly perturbed residues (>0.1ppm)
were mapped onto the crystal structures of both CaM and PH domain, which were utilized
to guide the interface residues of the dimeric complexes. The predicted CaM-PH domain
complex decoys were ranked based on the Rosetta energy scoring function. The CaM-PH
domain complexes were carefully selected based on these energy scores, conformations,
and interface residues that agreed with the available NMR data. It is worth emphasizing
that for every CaM conformation, initial configurations of CaM-PH domain complex were
selected: five configurations (Configs. 1-5) for extended CaM and three configurations
(configs. 6-8) for collapsed CaM. Utilizing the NACCESS software [165], all configuration
(Configs. 1-8) accessible surfaces (ASA) were computed as displayed in Table 3.1.
Intriguingly, the molecular docking results of InteractiveROSETTA[28] uncovered that the
N-lobe of extended CaM alone is unable to bind the PH domain, but the C-lobe alone is
able to form a stable complex with the PH domain. Using another prediction tool, Protein
Interactions by Structural Matching (PRISM) [166], similar binding modes between CaM
and the PH domain of Akt were obtained. But what remains peculiar about the C-lobe in
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forming a stable complex with the lipid-binding PH domain is yet to be established. Of
note, during the docking process, IP4, which lacks the acyl chains, and the glycerol group
was excluded or removed for the lipid-binding PH domain to obtain the CaM-PH domain
dimeric complexes. However, to observe the influence of IP4 on the CaM-PH domain
association, initial configurations of CaM-PH domain complex comprising IP4 by adding
P4 to the #-sandwich pocket of the PH domain using the same Configs 1-8 were generated
by PyMOL molecular graphic system [167]. Eight additional configurations with the small
molecule, IP4+ were obtained: five configurations (Configs. 9-13) with extended CaM and
three configurations (Configs. 14-16) with collapsed CaM (Table 3.2). All simulation
inputs were built using the CHARMM all-atom additive force field (version c42) [163,
164]. For the simulations with IP3/IPa4, the coordinates of 4IP (IP4 in this dissertation) were
extracted from the crystal structure of the PH domain (PDB 1H10). Additionally, the
standard CHARMM program [168] provides the topologies and parameters for the
phosphatidylinositol lipids, PIP, and PIP3. The inositol head groups of the lipids were
extracted and modified to IP3 and IP4. The same topologies and parameters adopted from

the phosphatidylinositol lipids were applied to these small molecules.
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Table 3.1. Accessible surface area (ASA) for Configs. 1-8 for initial docked structures. The ASA for each

predicted configuration was calculated using Naccess standalone version. Here, to calculate the accessible

area buried between CaM and Akt-PHD, we ran three separate calculations. Once for CaM (chain A), once

for PHD (chain B), and a third time for the CaM—PHD (AB) complex. We then subtracted the AB surface

from the (A+B) surfaces to obtain the buried surface in the CaM—PHD complex.

CaM-PHD complex

Accessible surface area (A2)

CaM (chain A) | PHD (chain B) | CaM-PH (A+B) | CaM-PH (AB) | (A+B) - AB
Configs. 1 11129.8 8231.8 19361.6 18039.5 1322.1
Configs. 2 10821.9 8283.0 19104.9 16877.0 2227.9
Configs. 3 10866.1 8385.2 19251.3 17386.8 1864.5
Configs. 4 10845.2 8348.1 19193.3 17578.0 1615.3
Configs. 5 10870.2 8361.3 19231.5 17948.2 1283.3
Configs. 6 10372.9 8459.0 18831.9 17664.2 1167.7
Configs. 7 10447.6 8321.2 18768.8 17686.9 1081.9
Configs. 8 10316.4 8414.1 18730.5 174211 1309.4
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Table 3.2. Initial configuration of CaM-PH domain complexes

CaM-PHD complex

CaM conformation (PDB)

IP4 binding to PHD

Configs. 1-5 Extended (1CLL)

Yes
Configs. 6-8 Collapsed (1CDL)
Configs. 9-13 Extended (1CLL)

No

Configs. 14-16

Collapsed (1CDL)

3.1.2 Atomistic molecular dynamics simulation procedure for CaM-PH domain
complexes

Following the molecular docking, atomistic MD simulations for all sixteen configurations
with and without IP4 were performed in an aqueous solution. The MD simulation protocols
described herein closely mirror those of the previous publications [169-179]. At the initial
stages of the simulation, several rigid body minimization steps (10, 000 steps), followed
by a dynamic cycle of 50,000 steps, were implemented for all the systems. The TIP3P
water model was employed to obtain the isometric unit cell box containing the CaM-PH
domain dimeric complex. The unit cell box dimensions were 100 x 100 x 100 A® consisting
of 265 amino acid residues in total: 148 amino acid residues in CaM and 117 amino acid
residues belonging to the PH domain. Subsequently, to maintain the system's neutrality,
the systems were neutralized with counterions to satisfy the ion concentration close to
100mM: 68 Na* and 50 CI" (for non- IP4 complexes) and 72 Na* and 46 CI" (for complexes
with IP4). Further still, in the pre-equilibration stages of the MD simulations, harmonic
restraints were applied to every heavy atom (k = 5 kcal/mol/A*/atom) and eventually
relaxed to k = O with a full particle mesh Ewald (PME) calculation for long-range
electrostatic interactions. Additionally, a 12A cutoff local interaction distance for
electrostatic and van der Waals (VdW) calculations was considered along with a scaling
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factor of 1-4 short-range electrostatic and VAW interactions. Subsequently, the Langevin
temperature control was deployed for maintaining a constant absolute temperature at 310K,
while the Nosé-Hoover Langevin piston pressure control was employed to sustain the
pressure at 1 atm. The NAMD parallel-computing code [180] was utilized on the Biowulf
cluster at the National Institute of Health (NIH) located in Bethesda, Maryland, USA for
the production runs of 1 ps (1000 ns) at 2 fs/step. To guarantee that equilibrium was
achieved for every system, the so-called root-mean-square deviation (RMSD), and the
energy trajectories were calculated as a function of time. Ultimately, the CHARMM
program [168] was employed to analyze the simulation trajectories, and the average were
after 300ns to discard initial transient trajectories. The average interaction energy was
computed over the last half of the 1,000ns trajectory to ensure that the systems reached to
equilibration after 500ns. The total interaction energy presented here, which was computed
by the CHARMM program [168], is simply the sum of electrostatic and vdW interactions

between the CaM-PH domain dimeric complex.

3.1.3 Binding free energy calculation for CaM-PH domain complexes (MM-GBSA
Calculations)

To determine the binding free energy of CaM-PH domain interplay or interaction, the
molecular mechanics energies combined with the generalized Born surface area continuum
solvation (commonly termed MM-GBSA) was employed. Equation 1 depicts the average
binding free energy, which is obtained from the Gibbs free energy, constitutes three
components: the gas phase contribution, the solvation contribution, and the entropic

contribution.
(AGp) = (AGsop) + (AG4q5) — TAS, (1)

As depicted in equation 1 above, the G}, notation denotes the binding free energy, Ggo; is
the solvation energy contribution, G g4 is the gas phase contribution, and TAS is the
entropy contribution. Of note, the angle brackets in equation 1 indicate the average taken
along the simulation trajectories. The solvation free energy constitutes the electrostatic
contribution and the non-polar contribution, AGso;= AGES+ AG P | and was computed

by GB using the GBSW module of the CHARMM program [168]. The electrostatic

contribution to the solvation free energy, AG¢lsc was calculated by solving the Generalized
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Born equation within the CHARMM program [168]. The non-polar contribution of the
solvation free energy was calculated using the A6 7" = Y SASA + B, where SASA denotes
the solvent accessible surface area with the set of surface tension parameters. The total
entropy term, TAS is further portioned into translational, rotational, and vibration
contributions as depicted here. TAS = TAS yqns + TAS ot + TAS,ip. The translational and
rotational entropies were evaluated from the calculation of the principal moment of inertia
and obtained the vibration entropy from the quasiharmonic mode calculation in the
VIBRAN module of the CHARMM program[168]. Overall, the alteration in the binding

free energy due to complex formation between CaM and the PH domain of Akt is computed

as follows.
AGy = GLoMPIET — (GEM + GEHD), )

A detailed description of the calculation protocol can be found in the previous publications
[170-179]. The change in the binding free energy triggered by the small molecule, IP4 in

CaM-PH domain interaction can be obtained by equation three.

AAGb — AGzVith _ AGZVithout’ (3)

Where the ‘with’ and ‘without’ superscript in equation three denote the involvement and

non-involvement of IP4 in the CaM-PH domain association, respectively.

3.2 Generating the full-length Aktl.

The full-length Akt has 480 amino acids, and its sequence was obtained from UniProt KB
[181] (ID: P31749). The crystal structures of wild-type Akt inactive state (PDB: 6SOW [31]
and 4EJN [30]) were used to model the full-length Akt protein kinase as in Figure 3.3. The

missing coordinates in the PH domain, the PH-kinase linker, and the C-terminal regulatory
domain (residues 1-2, 113-141, 30-303, and 445-446 in 6S9W, and residues 1-3, 43-49, 110-
143, 188-200, 302-306, and 439-446 in 4EJN) were obtained by a hierarchal iterative
template-based threading method employing the I-TASSER predictor [32]. For 6SOW, the

best model obtained from the I-TASSER program [32] has an acceptable C-score of -0.32 and

an estimated TM-score of 0.67 + 0.13. For 4EJN, it has a C-score of 0.06 and an estimated

TM score of 0.72 + 0.11. Two modeled structures of full-length Akt derived from different

crystal structures (Models 1 and 2) were utilized to obtain the nucleotide-bound, mutational,

and phosphorylated forms of Akt.
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Both modeled Akts exhibit nucleotide-free kinase domains (hereafter called apostate). To
construct ATP-bound Akt, the kinase domain of Akt (PDB: 4EKK, initially crystalized with
non-hydrolyzable ATP derivative, adenylyl imidodiphosphate AMP-PNP, Mn?*, and GSk3p-
derived peptide [29]) was superimposed with the apostate Akt. The GSk3p-derived peptide
was removed before superimposition, and AMP-PNP and Mn?* were replaced with ATP and
Mg?*, respectively, obtaining the coordinates of ATP and Mg?*. The ADP-bound Akt was
further obtained by replacing ATP with ADP. To observe the disruption of PH-kinase domain
interaction, the kinase domain residue Asp323 at the PH-kinase interface was mutated to His.
The kinase domain mutation D323H is predicted to perturb PH-kinase domain interaction. To
obtain the initial configuration of active Akt, we modified two phosphorylated sites at Thr308
and Ser473 by using Using Discovery Studio software [164], generating the phosphothreonine
(pThr308) and phosphoserine (pSer473) residues. For each model of Akt, six configurations
(Configs. 1-6) with Model 1 and the other six configurations (Configs. 7-12) with Model 2
were generated. For Model 1, these are apostate, ADP-bound, ATP-bound, apostate D323H
mutant, ATP-bound D323H mutant, and phosphorylated forms of Akt for Configs. 1-6,
respectively. The same for Configs. 7-12, respectively, for Model 2. A total of twelve
configurations of Akt were subjected to MD simulations, each with 1 ps, as described in Table

S1(table 3.3)
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Figure 3.1 crystal and modeled structure of full-length AKT. The PH domain, PH-kinase domain, kinase domain,

and the C-terminal tail are colored blue, red, cyan, and gold, respectively.

3.2.1 Atomistic molecular dynamics protocol of full-length Akt.

We employed the updated CHARMM [168] all-atom additive force field (version 36m)[182,
183]. Our simulations closely followed the same protocol as in our previous works [20]. TIP3
water model was used to solvate the systems, constituting the isometric unit cell box of 120 x
120 x 120 A3. The appropriate number of counterions (100 Na* and 95 CI") were added to
each system to maintain its neutrality. The solvents around the harmonically restrained protein
were subjected to a series of minimization cycles of 10000 steps using the conjugate gradient
method, followed by a dynamic cycle of 50000 steps. During the preequilibration stages,
harmonic restraint (k = 5 kcal/mol/A%atom) was applied to heavy atoms in the protein
backbone and gradually relaxed to k = O with a full particle mesh Ewald (PME) calculation
for long-range electrostatic interactions. In the production run, 2 fs/time step was selected, and
the SHAKE algorithm was employed to constrain the length of bonds involving hydrogen
atoms. The non-bonded cut-off interactions were set to 12.0 A, and the PME algorithm was
deployed to handle long-range electrostatic interactions. The Langevin temperature control

was utilized to handle constant temperature at 310 K, and the Nosé-Hoover Langevin piston
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pressure control maintains the pressure at 1 atm. The NAMD parallel-computing code [180]
was employed for the production run of 1 us for each system on a Biowulf cluster, National
Institute of Health (NIH) in Bethesda, Maryland, USA. A total of 12 us of simulations were
performed. The root-mean-square deviation (RMSD) as a function of time and root-mean-
square fluctuation (RMSF) of protein residues were computed to ensure that each system
reached equilibrium. The trajectory files were analyzed with the CHARMM program [168].
All plots were generated with Python, and figures were generated with Pymol [167] and
BioRender.

3.3  Clustering the ensembles of CaM-PH domain complexes

The ensemble Cluster in Chimera [184] can cluster members of a conformational ensemble
of a protein containing the same atoms and present the clusters of protein conformations. To
determine the most populated (favorable) state (conformation) of each CaM—PHD dimeric
complex, we clustered all the simulation frames using Chimera [184] with a step size of 10
and selected the topmost clusters. The ensemble clustering in Chimera is based on pairwise
best-fit RSMD values, which returns the clusters, their sizes, and their conformational
representatives. In the clustering, 10,000 frames for each configuration from the simulations
were employed in Ensemble Cluster using a tool in the MD/Ensemble Analysis categories.
Bio-3D [185] was deployed to perform Principal Component Analysis (PCA) on the
trajectories for each model to obtain a PCA conformer plot, a scree plot, and a collective

motion defined by PCI1.
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Chapter 4

The interplay between Calmodulin and the PH domain of Akt

4.1 Calmodulin and the PH domain of Akt

In breast cancer cells, it has been reported that Cam binds to the PH domain of Akt upon
epidermal growth factor stimulation. When Cam co-localizes with the PH domain, it
recruits Akt to the plasma membrane to enable Akt membrane binding and activation. The
disruption of the interplay between CaM and the PH domain by CaM antagonist inhibited
CaM-PH domain complex translocation to the plasma membrane, resulting in cell death in
tumorigenic mammary carcinoma cells. NMR experiments have established how CaM
binds to the PH domain and showed the conformational rearrangements, which are
involved that facilitate Akt translocation to the plasma membrane[18, 27]. In this section
of the dissertation, atomistic MD simulations were carried out on the 16 configurations of
CaM-PH domain complexes. Configs. 1-8 are without IP4 (Figure B.2A) and Configs. 9-
16 with IP4 (Figure B.2B). During the simulations, the interaction between CaM and Akt-
PH domain appears to be thermodynamically stable, favorable especially for
configurations with extended CaM as depicted in the final conformations of the CaM—PH
domain complex (Figure 4.1A). However, when P4 is loaded onto the PH domain (Figure.
4.1B), the CaM-PH domain interaction appears weaker, causing the N-lobe of CaM to
dissociate from the complex rapidly. In the collapsed form of CaM, some configurations
show stronger binding in the presence of IP4, especially when IP4 is far away from the
CaM-PH domain interface. The root mean square deviation (RMSD) profiles (Figure B.3)
of the configurations show that the PH domain is more stable compared to CaM, whose

fluctuation increases when IP4 was involved in the dimeric interface.
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A CaM—-PHD complex without IP,
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Figure 4.1 Final structures of the CaM—PHD complex. Cartoon representatives of the CaM—PHD complex for
(A) Configs. 1-8 without IP4 and (B) Configs. 9 -16 with IP4. CaM is colored red and PHD is colored blue. The
N-lobe and C-lobe of CaM are marked. The marked “N” and “C” denote the N- and C-terminus of PHD,
respectively. A small molecule, IP4, in the pocket of PHD is marked.
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4.2  Selection of best models for CaM-PH domain dimeric complex.

Following the simulations of selected models, statistical and conformational analyses were
performed to select the best would-be models of CaM—PH domain dimeric complexes. First,
we computed the total interaction energy (contributions from electrostatic and vdW
interactions) for the complex with and without IP4. For Configs. 1-8 without IP4 (Figure B.
4A), the averaged total interaction energy showed that the extended CaM (Configs. 1-5)
appears to have a more robust interaction with Akt-PH domain than the collapsed CaM
(Configs. 6-8), suggesting a favorable CaM conformation in the interaction with the PH
domain. It is expected that in the presence of IP4, the interaction of CaM with Akt-PH domain
can decrease due to competition with IP4. This prompts us to delineate probable models of the
CaM-PH domain interaction. For CaM with the extended linker, Configs. 9, 11, and 13
decrease the CaM—PH domain interaction when IP4 is loaded to the PH domain compared to
the corresponding Configs. 1, 3, and 5 without IP4, respectively (Figure B.4 B). This is
consistent with experimental findings[18, 27] when CaM cannot extract Akt-PH domain from
the plasma membrane. The experimental results showed that Akt-PH domain has a greater
affinity to PIP3-containing membranes, and CaM 1s displaced and unable to bind
concomitantly [18, 27]. However, Configs. 10 and 12 with IP4 increase the CaM—PH domain
interaction compared to the corresponding Configs. 2 and 4 without IP4 respectively,
indicating a less favorable CaM—PH domain interaction model. For CaM with the collapsed
linker, we also observed that Configs. 14-16 with IP4 increase the CaM—PH domain interaction
compared to Configs. 6-8 without IP4, respectively. This suggests that the collapsed CaM may
not be a populated conformation in interacting with the lipid-binding PH domain.

Next, we determined the Gibbs free energy from MM-GBSA calculations (Figure 4.2).
The details of the decomposition of each term of the Gibbs free energy are summarized in
Table S3. The MM-GBSA results were broadly consistent with the interaction energy.
Configs.1, 2, 5, 3, and 4 are arranged in the order of decreasing binding free energy, all of
which agreed with the NMR data[18, 27] except Config. 4. That is, Config. 12 with IP4 has a
more favorable binding free energy than Config. 4, which contradicts the experimental
findings[18, 27]. Also, the MM-GBSA results indicate that the CaM with collapsed linker is
not consistent with NMR experiments. For instance, Configs. 6 and 7 without IP4 yielded

positive binding free energy values, whereas Configs. 14 and 15 with IP4 yielded negative
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values of the binding free energy. Config. 8 without IP4produced negative binding free energy,
but Config. 16 with IP4 shows a better binding. Finally, we computed the change in binding
free energy, AAG), due to the presence of IP4 for all systems (Table 4.1). AAGy, is increased
for Configs. 1, 2, 3, and 5, indicating that IP4 possibly disrupts or weakens the interaction
between CaM—-PH domain, consistent with the experiments. For the remaining configurations,
we observed what was contrary to the NMR experiments [18, 27]. In short, Configs. 1, 2, 3,
and 5 of CaM-PH domain complexes were selected as the best models based on the criteria,

which are supported by the NMR data [18, 27]. The modeling suggests that the extended CaM

may be the populated conformation in the interaction with the PH domain of Akt.

Table 4.1 The change in binding free energy, AAGy, due to the presence of IPs in the CaM—PHD interaction

calculated by equation (3).

CaM-PHD complex with IP4

CaM-PHD complex without IP4

AAGy (kcal/mol)
Config. AGy (kcal/mol) Config. AGy (kcal/mol)

9 13.66 1 -57.46 71.13
10 -8.73 2 -39.37 30.63
11 -6.19 3 -33.44 27.24
12 -47.46 4 -23.58 -23.88
13 -4.38 5 -37.14 32.76
14 -32.77 6 10.83 -43.61
15 -5.78 7 10.25 -16.04
16 -19.74 8 -16.53 -3.21
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Figure 4.2 Energy profiles of CaM-PH domain complexes

The binding affinity of CaM—PHD. Using Matplotlib in Python, the binding free energy for the CaM interaction
with the Akt-PHD during (A) Configs simulation. 1-8 without IP4 and (B) Configs. 9 -16 with IP4; have been
plotted. In the box graphs, the triangle symbol and horizontal line indicate the mean and median values,
respectively, whereas and the box plots and error bars represent the percentage and the standard deviation,
respectively.

4.3 Interface residues of CaM-PH domain dimeric complexes.

The NMR and other biophysical and biochemical methods have unearthed CaM’s binding to

Akt-PH domain with a dissociation constant (Kq) of 100 nM in a 1:1 stoichiometry [18]. These
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experiments have also revealed that CaM’s N- and C-terminal lobes are essential for Akt-PHD
binding and that electrostatic interactions significantly contribute to CaM—PH domain
association. Moreover, favorable hydrophobic interactions appear to stabilize the CaM—PH
domain dimeric complex [18]. Following the MD simulations, the types of intermolecular
interactions (salt bridge, nonpolar, and H-bond) in CaM—PH domain complexes throughout
the MD trajectories (Tables S4 and S5) were analyzed for all configurations. Here, the residue
pairs are treated as interface residues and considered effective and counted if they have at least
50% occurrence. To corroborate the CaM—PH domain dimeric interface, essential residues
involved in the dimeric complex were examined. For instance, in Config. 1, salt bridge
formation between residues, R74-E85, D58-R67, E114-K14, E114-R25, E120-R25, E123-
R23, K77-E85, D2-R76, E84-R76, and E120-R23 (where the former and latter residues
respectively denote CaM and PH domain), retain the dimeric interface. Also, nonpolar
interactions between residues, 19-M63, A73-M63, M124-119, A128-119, M144-119, L.112-
184, F92-184, G113-F55, M71-P68, and L4-M63, contributed to the complex formation. Polar
interactions between residues, T5-Q61, T70-T65, Q143-Y18, and Q3-Q61, and hydrogen-
bond between A128-Y 18, appear to contribute to the CaM—PH domain association strongly.
Similar analyses were performed for the remaining complexes. In Config. 4, while both salt
bridge and nonpolar interactions contribute to the binding, we observe no polar interactions
and H-bond formations between CaM and PH domain of Akt, which may have led to a
decrease in the overall binding strength. For the collapsed CaM without IP4 (Configs. 6, 7, and
8), salt bridges, nonpolar and polar interactions contribute to the binding energy. H-bonds are
observed in Configs. 6 and 8 but not Config. 7. It came as no surprise that in Config. 9 (IP4
form of Config. 1) with fewer H-bonds, nonpolar and polar interactions salt bridges are lost
suggesting that IP4 weakened the interaction. Further still, in Configs. 10 and 11, salt bridges
and nonpolar interactions occur. Polar interactions are observed in Config. 10 but are not in
Config. 11, and both contain no H-bonds, also indicating that IP4 disrupted the interaction. For
Configs. 12 and 13, there is no loss of salt bridges, H-bonds, nonpolar and polar interactions;
however, in Config. 12, while polar interactions and H-bonds occur, these interactions are lost
in Config. 4. Finally, Configs. 14, 15, and 16 retain a more significant number of salt bridges,
H-bonds, nonpolar and polar interactions than Configs. 6, 7, and 8, respectively, hence
decreasing their binding free energies. This decrease in binding free energy between collapsed

CaM and PH domain suggests that IP4 plays an infinitesimal role in disrupting the interactions
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but may contribute to the binding energy. This observation was also not surprising since the
binding pocket of IP4 in the PH domain is oriented differently from the binding region of the
collapsed CaM. Taken together, it is hypothesized that IP4 can weaken the interaction between
the extended CaM—PH domain complex, whereas IP4 is unlikely to disrupt the interaction
between collapsed CaM—PH domain complex. Additionally, some common salt bridges were
found in the following pairs of Configs: Config. 1 and Config. 2 (E114-R23), Config. 1 and
Config. 3 (R74-E85, E123-R23, E120-R23), and Config. 1 and Config. 5 (E114-K14, E114-
R25). Interestingly, no common salt bridges were found among the complexes, which may be
attributed to different conformations of predicted docked structures. Additionally, comparing
the complex without IP4 and with IP4 pairs (Tables S4 and S5), the following salt bridges were
observed: for Config. 1, there are 10 salt bridges, all of which are lost in Config. 9; for Config.
2, there are 3 salt bridges, while in Config. 10 there are 2 salt bridges, and no common salt
bridges were found between them. In Config. 3 and Config. 11 three common salt bridges are
found (K115-E40, E114-R25, and E127-R69), and there are 9 salt bridges in Config. 3
compared to Config. 11 that has 4 salt bridges.

4.4 The interface residue of CaM-PH domain complexes corresponding to the NMIR
chemical shift data.

A significant number of residues that correlated with the experimental NMR data results were
observed [18, 27]. For instance, upon titration of CaM’s N-lobe into Akt-PHD, residues R16,
119, T21, V45, N53, T82, 1103, T105, V106, D108, K111, T82, and W80 in the PH domain
showed significant chemical shift changes. Titration of CaM’s C-lobe into Akt-PHD led to
noticeable chemical shift changes for residues including K14, R15, G16, 119, T21, W22, R23,
V45, E49, and N53. To complement the NMR CSPs, we calculated the backbone amide CSPs
for the PH domain residues using the SHIFTX?2 program[186]. The program uses the protein
coordinates as input to predict the backbone and sidechain 1H, 13C, and 15N chemical shifts
for proteins. The best representative models of CaM—PH domain complex, Configs. 1, 2, 3,
and 5 were subject to the CSP calculations. In the PH domain of Akt, many residues exhibit
perturbations upon binding to CaM (Figure 4.3). Among the residues with >0.1 ppm, R15,
G16, Y26, G37, D44, V45, Q59, and W80 significantly contribute to the interaction with CaM,
consistent with the NMR CSPs. Also, in CaM, hydrophobic residues, or the methyl group
(CH3) of Met, M36, M51, M71, M72, M76, M109, M124, M144, and M 145 located in the C-
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terminal lobe within the hydrophobic patch contributed to Akt-PH domain binding. The NMR
experiments also affirmed that Akt-PH domain engages both lobes of CaM, with CaM’s N-
lobe recognizing the loop connecting 6 and 7, while the C-lobe tends to bind to the loop
connecting 1 and B2 [27]. Assessing the predicted complex for the occurrence of these
residues in the interfaces, several residues were found within the interfaces that agreed with
the NMR data [18, 27] (see Tables S4 and S5). For example, in Config. 1, salt bridge formation
between the residues E114-K14, E114-R25, E84-R76, and nonpolar interactions between the
following pair of residues, M124-119, M144-119, M71-P68, and H-bond between A128 and
Y 18 was observed. Similarly, for Config. 3, nonpolar interactions between the following pairs
of residues, M109-119, M144-119, M145-119, M72-W80, M76-W80, F92-119, were also
observed. Altogether, the occurrence of these residues in the interfaces of the predicted CaM-
PH domain dimeric complexes confirms the predicted models in this dissertation.
Correspondingly, 119 and Y18 in the Akt-PH domain were greatly involved in nonpolar and
polar interactions, respectively. The involvements of 119 and Y 18 in these atomic interactions
were unsurprising since they are located within the loop connecting B1 and 2. The aromatic
residue, W80 situated in the loop connecting 6 and B7, was significantly involved in nonpolar
interactions with several CaM residues, M71, M51, and L69. An aromatic residue like Trp has
a high tendency to anchor to hydrophobic regions of CaM. Taken together, these analyses
showed that especially Configs 1, 2, 3, and 5 are good models for further studies to elucidate

the association between CaM and the PH domain.

45



Chapter 4: The interplay between Calmodulin and the PH domain of Akt

Config. 1

Appm
=)
o]

o 20 40 60 80 100

2.00

Config. 2
1.75

1.50
1.25

1.00 -

Appm

0.75

0.50 +

0.25 +

0.00 -
o 20 40 60 80 100

1.6 Config. 3

1.4 4

1.2 A

Bppm

100

Config. 5

Appm

20 40 60 80 100

PHD Residue Index

Figure 4.3 The calculated amide chemical shift perturbations (CSPs) for the PH domain residues in the CaM—
PH domain configurations (Configs. 1, 2, 3, and 5). The 'H, *C, and >N chemical shifts were computed by the
SHIFTX?2 program [186]. The combined CSPs for PH domain over the CaM—PH domain complex trajectory and
the PH domain alone trajectory were computed during the MD simulations utilizing the equation, A=

J([@8un)? + (A8yay)?, where 8y, and 8y indicate the 'H, and '*N chemical shift difference, in the order given
between the CaM—PHD and the PHD trajectories. A scaling factor, ay = 0.17 was applied to the difference in
5N chemical shift.

46



Chapter 4: The interplay between Calmodulin and the PH domain of Akt

In a similar vein, we identified and mapped the interface residues of the best complex model
using the best representative structures from the MD simulations. The goal was to evaluate the
selected complex configurations and determine their agreements with the NMR data [18, 27].
Snapshots representing the conformations of the best configurations of CaM—PH domain
dimeric complexes (Configs. 1, 2, 3, and 5) without IP4 are illustrated in figure 4.4. The
HotPoint server [187] was used to extract these interface residues. Consistent with the NMR
data, for Config. 1, the occurrence of the residues, K14, R15, E17, Y18, 119, K20, R23, and
R25 at the Akt-PHD interface, whereas, in CaM, M71, E114, M124, M144, M145, and A147
also occur at the interface (Table 2) were observed. The occurrence of CSP residues from the
NMR experiments is observed in the remaining configurations. We observed that the $-sheets
in the Akt-PHD, especially B1, B2, 6, and B7 and the loops that connect them are significantly
involved in binding CaM, whereas the N-and C-terminal lobes and the central linker of CaM
are required for Akt-PH domain binding. Taken together, the MD simulations indicate binding
of CaM to Akt-PH domain is thermodynamically stable but differs from CaM's typical binding

mode, which usually involves helical regions [188, 189].
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Figure 4.4 The best conformations of the CaM—-PH domain complex. Snapshots representing the best
conformations of the CaM-PH domain complex, Configs 1, 2, 3, and 5, without IP4. In the solid ribbon
presentation of the secondary structure, the PH domain and CaM are colored light blue and red, respectively.
Ca** is colored grey depicted as a sphere. The interface residues between the CaM and PH domain are colored

cyan and listed in Table 4.1.

TABLE 4.2 Interface residues of topmost cluster of the best models (Configs. 1, 2, 3, and 5). Of note these

interface residues were obtained within 4 A distance.

CaM-PHD
complex CaM PHD
L4, T5, E6, Q8, 19, A57, E67, T70, M71, A73, K14, R15. G16, E17, Y18, 119, K20, T21,
M76, K77, L105, M109, L112, G113, E114,
' R23, R25, K39, P51, L52, N53, N54, Q61,
Config. 1 K115, L116, T117, E119, E120, E123, M124,
M63, K64, T65, E66, R67, 174, R76, V83,
E127, A128, V136, F141, M144, M145, 184. E85. R86. T87
A147, K148 ’ ’ ’
A1, D2, M51, E54, V55, T70, M71, R74, K75, E17, Y18, 119, K20, T21, R23, T34, A50,
K77, D80, S81, E83, E84, E87, A88, V91,
' P51, L52, N53, N54, F55, S56, A58, Q79,
Config. 2 F192, 1100, L105, V108, M109, L112, E114, W80 T81. T82. V83. I84. E85. R86. Q113
L116, M124, 1125, E127, A128, V136, F141, ’ ' " El16. ' ’ ’
M144, M145, A147, K148 ’
E7,19, D50, N53, E54, V55, D56, A57, D58, R15, E17, Y18, 119, K20, T21, W22, R23,
Gb59, D64, F65, P66, E67, L69, T70, R74,
' P24, R25, K39, E40, Q61, L62, M63, T65,
Config. 3 185, E87, A88, V91, F92, L105, V108, M109, R67 P68. R69. I74. R76. L78. W80. T81
L112, G113, E114, K115, L116, E120, M124, ’ " 182 V83 E85 ’ ’
M144, M145, A147, K148 ' '
A1, D2, D80, S81, E84, 185, E87, A88, V91, K14, R15, E17, Y18, 119, K20, W22, P51,
' F92, K94, 1100, L105, V108, M109, T110,
Config. 5 L52, N53, N54, F55, P68, R69, P70, W80,
N111, L112, G113, E114, K115, L116, M124, T82. 184. E85. R86. T87
1125, A128, V136, F141, M144, M145 T ’ ’
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4.4 Clustering CaM-PH domain dimeric complexes.

Using Chimera[184], the ensembles of the CaM—PH domain complex conformation were
clustered. For Config. 1, the top cluster 1 contains 2,070 members, which corresponds to a
probability, p = 0.21 (21%), 2,070 out of the total 10,000 frames. Also, for Configs. 2, 3, and
5 in cluster 1, there were 1,380, 2,050, and 980 members corresponding to 14%, 21%, and
10%, respectively. The structures for each configuration’s best-approximated representative
clusters for Configs. 1,2, 3, and 5, which were selected as the best models based on the criteria,
are presented in Figure 4.5. For comparison purposes, the structures for the other models,
Configs. 4, 6,7, and 8 in (Appendix, Figure B.6) were also collected. Based on the information
obtained from the clustering coupled with conformational analyses, the favorable
configurations for CaM binding to Akt-PHD were presented or proposed. It was deduced that
both the N-lobe and C-lobe as well as the central linker of CaM, are vital for Akt-PHD binding.
However, whilst the tightly bound C-lobe and the central linker of CaM may be enough for
Akt-PH domain binding, the N-lobe alone is not sufficient enough, with the weak binding
rapidly dissociating when IP; is loaded onto the PH domain of Akt. To observe the
conformational changes for configurations with and without IP4, the top two cluster
representatives for selected models (Configs. 1, 2, 3, and 5) (Figure 4.5) were aligned or
superimposed. The aligned results show Significant conformational rearrangements of CaM

in the complex due to the presence of IP4 in PH domain were observed.
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Figure 4.5 The best approximated representative clusters of the CaM—PH domain complex for Configs. 1, 2, 3,
and 5. Conformation of the best approximated representative clusters of each model. The top five cluster
representatives of best model for Config. 1 were defined with probabilities, p = 0.21, 0.18, 0.12, 0.10, and 0.08
for clusters 1-5, respectively. For Config. 2, p = 0.14, 0.10, 0.09, 0.07, and 0.06; for Config. 3, p = 0.21, 0.10,
0.09, 0.08, and 0.07; for Config. 5, p =0.10, 0.09, 0.07, 0.61, and 0.06 for clusters 1-5, respectively. The ensemble
clustering was based on pairwise best-fit RSMD values, which returns the clusters, their sizes, and their
conformational representatives.

4.5 Principal component analysis of CaM-PH domain complexes.

Deploying the Bio-3D [185], an R package for comparative analysis of protein structures, the
Principal Component Analysis (PCA) plots were obtained for all models using the simulation
trajectories. The PCA is a widely established multivariate method utilized to reduce the
number of dimensions required to describe protein dynamics via a decomposition process that
filters observed dynamics from the largest to the minor spatial scales [190]. PCA extracts the

essential elements in the data by using a covariance matrix or a correlation matrix (hereafter
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called C-matrix) constructed from atomic coordinates that describe the protein’s accessible
degree of freedom, such as the Cartesian coordinates that define atomic displacements in each
conformation in the trajectory [191]. Additionally, an eigenvalue decomposition of the C-
matrix usually results in a complete set of orthogonal collective modes (eigenvectors), where
each eigenvector constitutes a corresponding eigenvalue (variance), which characterizes a
portion of the motion, where larger eigenvalues describe motions on larger spatial scales [192].
PCA transforms atomic coordinates into a few PCs (usually 2 or 3) that represent directions
where the structure set displays the largest collective variances for protein structural analysis.
Of principal importance, PCA generates a conformer plot that permits interpreting inter-
conformers relationships. Also, a scree plot, which displays the eigenvalues arranged in
descending order, can be utilized to determine significant PCs that capture domain collective
variances in the structure set. PCA also outputs a representation of the collective structure
motions captured by the top PCs, often related to the protein function [193]. The PCA
examines the relationship between the various conformations sampled over a subset of the
trajectory of 500-1000 ns (6,000 frames) using the Ca atoms of all models of CaM—PH domain
complexes (265 Ca atoms) without IPs (Figure 4.6 and Figure B.7). Using hierarchical
clustering in Bio-3D [185], the PC1 versus PC2 conformer plot, scree plot, and the collective
motion defined by PCI for all models without IP4 to depict important variations or
conformational changes in CaM—-PH domain dimeric complex were generated. For the best
models (Configs. 1, 2, 3, and 5), the PC1 versus PC2 conformer plot of Config. 1 account for
over 46% of the variance; likewise, Configs. 2, 3, and 5 plots account for over 59%, 43%, and
45% of the variance, respectively (Figure 4. 6). Similarly, for the less favorable models, the
PC1 versus PC2 plots of Configs. 4, 6, 7, and 8 account for over 57%, 62%, 79%, and 48%,
respectively (Figure B. 7), with Config. 7 capturing most variation or essential dynamics. The
scree plots showed the eigenvalues arranged in descending order for all models. For instance,
the eigenvalues of the scree plot for Config. 1 dropped from 89.2 to 36.5. The collective
motion defined by PC1 presented the CaM—PH domain complex structure colored by the B-
factor, representing the similar ensembles of the conformations as observed in cluster 1 by
Chimera. These conformer plots, scree plots, and collective motions defined by PC1 for all
eight models that were sampled throughout the simulations succinctly uncovered important
conformational variations or essential dynamics for CaM—-PH domain dimer association.

Figure 4.6 below depicts the plots.
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Figure 4.6, Principal component analysis (PCA) for the best models. PC1 versus PC2 conformer plot for Configs.
1,2, 3, and 5 shows five distinct clusters obtained via hierarchical clustering (hc, k =5, left panels), the eigenvalue
scree plot (middle panels), and the collective motion for CaM—PHD complex defined by PC1 representing the
structure colored by B-factor or temperature factor (right panels). In the B-factor structure, blue and red denote
atoms with low and high-temperature values, respectively, while light blue, white, and pink denote intermediate

temperature values.
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4.6 Discussion.

Activation of Akt, the paradigmatic lipid-activated kinase, is crucial for modulating apoptosis,
cell proliferation, and oncogenesis. Akt activation is a relatively common tumorigenic
occurrence in many cancer types, such as breast cancer [1, 40, 42]. Like other AGC kinases,
Akt possesses an N-terminal PH domain, which shares similar structural features with
hundreds of analogs in mammals and bacteria [194-196]. The PH domain of Akt plays a
critical role in recruiting Akt to the plasma membrane for activation. Akt-PH domain interacts
with PIP3, a signaling phospholipid localized on the inner leaflet of the plasma membrane [40,
42, 111]. Akt translocation to the plasma membrane - an event that triggers its subsequent
phosphorylation and activation was proposed to be regulated by PS [16] to promote binding
of Akt-PH domain to PIP;. A study by Lucic et al. [108] suggested that Akt phosphorylation
and activation by association with membrane lipids are mutually independent. The study
further proposed that, in the absence of PIP3, Akt is dephosphorylated — an event enhanced by
the interaction between its kinase domain and PH domain, which leads to Akt autoinhibition
[108]. Recent investigations have also suggested that pSer473-Akt activation may be driven
by the interplay between the PH domain and kinase domain linker that relieves PH domain-
mediated Akt autoinhibition. In that proposed mechanism, two-fold phosphorylation at
Serd77/Thr479 activated Akt through allosteric mechanisms involving activation loop
interaction, which relieves the autoinhibition by PH domain and weakens PIP3 affinity [14].
Finally, another proposed mechanism posited that Akt activation in breast cancer involves
interaction between its PH domain and the dumbbell-shaped CaM [19, 113]. Disruption of the
CaM-PH domain association by an Akt’s antagonist inhibited CaM—PH domain recruitment
to the plasma membrane and resulted in cell death in mammary carcinoma [19]. Collectively,
several mechanisms for Akt translocation to the plasma membrane and activation have been
proposed. Here, via MD simulations, the detailed intermolecular interaction between CaM and
Akt-PHD and the consequences of the IP4 interaction, thereby clarifying the mechanism of

recruitment to — and release at — the plasma membrane, was established.
Calcium-binding triggers conformational changes in CaM, which expose hydrophobic

residues enabling binding to cytosolic target proteins, including partners that are implicated in

controlling cell shape and migration [197] and different targets [198]. Computational
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modeling supported by NMR established that CaM uses its lobes for binding to the

hypervariable region (HVR) and the catalytic domain of K-Ras [199] and the cSH2 and nSH2
domains of p85a, the regulatory subunit of PI3Ka [200]. In the Ca®* bound state, electrostatics
alters CaM conformational distributions and dynamics [201], and ensemble analyses with
ClustENM [202] showed that CaM’s C-lobe has greater mobility compared to the N-lobe.
Genetic analysis and protein co-precipitation indicated that the CaM binding segment on Akt
is within the first 42 residues [203], which forms a three-stranded B-sheet. CaM binding to the
B-sheet is rare because CaM binding fragments often populate a-helical regions [188, 189].
Usually, CaM binding segments on target proteins are about 15-20 residues, hydrophobic/non-
polar with a basic character, and high tendency to form an a-helix [189, 204]. The NMR
experiments [18, 27] and our MD simulations do not point to a-helical region. The NMR data
[18, 27] and our simulations clearly showed that CaM interaction with Akt-PHD involves 3-
sheets and the loops that connect them. A similar binding mode has been observed for CaM
and the Itk-PH domain. Itk (interleukin-2-inducible tyrosine kinase) belongs to the Tec kinase
family [205]. Also, a more recent study that aimed to investigate the direct interaction between
CaM and the growth receptor bond 7 (Grb7) protein showed that CaM interacts with the PH
domain of Grb7 [206]. There, CaM’s peculiar binding motif was mapped to B-sheet and not
a-helical region [206]. The NMR chemical shift perturbation data for Akt-PHD indicated that
it interacts with CaM via the B1/B2 and B6/B7 loops [27]. Itk-PH domain interacts with CaM
via 3/B4 and B5/B6 loops [205]. Altogether, in Akt, Itk, and Grb7, the mode of PHDs binding
to CaM deviates from that involving helical structures. Here, the modeling and simulations
results indicate that the CaM—PH domain association is thermodynamically stable and is
maintained by strong intermolecular H-bonds, salt-bridges, polar and non-polar interactions.
CaM contains nine critical Met residues located in the N-lobe, the central a-helix, and the C-
lobe. Met residues, M109, M124, M144, and M145 in the CaM C-lobe form a hydrophobic
region essential for hydrophobic interaction with the hydrophobic residues, 119, W22, and
W80 in the PH domain. We propose four models for dimeric representations of CaM—PH
domain association based on the MD trajectories analyses. We observe that the C-lobe of CaM
is critical for binding. The central helix region and the weak-binding N-lobe of CaM also play
a role in binding, especially in the absence of IP4s. When IP;4 is loaded onto the PHD, the
interactions between CaM—PHD become weaker; the N-lobe of CaM easily dissociates when

IP4 interferes with the interaction at the C-lobe of CaM, hence weakening the overall

54



Chapter 4: The interplay between Calmodulin and the PH domain of Akt

interactions. We cluster the trajectories and present the most populated state for each proposed

model and the key interactions that are essential for maintaining the dimeric complexes.

4.6 Concluding Statement on CaM-PH dimeric complex.

Akt activation mechanisms have been proposed. Here, we provide detailed conformational
views into how CaM binds to Akt-PHD at the atomic level and the involvement of IP4 in the
CaM-PH domain complex, which weakens or partially displaces CaM. Akt is recruited to the
plasma membrane by specific interactions between its PH domain and CaM and PIP3, a
phospholipid found in the plasma membrane that serves as the docking site of Akt [40, 111].
NMR experiments established the binding mode of CaM to the Akt-PH domain, and the
observations by both the NMR and our simulations deviate from CaM typical binding mode,
which usually involves a-helices [188, 189]. The results here suggest that CaM binds to the -
sheets in Akt-PHD, which is rare, but such binding has been reported by another NMR study
as well, where CaM binds to Itk-PHD [205]. Mechanistically, CaM’s N- and C-terminal lobes
and the central linker simultaneously engage the Akt-PH domain. Akt-PHD binds to one end
of CaM, especially the C-lobe, and induces conformational rearrangements engaging the
central linker and the N-lobe. Further, the docking and simulation results enable us to select
and propose four models (Configs. 1, 2, 3, and 5) of CaM—-PH domain dimeric complexes,
showing the B-sheets in Akt-PHD binding to CaM. A high percentage of the NMR chemical
shift residues were observed in the interface, and most of these residues play an important role
in maintaining the dimeric CaM—PH domain complex. The most populated state of each
proposed model as well as critical intermolecular interactions that are cardinal to maintain the
dimeric complex, CaM—PH domain, is presented. Also, the PC1 versus PC2 conformer plots,
scree plots, and collective motions defined by PC1 for all eight models succinctly revealed
essential conformational changes or essential dynamics that were sampled throughout the MD
simulations. These models indicate how IP4 acts by weakening, or partially displacing CaM,
thereby revealing the detailed molecular basis of the Akt kinase translocation,
phosphorylation, and activation. They may also serve as a guide for future research on CaM—
PH domain association or serve as a basis for drug development to disrupt the CaM—PH

domain complex.
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Chapter 5

Mechanism of full-length Akt autoinhibition

5.1 Mechanism of full-length Akt autoinhibition

Molecular dynamics simulations at the atomic level were performed on full-length Akt
for Ips, and the equilibrium conditions were tested, checking the RMSF and RMSD
profiles as a function of time. Akt autoinhibition is important for its biological regulations.
In this inactive state, the PH domain interlocks the kinase domain to hinder the
phosphorylations of Thr 308 in the kinase domain. Here, we performed MD simulations of
full-length Akt at the atomic level for comparative analysis to identify the determinants of Akt
autoinhibition in the apostate, nucleotide (ADP and ATP)-bound states. Following the
molecular dynamics simulations of the full-length Akt systems, the root-mean-square
deviation (RMSD), root-mean-square fluctuations (RMSF), and the distance profiles were
computed with Pymol and the CHARMM program. As stated earlier, the simulation
trajectories of the apostate were clustered using the MD/Ensemble Analysis categories in
Chimera software to provide the best representative conformation of Akt autoinhibition. The
top five most populated cluster representatives of the trajectories for the apostate were further
analyzed.

On the other hand, the nucleotide-bound configurations were not clustered since they are in a
transient state, indicating that the 1 ps is insufficient to observe releasing the lipid-binding PH
domain from the bilobal kinase core domain. However, the intermolecular interaction of Akt
with the nucleotide (ATP and ADP) and magnesium (Mg>*) were analyzed with Discovery
Studio (version 19.10) set on the default parameters (Table 1 supplemental material). Also,
the PH-kinase allosteric interface residues were determined in Discovery studio and depicted

in PyMOL.
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5.2 Conformational analysis of full-length Akt apostate

Employing Chimera software[184], we clustered the ensembles of the apostate configurations
to provide the best representative conformation of Akt autoinhibition state. The top five most
populated cluster representatives from the trajectories for the apostate were further analyzed.
The cluster members and their representative frames at which they occurred were considered.
The structures for the autoinhibited Akt apostate configuration’s best five approximated
representative clusters are given in Figure 5.1. From the clustering results and the
conformational analysis of Akt configurations, we propose and present the favorable
configurations of full-length autoinhibited Akt, where the lipid-binding PH domain
intramolecularly interacts with the kinase domain. Following the clustering of the apostate, to
determine the interacting residues of the most populated states for each configuration, we
selected the topmost cluster structure (cluster 1). We analyzed the interactions in the PH-
kinase domain allosteric interface. Our goal was to determine essential interactions that retain
the PH-kinase interface. These interactions were determined in Discovery Studio software
(version 9) and were further depicted using the PyMOL molecular graphic interface. Several
essential interactions were observed in the PH-kinase interface. For instance, in the apostate
of model 1, the interface contains critical interactions in the PH-kinase domain allosteric
interface, as in Figure 5.2. Table S1 contains the interaction types and details of the interacting
residues of model 1. Additionally, in the apostate of model 2, the interface comprises

important interactions in the PH-kinase domain interface shown in Figure 5.2.
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Figure 5.1 Cluster representative of the topmost 5 clusters of apostate Akt. The PH domain, PH-kinase domain,
kinase domain and the C-terminal tail are colored blue, red, cyan, and gold respectively. The ATP and Mg 2+
are colored pinked and green respectively.

5.3 The PH-kinase interface residues that retain Akt autoinhibition

This section analyzed the PH-kinase domain interface of the most populated (apostate) of
modell and 2 to determine key residues that maintain the PH-kinase interface in autoinhibited
AKT. Figure 5.2 depicts the PH-kinase interface residues shown as sticks, where the PH
domain residues are colored blue and kinase domain residues colored cyan. The disease-
associated mutations are colored red. In model 1, the following pairs of interacting residues in
the PH-kinase interface were determined for cluster 1 using Discovery studio: K14-D323,
K20-D302, R23-E322, R25-D325, E17-R273, Y18-K273, Y18-K297, Y18-L316, and Y18-
V320, where the former and latter residues in each interaction represent residue in the PH and
kinase domains, respectively. For model 2, the following pairs of interacting residues were
also determined in the PH-kinase domain interface: K20 -D302, R23-D323, K39-E322, R76-
D190, R86-D325, K112 -E198, K14-D325, E17-D323, Y18-D323, R23-D323, and R25-
E322, where the former and latter residues in each represent residue in the PH and kinase

domains, respectively.
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Figure 5.2 PH-kinase interface residues of AKT, residues from the PH domain are colored blue depicted as

sticks, and residues from the kinase domain are colored cyan (deepteal)

5.4 Conformational analysis of Akt nucleotide-bound state

To determine the interactions of the nucleotides (ATP and ADP) and Mg?* in the nucleotide-
bound configurations, we clustered the nucleotide-bound and selected the most populated
states for the nucleotide-bound configurations for analysis. The aim here was to determine
vital intermolecular interactions of the nucleotides and Mg?* in the ATP binding pocket of Akt
kinase domain. These interactions were determined in Discovery Studio software (version 9)
and were further depicted using the PyMOL molecular graphic interface. Several essential
interactions were observed between the nucleotide and the residues in the ATP bind pocket.
For instance, in the ATP and the ADP-bound states of model 1, we observed interactions that
maintain these small molecules in the active site of Akt kinase domain.

On the other hand, most of these interactions were lost in the mutant system of the ATP-bound
states of modell. Table S1 contains the interaction types and details of the interacting residues
of model 1. Additionally, in the ATP-bound and the ADP-bound states of model 2, we
observed critical interactions that retain the nucleotides in the binding site of AKT. However,
most of these interactions were interrupted or lost due to the mutation in the ATP-bound state.

Table S2 contains the interaction types and details of the interacting residues of model 2.
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5.6 Close view of the nucleotide-bounding pocket of Akt

In the topmost cluster (cluster 1) of the ADP- bound state of model 1, the B-phosphate group
makes ionic interactions and metal-acceptor with both Mg % ions and an H-bond with Arg
436. Also, the a-phosphate group forms an H-bond with Asn 279 and ionic interactions with
both Mg 2* ions in the ATP binding pocket. Additionally, the ADP creates a conventional H-
bond with Lys 158, a pi-alkyl interaction with Val 164, and van der Waals interactions with
Lys 154, Leu 156, Phe 293, and Gly 294. Notably, no unfavorable interactions such as
acceptor-acceptor interactions were observed in the ADP-bound configuration of model 1.

In the ATP-bound form of model 1, the gamma phosphate group forms attractive charge or
ionic interactions with Lys 276, Lys 301, both Mg?* ions, and H-bond bond with Lys 301; the
B-phosphate group forms ionic interactions with Lys 297, and both Mg>* ions, and H-bond
with Lys 297 and Glu 298. The a phosphate group was involved ionic interactions with Lys
297, and both Mg** ions, and H-bond with Lys 297. The ATP also forms pi-alkyl interaction
with Val 164, amide-pi stacked Phe 293, carbon H-bond with Cys 296, Leu 156, Gly 194;
conventional H-bond with Leu 295, and van der Waals interaction with Gly 157, Gly 159, Thr
315, and Thr 448.

In the ADP-bound state of model 2, the B-phosphate group of ADP forms ionic interaction or
salt bridge with Lys 276. Both Mg?* ions and an unfavorable acceptor-acceptor interaction
with a Mg?* ion and unfavorable bump with Glu 278. The a phosphate group forms ionic
interactions or salt bridge with Lys 907, an ionic interaction with both Mg?* ions and an H-
bond with Lys 907. On the other hand, the ADP forms pi-pi alkyl with Ala 177, Leu 156; pi-
pi stacked with Phe 293, and pi-sigma with Val 164; H-bond with Lys 179 and van der Waals
with the following residues: Met 227, Tyr 229, Glu 234, Thr 312, Ala 304, Cys 296, and Gly
159.

For the ATP-bound of model 2, the gamma phosphate group of ATP forms ionic interactions
with Lys 276, Lys 301 and both Mg2+ ions, and metal-acceptor with one of the Mg>* ions; the
B-phosphate group was involved in ionic interactions with the Mg*" ions, while the a
phosphate group was engaged in ionic interactions and metal acceptor with Lys 276 and Mg**
ions. The ATP in general forms pi- alkyl interaction with Val 164; pi-pip stacked with Phe
293; amide-pi stacked with Gly 157; pi-sulfur interaction with Cys 296; H-bond with Cys 296,
Gly 294, Phe 293, and van der Waals interactions with Gly 159, Leu 295, Cys 310, Gly 311,

Glu 278, Glu 314, and Leu 136.
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5.7 D323 mutation in full-length Akt displaces ATP

In AKT inactive state, the PH domain locks the kinase domain, which leads to a “PH-in”
conformer that prevents the phosphorylation of Thr 308 in the activation of the kinase domain.
The PH domain and kinase domain form a robust interface with several significant
intramolecular interactions in our predicted models. One of the key residues in the PH-kinase
interface is Aspartic acid (D323) in the kinase domain. Our initial configuration of model 1,
D323 forms an ionic interaction with Lysine (K14) in the PH domain. Here, we mutated D323
to Histidine (D323H) to observe its effect on the PH-kinase interface. On a high note, D323
mutation has been established experimentally to disrupt the interface. The D323H mutation,
which occurs at the PH-kinase allosteric interface, leads to cellular transformation as identified
in urinary carcinoma in previous studies[17, 133]. For the apostate and the ATP-bound
systems of both model 1 and model 2, we mutated Asp 323 to His and subjected them to one
microsecond MD simulations. These systems were treated similarly to their counterparts —
unmutated systems of apostate and the ATP-bound. From the RMSD and the RMSF profiles
of the systems, the mutation leads to higher fluctuations in both models — apostate and ATP-
bound systems, with more significant fluctuations in model 1 than model 2. Strikingly,
although the mutation is about 21A away from the ATP binding pocket, we observed
substantial displacement of ATP from the binding pocket during the simulation period for both
models. Intrigued by this observation, we probe to determine the allosteric communication
between the ATP binding pocket and the allosteric interface of the PH-kinase domain.

Also, the mutation resulted in repulsion between the K14 in the PH domain and HIS 323 in
the kinase domain — both amino acid residues as basic, so the mutation replaces an ionic
interaction to a basic repulsion, perhaps, one of the reasons for the movement of ATP in the
binding pocket during the simulation. Also, substantial conformation rearrangements occur in
the PH domain, PH-kinase interface, the PH-kinase linker, kinase domain, and the C-terminal

tail.

5.7 Close view of the nucleotide-binding pocket of mutant Akt

In the ATP-bound D323H of model 1, the gamma phosphate group forms ionic interaction
(attractive charge) with Lys 20, Arg 67, and Mg?* ions; on the other hand, the p-phosphate
group from ionic interaction with Arg 15, Lys 20, and both Mg?* ions, and the a-phosphate
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group form ionic interactions with Arg 15, and both Mg?* ions and H-bond with Arg 15. The
ATP was involved in the H-bond bond with His 13, Trp 22, Lys 20, Arg 69, and van der Waals
interactions with Thr 21, Pro 68, and His 89. In comparing the wild type of ATP -bound and
the mutant ATP, D323H, we observe that most of the interactions are lost in the mutant system,
and the interacting residues of the ATP D323H are in the PH domain, which indicates the
substantial displacement of the ATP during the simulation, whereas, in the wild type of ATP-
bound the interacting residues are primarily in the kinase domain and a few residues from the
C-terminal regulatory domain. Table S1 contains the interaction types and details of the
interacting residues of model 1

In the ATP-bound D323H system of model 2, most of the interactions were lost immensely
due to the mutation. For instance, the gamma phosphate group forms ionic interactions with
Lys 276, metal-acceptor with Mg2+ ions, and an unfavorable acceptor-acceptor interaction
with Glu 278. The a and B-phosphate groups only interact with the Mg?* ions with no other
interactions with any residues. The ATP also forms pi-cation or attractive charge interaction
with Mg?* ions; pi-sigma interaction with Gly 159, and van der Waals interactions with Glu
314, Thr 160, Phe 293, and Glu 441. Unlike the ATP-bound D323H of model 1, the residues
involved in the intermolecular interactions between the ATP and Akt in model 2 are mainly
in the kinase domain and C-terminal tail, not in the lipid-binding PH domain. Table S2
contains the interaction types and details of the interacting residues of model 2.

Altogether, these intermolecular interactions depict that in ATP-bound D323H systems, there
was a substantial displacement of the ATP in model 1 compared to model 2. In both systems,
key interactions were lost due to mutation, as depicted in Figure 5.3. Therefore, we deduce
that, although the mutation occurs in the PH-kinase interface, it has the proclivity to disrupt
the ATP binding in the ATP binding cleft of Akt. And perhaps there is an allosteric
communication that exists between the PH-kinase interface and ATP binding pocket. Intrigued
by this observation, we sought to determine the optimal allosteric path and identify residues
that play a pivotal role in the allosteric communication between these functional sites in the
Akt protein kinase. Another possible reason would be that ATP requires an intact N-C lobes
interface of the kinase. Since the mutation resulted in Akt adopting an open conformation, the
ATP can no longer bind effectively in the binding cleft between the N-lobe and the C-lobe of

the kinase domain.
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Figure 5.3 Close view of the ATP binding pocket. Close view of ATP binding pocket of AKT for model 1 and
model 2. In row 1, the model 1 ADP-bound left, ATP-bound (middle), and the ATP D323H (right) And in row
2, model 2 ADP-bound (left), ATP-bound (middle) and ATP D323H (right).Atom types color the interacting
residues: carbon (green), Nitrogen (blue), hydrogen (white), sulfur (yellow), the Mg2+ ions are colored green,
and the ATP is color according to atom types, but the carbon is color pink, and the phosphate groups are colored

orange.

5.8 Phosphorylation of full-length Akt

In the full-length Akt phosphorylated states, we analyzed and provided detailed intramolecular
interactions of pThr308 and pSer473 in the activation loop and hydrophobic motif,
respectively. We utilize cluster 1, the topmost populated cluster of each model, to determine
the intramolecular interactions of pThr308 and pSerd73, as depicted in Figure 5.4. In model
1, the pThr308 forms essential interactions with residues: R15, K20, G299, and M306; the
polar interactions are colored lime-green, whereas pSer473 was involved in crucial
interactions with residues: R200, 1.213, and Y215 — the dotted line, polar interactions are
colored lime green. Also, in model 2, pThr308 forms critical interactions with residues: R15,
K20, and C310, and the pSer473 make crucial interactions with residues: H143, R144, V145,
and Q218. Comparing the pThr308 form of both models, we observed that both R15 and K20
interact with the phosphate group, whereas pSer473 in both models have no common

interacting residues.
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On high note, we measured the distance in Armstrong (A) between ATP and Thr 308, ATP
and Ser 473, and Thro 308 and Ser 473 in models 1 & 2 for the initial configuration and the
topmost cluster representative of each model. For instance, in the initial configuration of
model, the distance between the ATP and Thr 308 is approbatively 16.4A, and the distance
between ATP and Ser 473 is 23.0A, whereas the distance between these two phosphorylated
residues is about 34.3A in three-dimensional space. In the topmost cluster of the models, the
distance between the ATP and Thr 308 is approbatively 17.7A, and the distance between ATP
and Ser 473 is 22.1A, whereas the distance between these two phosphorylated residues is
about 32.4A in three-dimensional space. Due to conformational changes, we observed slight
differences in values between ATP and the phosphorylated residues and between the Thr 308

and Ser 473 residues. The exact distances for both models are depicted in Figure 5S1.

G-loop

o ; g
6299 pT308 ’%\( 4;"3 =
§ 1213
K20°

R15

M306 ¥215
E ‘% *i'?( R200

Model 1

Model 1

G-loop

pT308 pS473
- R15
M V145 3
€310 '& Q218
C 0

K20
Model 2 Model 2

Figure 5.4 Close view of the pThr308 and pS473 interactions. The detail of pThr308 and pSer473
interactions; the interacting residues are colored by atom types, and the G-loop in the kinase domain is colored

cyan.

5.9 Comparison of Akt apostate, nucleotide, and mutant states

To understand the system's dynamics and observe the effects of the mutations, we compared

the RMSF and RMSD profiles of all the systems in both model 1 and model 2 (Figure 5.5A).
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For the RMSD profile of model 1, the ATP-bound mutant (D323H) exhibited the highest
deviation, approximately 8.3A around 600ns, toward the end of the MD simulation. The APO
D323H showed a slightly higher variation at the beginning of the simulation and around 400ns
and 600 ns. It became stable toward the end of the simulation showing a similar trend to the
other systems, except the ATP-bound D323H. The pThr & pSer system shows its highest
deviation at the beginning of the simulation, approximately 5.0A, and became stable toward
the end of the simulation after 300 ns. Overall, except ATP-bound D323H, the rest of the
systems show stability and deviate between 3A and 5A throughout the trajectories.

On the other hand, in model 2, we observe a difference in the RMSD profile of pThr & pSer
— it shows the highest deviation (10.0 A) between 300 ns to 800 ns and becomes stable toward
the end of the simulation. After 400ns of the simulation, the apostate exhibits the second
highest deviation between 7.0 A109.0A, approximately from 400 ns toward the end of the
simulation. The ATP D323H also shows the third-highest deviation, and the Apo 323H shows
a higher deviation at the beginning of the simulation and becomes stable toward the end of the
simulation. Comparing both models, the ATP-bound D323H of model 1shows a higher
deviation than ATP D323H, whereas pThr & pSer of model 2 exhibit higher deviation and is
less stable than pThr & pSer of model 1. Also, the apostate of model 2 shows a higher variation
than the apostate of model 1. The ADP form of both models seems stable, showing similar
RMSD profiles, and the apostate of D323H in both models shows a similar trend.

Taken together, both models somehow differ in their RMSD profiles, and which is relatively
reasonable since both models have different initial configurations and were generated from
two other PDB IDs with an RMSD value of 0.60A. Also, in model 2, the linker region has a
longer a helix inserted within the PH-kinase linker. However, both systems do not look
completely different in their deviations; they are similar in behavioral patterns as discerned
from their RMSD profiles in Figure 5.5A.

Similar to the RMSD profiles, we computed the RMSF profiles of all systems to discern the
behavioral pattern of each system, as depicted in figure 5.5B. We compared the RMSF values
as seen in the profiles for all systems. From the RMSF profile, it is glaring that both models
exhibit similar fluctuations, with the highest fluctuations being observed in the PH-kinase
linker region (residues 108 — 150) followed by the C-terminal regulatory domain (residues
409 — 480). The initial N-terminal of the PH domain 1-5 shows a high fluctuation similar to

the linker region and C-terminal regulatory domain. Also, around residues 300 to 210, higher
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fluctuations are observed, corresponding to loop regions in the kinase domain and the
activation loop (A-loop).

With these profiles, in model 1, the ATP D323H shows the highest fluctuation compared to
the rest of the systems, a trend similar to the RMSD profiles discussed above. In contrast, the
pThr & pSer of model 2 shows the highest fluctuation compared to the remaining systems in
model 2. In both models, the fluctuations are between 1.5A and 14 A, and 2 A and 15 A,
respectively for models 1 and 2. The highest fluctuations in the PH-kinase linker depict the
flexibility of the linker region. The linker region in model 1 is more flexible than model 2
because a closer look at the initial configurations of both systems shows that model 2 has a

longer a helix within the PH-kinase linker. In contrast, in model 1, there is a short a-helical

region.
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5.10 Discussion

AKT is a crucial player in the PI3K/Akt/mTOR pathway. In Akt, the lipid-binding PH domain
interacts with the kinase domain to induce AKT inactive state, also called AKT autoinhibition.
Autoinhibition is very common for protein kinases, such as PKA and PKG, where a protein
segment covers its functional site. Autoinhibition is important in signaling because it guards
against protein degradation and specious signaling, although imperfectly as a basal activity
under unstimulated cellular environments depicts [207, 208]. AKT, for example, undergoes
autoinhibition, where the PH domain covers a functional site in the kinase domain, preventing
phosphorylation of Thr308 by PDKI1. The autoinhibition is released when the PH domain
interacts with PIP3, PIP2, or CaM, which results in AKT recruitment to the plasma membrane.
Figure 5.6 shows a proposed activation mechanism of AKT, where cytoplasmic “PH-in”
conformer interacts with CaM or PIP3 to recruit AKT to the plasma membrane for
phosphorylation and complete activation. Protein kinases such as AKT use ATP as a source
of phosphate groups to phosphorylate their specific substrates. Also, previous research has
uncovered that ATP can act as an allosteric modulator, which triggers other studies to strive
to understand the allosteric mechanism of ATP in AKT to provide insight into the pivotal role
of ATP and its mechanism as an endogenous modulator in cell signaling and is an important
class of enzymes [8]. Furthermore, the bilobal kinase domain of AKT has N- and C-lobes,
which play a crucial role in Akt kinase activity. Like other protein kinases such as PKA and
PKG, AKT catalytic activity is controlled via alignment of the conserved residues in the
regulatory and catalytic hydrophobic spines (C-and R- spines) that linked the kinase domain
N- and C-lobes[209]. When protein kinases are in an active conformation, a proper alignment
of the C-and R- spines residues provide an optimal architecture of the active site to
accommodate ATP binding and the subsequent transfer of phosphate onto the bound substrate
molecule. On the flip side, the disassembly of either the C- or R- spine inactivates the protein
kinases, a phenomenon that allows them to act molecular switches in cells[117]. For Akt
kinase, in particular, the hydrophobic spines assembly and disassembly are controlled through
post-translational modifications and allosterically, through conformational changes trigger by
the interplay between the PH domain and membrane lipids, PIP; or PIP>[117]. Also,
phosphorylation of Thr 308 by PDKI1 activates AKT by promoting ordering of A-loop and
alignment of the C-and R- spines residues, which enable the binding of ATP and transferring

of a phosphate group to the substrate[117]. For instance, AKT phosphorylated and
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unphosphorylated crystal structures showed that phosphorylation leads to the flipping of Phe
293 in the DFG motif of the C-spine to accommodate the ATP adenine ring and restore the R-
spine simultaneously. The resulting conformation rearrangement is accompanied by
repositioning of Lys 179 and Asp 292 residues that coordinate the ATP phosphates, closure
of the glycine-rich loop (B1/ B2), and ordering of the aC helix in the A-loop, thereby

completing the kinase domain and preparing it for catalysis[150, 210].

Growth factor
RTK

Plasma Membrane

Akt

aM

Camodulin or PI(3,4,5)P; interacts with the PH domain to
translocate Akt to the plasma membrane

Cytoplasmic, PH-in conformer of Ak

Figure 5.6 Cytoplasmic “PH-in” conformer of AKT interacts with either CaM or PIP3 to translocate AKT to the
plasma membrane for phosphorylation of Thr 308 in the kinase domain and Ser 473 in the C-terminal tail. The
dephosphorylation of these critical residues are carried out PP2A and PHLPP, respectively as AKT dissociates

from the plasma membrane.

5.11 The “PH-in” conformer maintains Akt in its autoinhibited state

Under basal conditions, the PH domain intramolecularly interacts with the kinase domain to
maintain Akt in an autoinhibited or closed conformation [6, 7]. In the “PH-in" conformer of
AKT, the kinase domain covers the PIP3 binding, whereas the PH domain covers the
phosphorylation site in the kinase domain. The PH domain has a penchant for interlocking the
centrally positioned kinase domain to form the “PH-in” conformer. The “PH-in" conformer
of AKT has a two-fold function, preventing the phosphorylation of Thr308 in the kinase

domain and preventing the intermolecular interface between the PH domain and membrane
68



Chapter 5: Mechanism of full-length Akt autoinhibition

lipids such as PIP3 and PIP2, which hinders the recruitment of the AKT to the plasma
membrane for diphosphorylation and subsequent activation.

In the C-terminal regulatory domain, mTORC?2 phosphorylates S473 (pS473), promoting its
interaction with Arg 144 in the PH-kinase linker and the N-lobe of the kinase domain to relieve
the PH-kinase domain autoinhibition. Also, the interaction between pS473 and Argl44 tends
to arrange the HF motif (*FPQF*’?), allowing Thr308 in the kinase domain accessible for
phosphorylation by PDK1 and activation of Akt through the open “PH-out” conformer
state[17]. On another note, the insertions of Gly residues in the linker region indicate that the
PH-kinase linker flexibility tends to stabilize the PH-kinase domains autoinhibited interaction.
However, diphosphorylation at Ser477 and Thr497 activates Akt via an alternative allosteric
mechanism. The dual phosphorylation enables the C-terminal regulatory region to interact
with the activation loop — the connector between the smaller N- lobe and the larger C-lobe,
and the PH domain, which partially displaced the PH domain from the kinase domain. This
dual phosphorylation event partially relieves the autoinhibition of Akt via weakening the PIP3
and PH-kinase domain binding rather than through the PIP3 site itself. Hence, rather than the
PH domain -PIP; interplay directly relieving the autoinhibition, the PIP3 acts to translocate
Akt to the plasma membrane, followed by phosphorylation of Thr308 and Ser473 PDK1 and
mTORC?2, respectively [14]. The disruption of PH-kinase domain interface by mutation of
interfacial residues, for instance, tends to render Akt insensitive to PIPs but enhances its
association with PIP3-containing liposomes and accumulation of Akt at the plasma membrane
upon growth factor stimulation[107]. These phenomena indicate that the PIP3-binding is site
is close-up partially when Akt is autoinhibited. As observed from or predicted models, indeed,
the PIP3-binding site is occluded; however, as reported [108] autoinhibited Akt likely exists
in open and closed conformers at equilibrium with a dissociation constant (kq) 7uM
corresponding to the fraction of the “PH -in” (closed) conformer equivalent to 98.8% at
equilibrium, which would be further increased to 99.9% if one considers a more compacted
PH-kinase domain linker[108]. In our predicted models, the interfacial residues that retain

AKT inactive state were determined and found to agree with previous studies.
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5.12 The PH-kinase interfacial residues play a crucial role in Akt autoinhibition

The autoinhibited state of Akt is maintained by intact-intramolecular interactions between
residues in the PH and kinase domains. The interfacial residues are involved in various
interactions supporting the PH-kinase interface and maintaining Akt in its autoinhibited state.
The previous study has identified key residues in the PH-kinase interface responsible for
maintaining the interface or the autoinhibited form of Akt. Also, mutation of some of these
interface residues leads to disruption of the interface, which triggers a “PH-out” conformer
state of Akt. The PH-out conformer state of Akt has the propensity to interact with membrane
lipids such as PIP> and PIP3, or CaM as in breast cancer, to recruit Akt to the plasma membrane
for phosphorylations and subsequent activation. For example, a recent study by Truebestein
et al.[211] determined a near-full length crystal of AKT and identified the following interface
residues (Q79, W80, T81, F55, D323, .52, R23, N53, E17, D325, and L78) to be PH-kinase
interface residues. The study also established that residues D323 to D325 in the centrally
positioned kinase domain intramolecularly associate with K14, R23, R25, N53, and Q79 of
the lipid-binding PH domain, and L.316, V320, 1.321, F358, and L.362 in the kinase domain
interacts with Y18 and 119 of the PIPs-binding PH domain[211]. Along a similar line, we
identified the PH-kinase domains interface residues in both models 1 and 2. We found the
following pairs of interacting residues, where the former denotes residues from the PH domain
and the latter indicates residues from the kinase domain. K14-D323, K20-D302, R23-E322,
R25-D325, E17-R273, Y18-K273, Y18-K297, Y18-L316, and Y18-V320 for model 1 and
K20 -D302, R23-D323, K39-E322, R76-D190, R86-D325, K112 -E198, K14-D325, E17-
D323, Y18-D323, R23-D323, and R25-E322 for model 2. These residues are shown in Figure
5.2 as sticks, and the interaction types determined from Discovery studio are in Table 1. To a
very high extend, these interface residues in our study agreed with the previous studies. For
example, K14, R23, R25, E17, Y18 in the PH domain and E322, D323, D325, E198 in the
kinase are critical residues in the PH-kinase interface. For instance, E17K, a driver mutation,
weakens the PH and kinase domain interaction and is linked earlier to alter lipid-binding
specificity. In contrast, residues D323 and D325 mutations are associated with cellular
transformation[17, 133]. Resultingly, we deduce that our models of full-length Akt are good
representations of the autoinhibited state of Akt that would help to further decipher the
dynamics of the “PH-in” conformer of Akt at the molecular level and would be handy in the
development of allosteric inhibitors that bind in the PH-kinase interface or
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require an intact PH-kinase domain interface.

5.13 Critical interactions of pThr308 and pSer473 in full-length Akt

When Akt kinase is phosphorylated at Thr 308 and Ser 473, it becomes fully activated, but
Akt can adopt a “PH-in” conformer (inactive state) irrespective of the phosphorylation state.
The PH domain can dissociate from the centrally positioned kinase domain when Akt is at the
membrane, where the PH domain interacts with membrane lipids, PIP3 or PIP,. In the absence
of PIP; binding, the PH domain falls back to interact with the kinase domain regardless of Akt
phosphorylation state, and the “PH-in” conformer renders its accessibility to phosphatases to
dephosphorylate the phosphorylated residues. The PH-kinase domain autoinhibitory interface
is retained when Akt is constitutively phosphorylated[212] and even after stoichiometric
phosphorylation, thereby restricting Akt maximum activity to PIP3 or PIP>-containing plasma
membranes[211]. Prompted by these experimentally proven observations, we constructed
autoinhibited phosphorylated forms of Akt by replacing Thr 308 and Ser 473 to pThr 308 and
pSer 473, respectively. Though pThr 308 and pSer 473 of autoinhibited AKT not biologically
relevant; however, the goals were to observe the interactions of these phosphate groups and
how phosphorylation of the A-loop affects autoinhibited AKT.

Previously, it has been established that the phosphate moiety of pT308 in the A-loop of the
kinase domain was surrounded by the catalytic cleft residues — His 194, Arg 273, and Lys 297.
Also, the Thr 160 hydroxy group side chain formed a hydrogen bond with the gamma-
phosphate moiety of ATP, but the study was conducted in the absence of the C-terminal
regulatory domain. In other words, the study did not utilize a full-length AKT structure.

Here in model 1 topmost cluster (cluster 1, Figure 5.1), we observed that the pThr308 in the
activation loop of the kinase domain forms significant interactions with residues: R15, K20,
G299, and M306; whereas the pSer473 in the C-terminal tail makes key interactions with
residues: R200, L213, and Y215. Also, in model 2, pThr308 forms critical interactions with
residues: R15, K20, and C310, and the pSer473 make important interactions with residues:
H143, R144, V145, and Q218 as in Figure 5.4. R144 has been reported previously to play a
pivotal role in releasing Akt autoinhibition, and it has been established that Q218 forms H-
bond to Ser 473 in Akt active conformation, an interaction that stabilizes the hydrophobic

motif and the conformation of the aC helix in the kinase domain[210]The pT308 in the kinase
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domain interacting residues in our study differ from those of the previous research. It is worth
emphasizing that the previous study by Lu et al. [§]was conducted using only the Akt kinase
domain, not full-length Akt as we have undertaken for the first time. Hence, it is no surprise
that the interacting residues slightly differ from those of the previous due to conformational
differences between the full-length Akt and the kinase Akt domain. Also, Ser 473, absent
during the previous study, would be another reason for the different conformation or

interaction of the pT308 in the kinase domain.

5.14 D323H mutant in PH-kinase allosteric interface destabilizes Akt autoinhibition

Akt kinase is frequently mutated in various types of cancer, which drives cell proliferation. In
the Akt PH domain, a mutation of Glu 17 to Lys (E17K) results in constitutive activation of
the central position kinase domain [134]. Also, a mutation of Arg 25 to Cys (R25C) in the PH
domain leads to inefficacious membrane lipid, PIP3 binding, subsequently preventing
localization of Akt to the plasma membrane for phosphorylation and activation[10]. As a result
of this mechanism, Akt structures without the PH domain suggest that the interplay between
the C-terminal regulatory domain and the kinase domain N—Ilobe promotes Akt activation
[150, 210]. On the flip side, AKT structures with the PH domain, but lacking the C-terminal
region complex with allosteric inhibitors, lead to an autoinhibited state. The PH domain
intramolecularly interacts with the kinase domain [152]. Mutations diminish the romantic
interaction between the PH domain and kinase domain in the PH-kinase domain interface,
which can lead to the PH domain disengaging from the kinase domain [17]. For instance,
E17K, L52R, and D323H oncogenic mutations occur in the PH-kinase interface, and they have
the proclivity to disrupt the interaction between the PH domain and the kinase domain. On
another note, mutations such as F35L and R96W in the PH domain and K189N in the kinase
domain do not reduce interaction signal, but L52R in the PH domain and D323H in the Kinase
domain reduce interaction signal between the PH and kinase domains. Also, E17K, a driver
mutation in the PH domain, modestly weakens the intramolecular interaction between the PH
and kinase domain and is earlier linked to altering lipid-binding specificity [134, 213].
Notably, the D323 mutation has been experimentally established to disrupt the PH-kinase
domain interface. The D323H mutation leads to cellular transformation as identified in urinary
carcinoma in previous studies [17, 133]. Also, mutation of D323 and D325, interfacial residues

in the kinase domain results in PIP3 independent activity, increased PIP3 and protein
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substrate affinity, and a disruption of the PH-kinase interface, which are consistent with the
crucial roles of these interface residues to maintain Akt in the autoinhibited state[107, 212].
Here in our work, the RMSD and the RMSF profiles depict that the mutation (D323H) resulted
in high fluctuations in both models: apostate and ATP-bound AKT systems with more
significant fluctuations in model 1 than model 2.

Interestingly, even though D323H is about 21A away, as depicted in figure 5.7 from the ATP
binding site we observed substantial movement of the ATP from the binding pocket during
the simulations. Intrigued by this observation, we aim to determine the allosteric
communication between the ATP binding pocket and the allosteric interface of the PH-kinase
domain. Additionally, D323H resulted in repulsion between the K14 in the PH domain and
HIS 323 in the kinase domain. Both residues are basic, so the mutation replaces an ionic
interaction with a basic repulsion, perhaps, one of the reasons for the movement of ATP in the
binding pocket. Further, the D323H resulted in substantial conformation rearrangements in
Akt, with the kinase domain adopting a more open conformation. The mutation also distorts

the linker and the C-terminal tail.

Figure 5.7 The distance of ATP from the mutation site (D323H), the mutant residues are shown as red sphere
and ATP as sticks colored by element types. The mutation is approximately 21A from the ATP binding pocket
in AKT.
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5.15 Allosteric inhibitors require intact PH-kinase domain interface

Akt crystal structure bound to allosteric inhibitor has identified critical interfacial residues that
retain the PH-kinase domain interface. For instance, K14 and E17 in the lipid-binding PH
domain form salt bridges with D323 and R273 in the C-lobe of the kinase domain,
respectively[117]. A mutation of critical allosteric interface residues such as E17, W80, D323
and D325 can render Akt kinase insensitive to allosteric inhibitors, leading to Akt activation
and cellular transformation[17]. For example, E17K, a charge-reversal mutation in the PH-
kinase interface, increases Akt plasma membrane association and constitutive activity, driving
cellular transformation as observed in patients with Proteus syndrome megalencephaly,
colorectal, breast, and ovarian cancers[134, 213]. While being interesting
phenomenologically, these correlated observations between mutations occurring at the PH-
kinase interface and their cellular transformation potential highlight the significance of the
autoinhibitory mechanism in restricting Akt cellular activity in vivo[117] Also, the allosteric
interface in the crystal structure contains residues in the PH domain that directly bind to
membrane lipids, PIP3 or PIP2, and observation that prompts one to suggest that Akt cannot
be membrane-bound and autoinhibited simultaneously[117].

The effectiveness of Akt allosteric inhibitors depends on an intact PH-kinase domain interface
[7, 152, 214] and mutations such as E17K, L52R, and D323H that tend to dislodge the PH-
kinase domain interface diminish the response to allosteric inhibitors [17]. Hence, mutations
occurring at the PH-kinase domain interface that results in constitutive activation of Akt
perhaps may hinder the effectiveness of allosteric Akt inhibitors since they require an intact
PH-kinase domain interface. Here, we introduced a mutation, D323H, in the PH-kinase
domain intact interface to observe the disruptiveness of the interface or the conformational
changes it induces in full-length Akt. On a high note, D323H is approximately 21 A from the
ATP binding pocket, and no directions exist between them, but the mutation resulted in a
substantial displacement of the ATP from the ATP binding site in Akt. To unravel the
mechanism of signal propagation between the PH-kinase domain interface and the ATP
binding pocket of Akt, we aim to identify residues involved in the allosteric communication
between the PH-kinase domain interface and the ATP binding cleft in the Akt kinase domain.
Previously, in elsewhere [8], the optimal allosteric path from ATP to pThr 308 has been
identified as follows: ATP — Thr 160 — Phe 161 — Glu 191 — H194 — pThr 308 using a method

based on Markov propagation analysis[215]. In this optimal
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allosteric path from ATP to pThr 308, four residues were involved in propagating the signal
from ATP to pThr308, and these residues are in the Glycine rich loop (Thr 160 and Phe 161)
a helix aC (Glu 191 and His 194)[8].

5.16 Phosphorylation of Ser473 in the Akt C-terminal tail induces PH domain
releasement

Our modeled Akt structures contain the C-tail or C-terminal regulatory domain. The C-
terminal consists of two phosphorylations sites, T450 in the turn motif and S473 in the
hydrophobic motif. The Phosphorylation of T450 in the turn motif occurs co-translationally
[216], and it’s not affected by growth factor-induced signaling [217]. Also, T450
Phosphorylation tends to protect Akt from ubiquitin-mediated degradation [216, 217]. On the
other hand, S473 phosphorylation promotes disorder to order transitions of the hydrophobic
motif [210], which in synergy with T308 phosphorylation in the activation loop and ATP
stabilizes a resistant conformation to phosphatases [8, 29, 106, 108, 150].

Additionally, a previous study established that Akt lacking phosphorylations of T450 and
S473 is catalytically inactive[107]. Also, S473 phosphorylation by mTORC2 activates AKT
via a formation of electrostatic interaction between the phosphate group and the Arg 144 in
the PH-kinase linker, thereby relieving AKT PH domain-mediated autoinhibition. In a recent
study, the phosphorylation of the S473 activation mechanism that induces PH domain
displacement greatly depends on conformational changes in the PH domain [218], thereby
activating Akt independent of its PH domain binding to membrane lipids, PIP> and PIPs. Here,
in model 2, we observed a formation of electrostatic interaction between the phosphate group
of S473 and Arg 144 in the PH-kinase domain linker. This interaction may be observed in a
different conformation of model 1 because we only visualized the most populated
conformation of each model. Also, T450 in the turn motif was unphosphorylation in this study.
Also, the configurations with pThr 308 and pSer 473 are in transient states, implying that 1 ps
MD simulation is insufficient to monitor the PH domain releasement from the kinase domain
in autoinhibited Akt. However, the results provide some intramolecular insights into how pSer
473 interact with critical residues in such as R144 and Q218 in the PH-kinase domain and the
kinase domain, respectively. For instance, it has been reported that Q218 forms H-bond to Ser
473 in Akt active conformation. This intramolecular interaction stabilizes the hydrophobic

motif and the conformation of the aC helix in the centrally positioned kinase domain[210].
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5.17 The PH-kinase linker interaction with pS473 is critical for Akt activation

Crystal structure of Akt showed that Arg 144 in the PH-kinase domain linker is approximately
6A away from the phosphate group of pSer 473, which led the authors to propose that pSer473
could interact with Lys142-His143-Arg144, conserved basic patch residues of the PH-kinase
domain linker in full-length Akt[14]. Further experimental investigations by the authors led
them to conclude, based on their results, that the proposed basic patch residues and GIn218
intramolecular interaction with pSer 473 are indeed critical for Akt activation[14]. Our
modeled structures contain the PH-kinase linker (residues 108 -150), which includes the basic
patch residues, and Arg 144, a basic patch residue, electrostatically interacts with pS473 in the
hydrophobic motif. In model 1, the linker is a loop structure with a short a helical segment,
whereas in model 2, the PH-kinase linker has longer a helical region, one of the key
differences structural-wise between the two predicted models. Taken altogether, we have
predicted Akt full-length structure that comprises the PH domain, PH-kinase domain linker,
the centrally positioned kinase domain, and C-terminal regulatory domain and analyzed the
structural conformation of the autoinhibited state of Akt and identified key residues that play
a paramount role in maintaining the PH-kinase domain interface. Everything considered, the
elucidation of the conformational plasticity of full-length Akt uncovered here for the first
would be handy for further studies on the autoinhibition dynamic of Akt — a vital protein

kinase in the Ras-Akt-mTORC?2 pathway.

5.18 Conclusion on Akt autoinhibition state

In Akt autoinhibited state, the lipid-binding PH domain romantically interacts with the kinase
domain, preventing Thr308 phosphorylation by PDKI1 in the kinase domain, an important
event for Akt activation. The binding of PIP3 or PIP; to the PH domain promotes the release
of the autoinhibition, and exposure of Thr308 and Ser473 in the activation loop and
hydrophobic motif, respectively, for phosphorylation. Also, phosphorylated Ser 473
(pSer473) in the C-terminal regulatory domain can establish electrostatic interaction with Arg
144, a basic residue in the basic patch of the PH-kinase domain linker to release the PH domain
and is critical for Akt activation[14]. Allosteric Akt inhibitors require an intact PH-kinase
domain interface for their efficacious activity in cells, and mutation of critical residues in the

interface can impair the PH-kinase domain contacts making allosteric inhibitors to be less
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efficacious. On the other hand, ATP-competitive inhibitors do not require an intact PH-kinase
domain interface and can effectively block the activity of wild-type and mutant (E17K, L52R,
and D323H) Akt [17]. In this dissertation, D323H mutation led to the displacement of ATP in
the binding site of the kinase. It enabled the kinase domain to adopt a more open conformation,
which implies that ATP-competitive inhibitors might require intact N- and C-lobes interface
of the kinase domain for their activity. Here, for the first time, we have modeled the structure
of full-length Akt and present the best-autoinhibited states of full-length Akt. The structures
would guide medicinal chemists in developing Akt allosteric inhibitors that require intact PH-
kinase domain interface and ATP-competitive inhibitors that do not require such intact
interface but might rely on intact kinase domain N- and C- lobes interface for their activity.
The development of allosteric and ATP-competitive inhibitors is essential for targeting Akt

since it is frequently activated in tumor cells, necessitating its regulation.
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Chapter 6

Conclusion

Akt protein, a Ser/Thr protein kinase regulates enormous biological process including cell
survival, proliferation, and apoptosis. The Akt activation mechanisms have been proposed
by numerous studies and still remain controversial, but all centered around the profound
role of the PH domain. The first part of this dissertation provides detailed conformational
analysis of how CaM binds to Akt PH domain at the atomic level and how IP4involvement
in CaM-PH domain complex weakens or partially displaces CaM from CaM-PH domain
dimeric complex. Akt kinase is translocated to the PIP3-containing plasma membrane by
specific interactions between its PH domain and CaM or PIP3;, a phospholipid in the
plasma membrane that serves as Akt docking site [40, 111]. NMR experiments established
the binding mode of CaM to the PH domain of Akt, and the observations by both the
NMR and the simulations deviate from a typical binding mode of CaM, which unusually
involves a-helical regions [188, 189]. The simulation results suggest that CaM binds to
the B-sheet in the PH domain, which is rare, but not unsurprising because such binding
has been observed by another NMR experiment, where CaM binds to the PH domain of
Itk [205]. From a mechanistic perspective, CaM’s N-lobe, C-lobe, and the central linker
simultaneously engage the PH domain. In other words, the PH domain binds to one end
of CaM, especially the C-lobe, and induces conformational rearrangements engaging the
central linker and N-lobe of CaM. Furthermore, the molecular modeling and simulation
results in this dissertation empower us to select and propose four models of CaM-PH
domain complexes, depicting the B-sheets in the PH domain binding to CaM. On another
note, a high percentage of the NMR chemical shift residues were observed in the CaM-
PH domain interface. Most of the interfacial residues play an essential role in retaining
CaM-PH domain dimeric complex. We present the most populated state of each proposed
model and crucial intermolecular interactions, which are cardinal in maintaining the CaM-

PH domain dimeric complex. These handy models reveal how IP4 acts by attenuating or
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partially displacing CaM from the PH domain, thereby uncovering the detailed molecular
basis of Akt translocation, phosphorylation, and activation. These results may also serve
as basis for small molecules inhibitors or drug molecules development to disrupt the CaM-
PH domain interaction. The details of CaM-PH domain release mechanism obtained here
uncovered a potentially promising therapeutic strategy for breast cancer and other related
cancer types.

Along a similar line, the dissertation also explored the autoinhibition state of Akt, where
the PH domain romantically interacts with the centrally positioned kinase domain to
prevent Thr308 phosphorylation in the kinase domain by PDK1, an essential event, which
is necessary for Akt activation. In Akt autoinhibited state, the lipid-binding PH domain
romantically interacts with the kinase domain, preventing Thr308 phosphorylation by PDK1
in the kinase domain, an important event for Akt activation. The binding of PIP3 or PIP: to the
PH domain promotes the release of the autoinhibition, and exposure of Thr308 and Ser473 in
the activation loop and hydrophobic motif, respectively, for phosphorylation. Also,
phosphorylated Ser473 (pSer473) in the C-terminal regulatory domain can establish
electrostatic interaction with Arg 144, a basic residue in the basic patch of the PH-kinase
domain linker to release the PH domain and is critical for Akt activation[14]. Allosteric Akt
inhibitors require an intact PH-kinase domain interface for their efficacious activity in cells,
and mutation of critical residues in the interface can impair the PH-kinase domain contacts
making allosteric inhibitors to be less efficacious. On the other hand, ATP-competitive
inhibitors do not require an intact PH-kinase domain interface and can effectively block the
activity of wild-type and mutant (E17K, L52R, and D323H) AKT[17]. Here, the mutation of
Asp323 to His led to the displacement of ATP in the binding site of the kinase domain. It
enabled the kinase domain to adopt a more open conformation, which implies that ATP-
competitive inhibitors might require intact N- and C-lobes interface of the kinase domain for
their activity. Here, for the first time, we have modeled the structure of full-length Akt and
present the best-autoinhibited states. The structures would guide medicinal chemists in
developing Akt allosteric inhibitors that require intact PH-kinase domain interface and ATP-
competitive inhibitors that do not require such intact interface but might rely on an intact
kinase domain N- and C- lobes interface for their cellular activity. The development of
allosteric and ATP-competitive inhibitors is essential for targeting Akt since it is frequently

activated in cancerous cells, which necessitate the regulation of Akt. Taken together, the
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results of the dissertation on CaM-PH domain interplay and the romantic interaction of
PH and kinase domains of Akt add more insightful tips to the already existing rich tapestry
of Akt autoinhibition, translocation, phosphorylation, and activation, which greatly
depends on the peculiar role of the PH domain. In conclusive, the dissertation results have
an important functional implication in developing inhibitors that would target CaM-PH
domain dimeric complex and allosteric and ATP-competitive inhibitors, which bind to the PH-
kinase domain interface and ATP binding pocket in Akt, respectively. Finally, the results add
on to existing incredible tapestry of information on Akt kinase activation mechanism, which
all seem to be the result of loosening the PH-kinase domain autoinhibition and highlighting

the profound role of the PH domain.
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Appendix A

A sample CHARMM-generated input file

* File: cam1iphd_mod2_gen_ coor.inp
* Generate initial coordinates for CHARMM & NAMD

*

FRRLELLnnnnnnnnnnr e ererrennnnnnnnnnnnnnnnn

! set directory
set type cam1phd_mod2

set dir data/weakoj2/@type
RN A AT A T

bomlev -2

! read topology

open read card unit 10 name
/data/weakoj2/charmm_input/top_all36_phd_c39b2_hbj.inp
read rtf card unit 10

close unit 10

! read parameters

open read card unit 10 name
/data/weakoj2/charmm_input/par_all36_phd_c39b2_hbj.inp
read param card unit 10

close unit 10

FRRLLLLnnnnnnnnnr e errrrennnnnnnnnnnnnnn

! Get PH domain of Akt

read sequence card

* The sequence is PHD Akt 1 to 117
*

117
MET SER ASP VAL ALA ILE VAL LYS GLU GLY TRP LEU HSD
LYS ARG GLY GLU TYR ILE LYS THR TRP ARG PRO ARG TYR
PHE LEU LEU LYS ASN ASP GLY THR PHE ILE GLY TYR LYS
GLU ARG PRO GLN ASP VAL ASP GLN ARG GLU ALA PRO LEU
ASN ASN PHE SER VAL ALA GLN CYS GLN LEU MET LYS THR
GLU ARG PRO ARG PRO ASN THR PHE ILE ILE ARG CYS LEU
GLN TRP THR THR VAL ILE GLU ARG THR PHE HSD VAL GLU
THR PRO GLU GLU ARG GLU GLU TRP THR THR ALA ILE GLN
THR VAL ALA ASP GLY LEU LYS LYS GLN GLU GLU GLU GLU

generate PHDO first NTER last CTER setup

! Fill internal coordinates with IC PARA
IC PARA
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open read card unit 1 name /@dir/coor/phd.crd
read coor card unit 1
close unit 1

! Fill IC with input coordinates, but preserve those not available from
coordinates

IC FILL PREServe

! Rebulit whole IC

IC BUILD

! Build and Rebuild Hydrogens

HBUILD SELEct (hydrogen) END

reeeeernnnm

set N ?nres

! Get Calmodulin

read sequence card

* The sequence is CaM 1 to 148
*

148

ALA ASP GLN LEU THR GLU GLU GLN ILE ALA GLU PHE LYS
GLU ALA PHE SER LEU PHE ASP LYS ASP GLY ASP GLY THR
ILE THR THR LYS GLU LEU GLY THR VAL MET ARG SER LEU
GLY GLN ASN PRO THR GLU ALA GLU LEU GLN ASP MET ILE
ASN GLU VAL ASP ALA ASP GLY ASN GLY THR ILE ASP PHE
PRO GLU PHE LEU THR MET MET ALA ARG LYS MET LYS ASP
THR ASP SER GLU GLU GLU ILE ARG GLU ALA PHE ARG VAL
PHE ASP LYS ASP GLY ASN GLY TYR ILE SER ALA ALA GLU
LEU ARG HSD VAL MET THR ASN LEU GLY GLU LYS LEU THR
ASP GLU GLU VAL ASP GLU MET ILE ARG GLU ALA ASP ILE
ASP GLY ASP GLY GLN VAL ASN TYR GLU GLU PHE VAL GLN
MET MET THR ALA LYS

generate CAMD first NTER last CTER setup

! Fill internal coordinates with IC PARA
IC PARA

open read card unit 1 name /@dir/coor/cam.crd
read coor card unit 1 offset @N
close unit 1

! Fill IC with input coordinates, but preserve those not available from
coordinates

IC FILL PREServe

! Rebulit whole IC

IC BUILD

! Build and Rebuild Hydrogens

HBUILD SELEct (hydrogen) END

e
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set N ?nres

! Get Cal
read sequence CAL 4
generate CALS noangle nodihedral

open read card unit 1 name /@dir/coor/cal.crd
read coor card unit 1 offset @N
close unit 1

PRELRRLrnnnnnnnnnrererereeeenennnnnnnnnnnnnng

! Get the initial coordinate

open write card unit 1 name /@dir/coor/ @type_ini_ coor.crd
write coor card unit 1

* crd file of protein

IRRRRRRRRRRRNRRAAY

Stop
A sample CHARMM-generated input file

* File: cam1phd_mod2_ini_config.inp

* Translocate the N-term of HVR to remove clash
*

FRRLRLLnnnnnnnnnnrnrerereennnnnnnnnnnnnnnn

! set directory
set type cam1phd_mod2

set dir data/weakoj2/@type
R A AT AT AT

bomlev -2

! read topology

open read card unit 10 name
/data/weakoj2/charmm_input/top_all36_phd_c39b2_hbj.inp
read rtf card unit 10

close unit 10

! read parameters

open read card unit 10 name
/data/weakoj2/charmm_input/par_all36_phd_c39b2_hbj.inp
read param card unit 10

close unit 10

PERRRRLLRrrrrnnnr e
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! Get PH domain of Akt

read sequence card

* The sequence is PHD Akt 1 to 117
*

117
MET SER ASP VAL ALA ILE VAL LYS GLU GLY TRP LEU HSD
LYS ARG GLY GLU TYR ILE LYS THR TRP ARG PRO ARG TYR
PHE LEU LEU LYS ASN ASP GLY THR PHE ILE GLY TYR LYS
GLU ARG PRO GLN ASP VAL ASP GLN ARG GLU ALA PRO LEU
ASN ASN PHE SER VAL ALA GLN CYS GLN LEU MET LYS THR
GLU ARG PRO ARG PRO ASN THR PHE ILE ILE ARG CYS LEU
GLN TRP THR THR VAL ILE GLU ARG THR PHE HSD VAL GLU
THR PRO GLU GLU ARG GLU GLU TRP THR THR ALA ILE GLN
THR VAL ALA ASP GLY LEU LYS LYS GLN GLU GLU GLU GLU

generate PHDO first NTER last CTER setup

! Get Calmodulin

read sequence card

* The sequence is CaM 1 to 148

*

148

ALA ASP GLN LEU THR GLU GLU GLN ILE ALA GLU PHE LYS
GLU ALA PHE SER LEU PHE ASP LYS ASP GLY ASP GLY THR
ILE THR THR LYS GLU LEU GLY THR VAL MET ARG SER LEU
GLY GLN ASN PRO THR GLU ALA GLU LEU GLN ASP MET ILE
ASN GLU VAL ASP ALA ASP GLY ASN GLY THR ILE ASP PHE
PRO GLU PHE LEU THR MET MET ALA ARG LYS MET LYS ASP
THR ASP SER GLU GLU GLU ILE ARG GLU ALA PHE ARG VAL
PHE ASP LYS ASP GLY ASN GLY TYR ILE SER ALA ALA GLU
LEU ARG HSD VAL MET THR ASN LEU GLY GLU LYS LEU THR
ASP GLU GLU VAL ASP GLU MET ILE ARG GLU ALA ASP ILE
ASP GLY ASP GLY GLN VAL ASN TYR GLU GLU PHE VAL GLN
MET MET THR ALA LYS

generate CAMD first NTER last CTER setup

! Get Cal
read sequence CAL 4
generate CALS noangle nodihedral

open read card unit 1 name /@dir/coor/@type_ini_coor.crd
read coor card unit 1
close unit 1

R R R R AR LR AR A AR TR AR AR AR AR A Y
define BACKBONE sele (segid PHDO .and. resid 2:117 .and. (type N .or. type CA
.or. type C .or. type O)) .or. -

(segid CAMD .and. resid 3:147 .and. (type N .or. type CA .or. type C
.or. type O)) end
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cons fix sele BACKBONE end

mini sd nstep 200
mini sd nstep 200
mini sd nstep 200
mini sd nstep 200
mini abnr nstep 100
mini abnr nstep 100
mini abnr nstep 100
mini abnr nstep 100

PRELRRLrnnnnnnnnnrererereeeenennnnnnnnnnnnnng

! Move to center

coor stat sele all end

coor trans xdir -?XAVE ydir -?YAVE zdir -?ZAVE sele all end
coor stat sele all end

TRRLELLnnnnnnnnnerereeereeeennnnnnnnnnnnnn

...................................................

open write card unit 1 name /@dir/coor/ @type_ini_ config.crd
write coor card unit 1

* crd file of protein

IRRRRRRRRRRRNRNNAL

Stop

A sample CHARMM-generated input file

* File: cam1phd_mod2_water_overlay_ 1st.inp
* Generates the bulk overlay of water for the system

* Use simplified method for water addition
*

FRRLELnnnnnnnnnrnrerrrrennnnnnnnnnnnnnn

! set directory
set type camiphd_mod2

set dir data/weakoj2/@type
I S R TS S SR TR R AR AT AR AL

! set initial numbers of system

set bs 100.0 ! cell dimension

! set number of water; read from water directory
set nwt1 8682

set nwt2 8681

set nwt3 8578

set nwt4 8578
IR AR R R AR AR A A R AR A RN AR RN AAL

103



! read topology

open read card unit 10 name
/data/weakoj2/charmm_input/top_all36_phd_c39b2_hbj.inp
read rtf card unit 10

close unit 10

! read parameters

open read card unit 10 name
/data/weakoj2/charmm_input/par_all36_phd_c39b2_hbj.inp
read param card unit 10

close unit 10

TRELRRLLnnnnnnnnnnrererereeeeeennnnnnnnnnnnnng

open read card unit 1 name /@dir/coor/@type_ini_ config.crd
read sequence coor unit 1

generate JANG setup noangle nodihedrals first none last none
close unit 1

open read card unit 1 name /@dir/coor/@type_ini_ config.crd
read coor card unit 1

close unit 1

delete atom sele .not. INIT end
scalar charge set 0.0

set N ?nres

read sequence TIP3 @nwt1
generage OV11 noangle nodihedral
read sequence TIP3 @nwt2
generage OV12 noangle nodihedral

open read card unit 1 name /@dir/water/water_large_box_ @bs_1.crd
read coor card unit 1 offset @N
close unit 1

set N ?nres

read sequence TIP3 @nwt3
generage OV21 noangle nodihedral
read sequence TIP3 @nwt4
generage OV22 noangle nodihedral

open read card unit 1 name /@dir/water/water_large_box_@bs_2.crd
read coor card unit 1 offset @N
close unit 1

FRRLRLRRnnnnnnnn e ererrennnnnnnnnnnnnnn

! Initial overlay of each water box

! Lower layer
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coor stat sele segid OV1* end

define COUNT1 sele ((type OH2 .and. segid OV1*) .and. (segid JANG .around.
2.6)) end

delete atoms sele .byres. COUNT1 end

! Upper layer

coor stat sele segid OV2* end

define COUNT2 sele ((type OH2 .and. segid OV2*) .and. (segid JANG .around.
2.6)) end

delete atoms sele .byres. COUNT2 end

PRELRRLrnnnnnnnnnrererereeeenennnnnnnnnnnnnng

delete atoms sele segid JANG end

FTRRLRRRnnnnnnnnnr e rennnnnnnnnnnnnnn

! Write water coordinates

open write card unit 1 name /@dir/coor/temp_water_ovii.crd
write coor sele segid OV11 end card unit 1

* overlay of waters
*

delete atoms sele segid OV11 end

open write card unit 1 name /@dir/coor/temp_water_ovi2.crd
write coor sele segid OV12 end card unit 1

* overlay of waters
*

delete atoms sele segid OV12 end

! Write water coordinates
open write card unit 1 name /@dir/coor/temp_water_ov21.crd
write coor sele segid OV21 end card unit 1

* overlay of waters
*

delete atoms sele segid OV21 end
! Write water coordinates
open write card unit 1 name /@dir/coor/temp_water_ov22.crd

write coor sele segid OV22 end card unit 1

* overlay of waters
*

stop

A sample CHARMM-generated input file for water box
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* File: cam1phd_mod2_water_overlay_2nd.inp
* Generates the bulk overlay of water for the system

* Use simplified method for water addition

PRELRRLrnnnnnnnnerererereeeeennnnnnnnnnnnnng

! set directory
set type cam1phd_mod2

set dir data/weakoj2/@type
B S S S A TR RS AR AT AR AL

! set initial numbers of system

set bs 100.0 ! cell dimension
TN T T R R R T L R R T R R R SRR R R TR AR AR

bomlev -2

! read topology

open read card unit 10 name
/data/weakoj2/charmm_input/top_all36_phd_c39b2_hbj.inp
read rtf card unit 10

close unit 10

! read parameters

open read card unit 10 name
/data/weakoj2/charmm_input/par_all36_phd_c39b2_hbj.inp
read param card unit 10

close unit 10

TLRLLELnnnnnnnnnnrererereeennnnnnnnnnnnnng

! Get PH domain of Akt

read sequence card

* The sequence is PHD Akt 1 to 117
*

117
MET SER ASP VAL ALA ILE VAL LYS GLU GLY TRP LEU HSD
LYS ARG GLY GLU TYR ILE LYS THR TRP ARG PRO ARG TYR
PHE LEU LEU LYS ASN ASP GLY THR PHE ILE GLY TYR LYS
GLU ARG PRO GLN ASP VAL ASP GLN ARG GLU ALA PRO LEU
ASN ASN PHE SER VAL ALA GLN CYS GLN LEU MET LYS THR
GLU ARG PRO ARG PRO ASN THR PHE ILE ILE ARG CYS LEU
GLN TRP THR THR VAL ILE GLU ARG THR PHE HSD VAL GLU
THR PRO GLU GLU ARG GLU GLU TRP THR THR ALA ILE GLN
THR VAL ALA ASP GLY LEU LYS LYS GLN GLU GLU GLU GLU

generate PHDO first NTER last CTER setup
! Get Calmodulin
read sequence card

* The sequence is CaM 1 to 148
*

148
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ALA ASP GLN LEU THR GLU GLU GLN ILE ALA GLU PHE LYS
GLU ALA PHE SER LEU PHE ASP LYS ASP GLY ASP GLY THR
ILE THR THR LYS GLU LEU GLY THR VAL MET ARG SER LEU
GLY GLN ASN PRO THR GLU ALA GLU LEU GLN ASP MET ILE
ASN GLU VAL ASP ALA ASP GLY ASN GLY THR ILE ASP PHE
PRO GLU PHE LEU THR MET MET ALA ARG LYS MET LYS ASP
THR ASP SER GLU GLU GLU ILE ARG GLU ALA PHE ARG VAL
PHE ASP LYS ASP GLY ASN GLY TYR ILE SER ALA ALA GLU
LEU ARG HSD VAL MET THR ASN LEU GLY GLU LYS LEU THR
ASP GLU GLU VAL ASP GLU MET ILE ARG GLU ALA ASP ILE
ASP GLY ASP GLY GLN VAL ASN TYR GLU GLU PHE VAL GLN
MET MET THR ALA LYS

generate CAMD first NTER last CTER setup

! Get Cal
read sequence CAL 4
generate CALS noangle nodihedral

open read card unit 1 name /@dir/coor/@type_ini_ config.crd
read coor card unit 1
close unit 1

set N ?nres

open read card unit 1 name /@dir/coor/temp_water_ovii.crd
read sequence coor unit 1

generate BLK1 nodihedrals noangles first none last none

close unit 1

open read card unit 1 name /@dir/coor/temp_water_ovii.crd
read coor card unit 1 offset @N

close unit 1

set N ?nres

open read card unit 1 name /@dir/coor/temp_water_ovi2.crd
read sequence coor unit 1

generate BLK2 nodihedrals noangles first none last none

close unit 1

open read card unit 1 name /@dir/coor/temp_water_ovi2.crd
read coor card unit 1 offset @N

close unit 1

set N ?nres

open read card unit 1 name /@dir/coor/temp_water_ov21.crd
read sequence coor unit 1

generate BLK3 nodihedrals noangles first none last none

close unit 1

open read card unit 1 name /@dir/coor/temp_water_ov21.crd
read coor card unit 1 offset @N

close unit 1
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set N ?nres

open read card unit 1 name /@dir/coor/temp_water_ov22.crd
read sequence coor unit 1

generate BLK4 nodihedrals noangles first none last none

close unit 1

open read card unit 1 name /@dir/coor/temp_water_ov22.crd
read coor card unit 1 offset @N

close unit 1

PRELRRLrnnnnnnnnnrererereeeenennnnnnnnnnnnnng

! Delete waters beyond cell dimension

! xdirection

calc hbx = @bs/2.0

set XCUT1 -@hbx

set XCUT2 @hbx

delete atom sele .byres. (type OH2 .and. (prop x .It. @XCUT1)) end
delete atom sele .byres. (type OH2 .and. (prop x .gt. @XCUT2)) end
! y direction

calc hby = @bs/2.0

set YCUT1 -@hby

set YCUT2 @hby

delete atom sele .byres. (type OH2 .and. (prop y .It. @YCUT1)) end
delete atom sele .byres. (type OH2 .and. (prop y .gt. @YCUT2)) end
! z direction

calc hbz = @bs/2.0

set ZCUT1 -@hbz

set ZCUT2 @hbz

delete atom sele .byres. (type OH2 .and. (prop z .Ilt. @ZCUT1)) end
delete atom sele .byres. (type OH2 .and. (prop z .gt. @ZCUT2)) end

FLRLLRLLRLrnnnnnnnnnrer e ereennnnnnnnnnnnnng

...................................................

! Write coordinates

open write card unit 1 name
/@dir/coor/@type_water_overlay_system_ protein.crd
write coor sele segid PHDO .or. segid CAMD .or. segid CALS end card unit 1

* proteins
*

dele atom sele segid PHDO .or. segid CAMD .or. segid CALS end

open write card unit 1 name
/@dir/coor/@type_water_overlay_system_bulk_1.crd
write coor sele segid BLK1 end card unit 1

* water
*

dele atom sele segid BLK1 end
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open write card unit 1 name
/@dir/coor/@type_water_overlay_system_bulk_2.crd
write coor sele segid BLK2 end card unit 1

* water
*

dele atom sele segid BLK2 end

open write card unit 1 name
/@dir/coor/@type_water_overlay_system_bulk_3.crd
write coor sele segid BLK3 end card unit 1

* water
*

dele atom sele segid BLK3 end

open write card unit 1 name
/@dir/coor/@type_water_overlay_system_bulk_4.crd
write coor sele segid BLK4 end card unit 1

* water
*

stop

A sample CHARMM-generated input file for salt

* File: model_2_apo_water_add_salt_mk_coor.inp

* Add salts and make coordinates
*

FLRLELLnnnnnnnnnnrnrererrennnnnnnnnnnnnnn

! set directory
set type model_2_ apo

set dir data/weakoj2/@type
B T A R A A A SRR T AL

...................................................

! set initial numbers of system

set nna 105 ! number of Na+
set ncl 94 ! number of Cl-
RN RN R AR R R AR R R RN AR
bomlev -2

! read topology

open read card unit 10 name

/data/weakoj2/charmm_ input/top_all36_phd_c39b2_hbj.inp
read rtf card unit 10

close unit 10
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! read parameters

open read card unit 10 name
/data/weakoj2/charmm_input/par_all36_phd_c39b2_hbj.inp
read param card unit 10

close unit 10

FRELErrrnnnnnnnrerernrnreeeeeeeennnnnnnnnn

! Get Akt

read sequence card

* The sequence is Akt 1 to 480

480

MET SER ASP VAL ALA ILE VAL LYS GLU GLY TRP LEU HSD LYS ARG GLY
GLU TYR ILE LYS

THR TRP ARG PRO ARG TYR PHE LEU LEU LYS ASN ASP GLY THR PHE ILE
GLY TYR LYS GLU

ARG PRO GLN ASP VAL ASP GLN ARG GLU ALA PRO LEU ASN ASN PHE
SER VAL ALA GLN CYS

GLN LEU MET LYS THR GLU ARG PRO ARG PRO ASN THR PHE ILE ILE
ARG CYS LEU GLN TRP

THR THR VAL ILE GLU ARG THR PHE HSD VAL GLU THR PRO GLU GLU
ARG GLU GLU TRP THR

THR ALA ILE GLN THR VAL ALA ASP GLY LEU LYS LYS GLN GLU GLU GLU
GLU MET ASP PHE

ARG SER GLY SER PRO SER ASP ASN SER GLY ALA GLU GLU MET GLU VAL
SER LEU ALA LYS

PRO LYS HSD ARG VAL THR MET ASN GLU PHE GLU TYR LEU LYS LEU
LEU GLY LYS GLY THR

PHE GLY LYS VAL ILE LEU VAL LYS GLU LYS ALA THR GLY ARG TYR TYR
ALA MET LYS ILE

LEU LYS LYS GLU VAL ILE VAL ALA LYS ASP GLU VAL ALA HSD THR LEU
THR GLU ASN ARG

VAL LEU GLN ASN SER ARG HSD PRO PHE LEU THR ALA LEU LYS TYR
SER PHE GLN THR HSD

ASP ARG LEU CYS PHE VAL MET GLU TYR ALA ASN GLY GLY GLU LEU
PHE PHE HSD LEU SER

ARG GLU ARG VAL PHE SER GLU ASP ARG ALA ARG PHE TYR GLY ALA
GLU ILE VAL SER ALA

LEU ASP TYR LEU HSD SER GLU LYS ASN VAL VAL TYR ARG ASP LEU LYS
LEU GLU ASN LEU

MET LEU ASP LYS ASP GLY HSD ILE LYS ILE THR ASP PHE GLY LEU CYS
LYS GLU GLY ILE

LYS ASP GLY ALATHR MET LYS THR PHE CYS GLY THR PRO GLU TYR LEU
ALA PRO GLU VAL

LEU GLU ASP ASN ASP TYR GLY ARG ALA VAL ASP TRP TRP GLY LEU GLY
VAL VAL MET TYR

GLU MET MET CYS GLY ARG LEU PRO PHE TYR ASN GLN ASP HSD GLU
LYS LEU PHE GLU LEU

ILE LEU MET GLU GLU ILE ARG PHE PRO ARG THR LEU GLY PRO GLU
ALA LYS SER LEU LEU

SER GLY LEU LEU LYS LYS ASP PRO LYS GLN ARG LEU GLY GLY GLY SER
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GLU ASP ALA LYS

GLU ILE MET GLN HSD ARG PHE PHE ALA GLY ILE VAL TRP GLN HSD
VAL TYR GLU LYS LYS

LEU SER PRO PRO PHE LYS PRO GLN VAL THR SER GLU THR ASP THR
ARG TYR PHE ASP GLU

GLU PHE THR ALA GLN MET ILE THR ILE THR PRO PRO ASP GLN ASP ASP
SER MET GLU CYS

VAL ASP SER GLU ARG ARG PRO HSD PHE PRO GLN PHE SER TYR SER
ALA SER GLY THR ALA

generate AKTT first NTER last CTER setup

open read card unit 1 name /@dir/coor/@type_water_overlay_system_ prot.crd
read coor card unit 1
close unit 1

set N ?nres

open read card unit 1 name
/@dir/coor/@type_water_overlay_system_bulk_1.crd
read sequence coor unit 1

generate BLK1 nodihedrals noangles first none last none
close unit 1

open read card unit 1 name
/@dir/coor/@type_water_overlay_system_bulk_1.crd
read coor card unit 1 offset @N

close unit 1

set N ?nres

open read card unit 1 name
/@dir/coor/@type_water_overlay_system_bulk_2.crd
read sequence coor unit 1

generate BLK2 nodihedrals noangles first none last none
close unit 1

open read card unit 1 name
/@dir/coor/@type_water_overlay_system_bulk_2.crd
read coor card unit 1 offset @N

close unit 1

set N ?nres

open read card unit 1 name
/@dir/coor/@type_water_overlay_system_bulk_3.crd
read sequence coor unit 1

generate BLK3 nodihedrals noangles first none last none
close unit 1

open read card unit 1 name
/@dir/coor/@type_water_overlay_system_bulk_3.crd
read coor card unit 1 offset @N

close unit 1
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set N ?nres

open read card unit 1 name
/@dir/coor/@type_water_overlay_system_bulk_4.crd
read sequence coor unit 1

generate BLK4 nodihedrals noangles first none last none
close unit 1

open read card unit 1 name
/@dir/coor/@type_water_overlay_system_bulk_4.crd
read coor card unit 1 offset @N

close unit 1

TRELRRLLnnnnnnnnnnrererereeeeeennnnnnnnnnnnnng

! Stat for protein

coor stat sele segid AKTT end

coor stat sele segid AKTT .and. type CA end
lcoor stat sele segid IP4 end

! Stat for water

coor stat sele resname TIP3 .and. type OH2 end

coor stat sele resname TIP3 .and. type OH2 .and. segid BLK1 end
coor stat sele resname TIP3 .and. type OH2 .and. segid BLK2 end
coor stat sele resname TIP3 .and. type OH2 .and. segid BLK3 end
coor stat sele resname TIP3 .and. type OH2 .and. segid BLK4 end

FLRLRLLrnnnnnnnnerer e

! Write protein coordinates
define JANG sele segid AKTT end

open write card unit 1 name /@dir/coor/ @type_add_salt_system.crd
write coor sele JANG end card unit 1

* full system for protein
*

dele atom sele JANG end

TERLLLLRnnnnnnnnennrererrennnnnnnnnnnnnnn

! Stat waters
coor stat sele resn TIP3 .and. type OH2 end

coor stat sele segid BLK1 .and. type OH2 end
set nt1 ?nsel
coor stat sele segid BLK2 .and. type OH2 end
set nt2 ?nsel
coor stat sele segid BLK3 .and. type OH2 end
set nt3 ?nsel
coor stat sele segid BLK4 .and. type OH2 end
set nt4 ?nsel
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FPLELRLLnnnnnnnnnnereereeeeeeennnnnnnnnennnon

! Randomly choose waters for replacing salts

! random number generation
RAND UNIF ISEED 318098

FRRLELLrnnnnnnnnnr e rrennnnnnnnnnnnnnn

! Na+ selection, nsod = total # of Na
set nsod @nna
label loop_sod1

set r 7RAND

ifrgt 0.0 set NAME BLK1
if r gt 0.50 set NAME BLK2
if r gt 0.25 set NAME BLK2
if r gt 0.50 set NAME BLK3
if r gt 0.75 set NAME BLK4

set n 7RAND
if @NAME eq BLK1 mult n by @nt1
if @NAME eq BLK2 mult n by @nt2
if @NAME eq BLK3 mult n by @nt3
if @NAME eq BLK4 mult n by @nt4
if n It 10000 trim n to 4
if nlt 1000 trimnto 3
if nlt 100 trimnto 2
ifnlt10 trimnto1
ifneqo setn1
! salt selection
print coor sele segid @NAME .and. resid @n .and. type OH2 end
if ?nsel eq 0 goto loop_sod1
! no salts around 4A each other
define temp sele (type CLA .or. type SOD .or. type MG) .and. (segid @NAME
.and. resid @n .and. type OH2) .around. 4.0 end
if ?nsel gt 0 goto loop_sod1
! replace water to salt
dele atom sele segid @NAME .and. type H* .and. resi @n end
rena atom SOD sele segid @NAME .and. type OH2 .and. resi @n end
coor stat sele type SOD end

if ?nsel It @nsod goto loop_sod1

PRRLLLRLRnnnnnnnnnr e rrreennnnnnnnnnrenennnn

! CI- selection, ncla = total # of Cl

set ncla @ncl
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label loop__cla1

set r PRAND

ifr gt 0.0 set NAME BLK1
if r gt 0.50 set NAME BLK2
if r gt 0.25 set NAME BLK2
if r gt 0.50 set NAME BLK3
if r gt 0.75 set NAME BLK4

set n PRAND
if @NAME eq BLK1 mult n by @nt1
if @NAME eq BLK2 mult n by @nt2
if @NAME eq BLK3 mult n by @nt3
if @NAME eq BLK4 mult n by @nt4
if n It 10000 trim nto 4
if n It 1000 trimnto 3
ifnlt 100 trimnto 2
ifnlt10 trimnto 1
ifneqo setn1
! salt selection
print coor sele segid @NAME .and. resid @n .and. type OH2 end
if ?nsel eq 0 goto loop__cla1
! no salts around 4A each other
define temp sele (type CLA .or. type SOD .or. type MG) .and. (segid @NAME
.and. resid @n .and. type OH2) .around. 4.0 end
if ?nsel gt 0 goto loop__cla1
! replace water to salt
dele atom sele segid @NAME .and. type H* .and. resi @n end
rena atom CLA sele segid @NAME .and. type OH2 .and. resi @n end
coor stat sele type CLA end

if ?nsel It @ncla goto loop__cla1

PTRRLLLLRnnnnnnnnnr e reennnnnnnnnnnnennnnnn

! Write salt coordinates

open write card unit 1 name /@dir/coor/temp_sod.crd
write coor card unit 1 sele type SOD end

* temp salt coordinates
*

dele atoms sele type SOD end
open write card unit 1 name /@dir/coor/temp_ cla.crd

write coor card unit 1 sele type CLA end

* temp salt coordinates
*

dele atoms sele type CLA end
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reeeeerennm

! Write water coordinates

open write card unit 1 name /@dir/coor/temp_ blk1.crd
write coor sele segid BLK1 end card unit 1

* water coor
*

dele atom sele segid BLK1 end

open write card unit 1 name /@dir/coor/temp_blk2.crd
write coor sele segid BLK2 end card unit 1

* water coor
*

dele atom sele segid BLK2 end

open write card unit 1 name /@dir/coor/temp_blk3.crd
write coor sele segid BLK3 end card unit 1

* water coor
*

dele atom sele segid BLK3 end

open write card unit 1 name /@dir/coor/temp_blk4.crd
write coor sele segid BLK4 end card unit 1

* water coor
*

Stop

A sample CHARMM-generated input file for psf

* File: model_2_apo_mk_psf_salt.inp

* Generate combined coordinates for NMAD simulation
*

TLRLLELLrnnnnnnnnnr e eennnnnnnnnnnnnnn

! set directory
set type model_2_ apo

set dir data/weakoj2/@type
I T T R A A R R AT A T

bomlev -2

! read topology

open read card unit 10 name

/data/weakoj2/charmm_ input/top_all36_phd_c39b2_hbj.inp
read rtf card unit 10

close unit 10
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! read parameters

open read card unit 10 name
/data/weakoj2/charmm_input/par_all36_phd_c39b2_hbj.inp
read param card unit 10

close unit 10

FRRLRELrrnnnnnnnnnrerrereeneeeeennnnnnnnnnnn

! Get PHD-Akt

read sequence card

* The sequence is AKTT 1 to 480
*

480

MET SER ASP VAL ALA ILE VAL LYS GLU GLY TRP LEU HSD LYS ARG GLY
GLU TYRILE LYS

THR TRP ARG PRO ARG TYR PHE LEU LEU LYS ASN ASP GLY THR PHE ILE
GLY TYR LYS GLU

ARG PRO GLN ASP VAL ASP GLN ARG GLU ALA PRO LEU ASN ASN PHE
SER VAL ALA GLN CYS

GLN LEU MET LYS THR GLU ARG PRO ARG PRO ASN THR PHE ILE ILE
ARG CYS LEU GLN TRP

THR THR VAL ILE GLU ARG THR PHE HSD VAL GLU THR PRO GLU GLU
ARG GLU GLU TRP THR

THR ALA ILE GLN THR VAL ALA ASP GLY LEU LYS LYS GLN GLU GLU GLU
GLU MET ASP PHE

ARG SER GLY SER PRO SER ASP ASN SER GLY ALA GLU GLU MET GLU VAL
SER LEU ALA LYS

PRO LYS HSD ARG VAL THR MET ASN GLU PHE GLU TYR LEU LYS LEU
LEU GLY LYS GLY THR

PHE GLY LYS VAL ILE LEU VAL LYS GLU LYS ALA THR GLY ARG TYR TYR
ALA MET LYS ILE

LEU LYS LYS GLU VAL ILE VAL ALA LYS ASP GLU VAL ALA HSD THR LEU
THR GLU ASN ARG

VAL LEU GLN ASN SER ARG HSD PRO PHE LEU THR ALA LEU LYS TYR
SER PHE GLN THR HSD

ASP ARG LEU CYS PHE VAL MET GLU TYR ALA ASN GLY GLY GLU LEU
PHE PHE HSD LEU SER

ARG GLU ARG VAL PHE SER GLU ASP ARG ALA ARG PHE TYR GLY ALA
GLU ILE VAL SER ALA

LEU ASP TYR LEU HSD SER GLU LYS ASN VAL VAL TYR ARG ASP LEU LYS
LEU GLU ASN LEU

MET LEU ASP LYS ASP GLY HSD ILE LYS ILE THR ASP PHE GLY LEU CYS
LYS GLU GLY ILE

LYS ASP GLY ALA THR MET LYS THR PHE CYS GLY THR PRO GLU TYR LEU
ALA PRO GLU VAL

LEU GLU ASP ASN ASP TYR GLY ARG ALA VAL ASP TRP TRP GLY LEU GLY
VAL VAL MET TYR

GLU MET MET CYS GLY ARG LEU PRO PHE TYR ASN GLN ASP HSD GLU
LYS LEU PHE GLU LEU

ILE LEU MET GLU GLU ILE ARG PHE PRO ARG THR LEU GLY PRO GLU
ALA LYS SER LEU LEU
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SER GLY LEU LEU LYS LYS ASP PRO LYS GLN ARG LEU GLY GLY GLY SER
GLU ASP ALA LYS

GLU ILE MET GLN HSD ARG PHE PHE ALA GLY ILE VAL TRP GLN HSD
VAL TYR GLU LYS LYS

LEU SER PRO PRO PHE LYS PRO GLN VAL THR SER GLU THR ASP THR
ARG TYR PHE ASP GLU

GLU PHE THR ALA GLN MET ILE THR ILE THR PRO PRO ASP GLN ASP ASP
SER MET GLU CYS

VAL ASP SER GLU ARG ARG PRO HSD PHE PRO GLN PHE SER TYR SER
ALA SER GLY THR ALA

generate AKTT first NTER last CTER setup

open read card unit 1 name /@dir/coor/@type_add_salt_system.crd
read coor card unit 1
close unit 1

set N ?nres

open read card unit 1 name /@dir/coor/temp_blki.crd
read sequence coor unit 1

generate BLK1 nodihedrals noangles first none last none
close unit 1

open read card unit 1 name /@dir/coor/temp_blki.crd
read coor card unit 1 offset @N

close unit 1

set N ?nres

open read card unit 1 name /@dir/coor/temp_blk2.crd
read sequence coor unit 1

generate BLK2 nodihedrals noangles first none last none
close unit 1

open read card unit 1 name /@dir/coor/temp_blk2.crd
read coor card unit 1 offset @N

close unit 1

set N ?nres

open read card unit 1 name /@dir/coor/temp_blk3.crd
read sequence coor unit 1

generate BLK3 nodihedrals noangles first none last none
close unit 1

open read card unit 1 name /@dir/coor/temp_blk3.crd
read coor card unit 1 offset @N

close unit 1

set N ?nres

open read card unit 1 name /@dir/coor/temp_blk4.crd
read sequence coor unit 1
generate BLK4 nodihedrals noangles first none last none
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close unit 1

open read card unit 1 name /@dir/coor/temp_blk4.crd
read coor card unit 1 offset @N

close unit 1

set N ?nres

open read card unit 1 name /@dir/coor/temp_sod.crd_mod
read sequence coor unit 1

generate SODI noangle nodihedral

close unit 1

open read card unit 1 name /@dir/coor/temp_sod.crd_mod
read coor card unit 1 offset @N

close unit 1

set N ?nres

open read card unit 1 name /@dir/coor/temp_cla.crd_mod
read sequence coor unit 1

generate CHLO noangle nodihedral

close unit 1

open read card unit 1 name /@dir/coor/temp_cla.crd_mod
read coor card unit 1 offset @N

close unit 1

IRRRRRRRRRRRNRNNAL

! Stat for protein

coor stat sele segid AKTT end

coor stat sele segid AKTT .and. type CA end
Icoor stat sele segid IP4 end

! Stat for salt
coor stat sele resn SOD end
coor stat sele resn CLA end

! Stat for water

coor stat sele segid BLK1 .and. type OH2 end
coor stat sele segid BLK2 .and. type OH2 end
coor stat sele segid BLK3 .and. type OH2 end
coor stat sele segid BLK4 .and. type OH2 end

rrerrreennm

'TOFOrmat NOEXtended
TIETTT AR R R R

! Write psf file in charmm format

open write card unit 1 name /@dir/psf/@type_namd_salt_charmm.psf
write psf card unit 1

close unit 1

! Write psf file in charmm format
118



open write card unit 1 name /@dir/psf/@type_namd_ salt_xplor.psf
write psf card xplor unit 1
close unit 1

IRRRRRRRRRRRNARNAL

..................

! Get the final coordinates in pdb

open write form unit 1 name /@dir/coor/@type_namd_salt_charmm.pdb
write coor pdb unit 1

close unit 1

stop

A sample minimization configuration file suitable for CHARMM-
generated psf file

#% Yo %o Yo Yo o Yo Yo Yo Yo Yo Yo Yo Jo To Yo Yo Yo Jo To Yo Yo Yo Jo Fo Yo Yo Yo Yo Fo Yo o Yo Jo Yo Yo o Yo Yo Yo Yo Yo
90 %0 %o Yo Yo To To Yo Yo Yo Jo Fo To Yo Yo To To Yo Yo Yo Jo To Yo Yot Yo To To Yo Yo Yot Jo T Yo Yo Yo Tott Yo %o Yo Yo
# FILE: camlphd_mod2_namd_preequ_mini.cnfg #

# Minimization of solvent with protein fix #

#% Yo %o Yo Yo o Yo Yo Yo To Yo Yo Yo Yo To Yo Yo Yo Yo Fo Yo Yo Yo Jo Fo Yo Yo Yo Yo Fo Yo Yo Yo Yo Yo Yo o Yo Yo Yo Yo Yo
90 %0 %o Yo Yo Yo To Yo Yo Yo Yo Fo Jo Yo Yo To Jo Yo Yo Yo Yo Jo Yo Yot

#% %0 Jo %o To o Yo o Yo To o Yo To Yo To o Yo To Yo Yo o Yo To Fo Yo To Fo To Fo Yo To Yo To o Yo Jo Fo Yo To Yo Jo Yo
Y0 %o %0 o Yo To o Yo To Yo To Yo Yo To o To To Yo To Yo Yo To Yo Yot
# Set variable values #
#% %0 Yo Yo To o Yo o Yo To Yo Yo To Yo To Fo Yo To Yo To Yo Yo Fo Fo Yo To Yo To Fo Yo Yo Yo To Fo Yo Fo Yo Yo To Yo To Yo
Y0 %o %0 o Yo To o Yo To Yo Yo To Yo To Fo Yo To Yo To To Yo To Yo Yot

set temp 310
set dir /data/weakoj2/cam1phd_mod2
set type camlphd_mod?2

#%0 %0 %0 To To %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To Fo Fo Fo Fo Fo Yo
To oo To Fo T To %o Yo T Fo To To Fo Fo Fo Fo To To Yo Yo Yo o Vo

# Parameters #

#%0 %0 %0 To T %o %o Yo Yo Yo Vo To To Fo Fo Fo Fo To Fo Yo T To Yo To To Fo Fo Fo Fo To To Yo Yo Yo Yo To Fo Fo Fo Fo Fo Fo
Go %o %o To To %o %o %o Yo Yo Yo To To To Fo Fo Fo Fo To Yo Yo Yo Yo Vo

paraTypeCharmm on

parameters /data/weakoj2/charmm_input/par_all36_phd_c39b2_hbj.inp

#% %0 %0 To Fo %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo To Fo Fo Fo Fo Fo Fo To Yo Yo Yo Yo To Fo Fo Fo Fo Fo Fo Yo
To oo To To %o %o %o T To T To To Fo Fo Fo To To To Yo Yo Yo o Vo

# Input files #

#%0 %0 T To T %o %o Yo Yo o Vo To To Fo Fo Fo Fo To To To Yo To Fo To To Fo Fo Fo Fo To To Yo Fo Yo Yo To Fo Fo Fo Fo Fo Fo
Go %o %o To ToTo T %o Yo Yo Yo To To To Fo Fo Fo Fo To Yo Yo Yo o Vo

structure ${dir}/pst/${type}_namd_salt_xplor.psf  ;# Name of structure file
coordinates ${dir}/coor/${type}_namd_salt_charmm.pdb ;# Name of input pdb
file

#9% o0 To To To To To To Fo To To Fo Fo To To Fo To To Yo To To Yo To To To To To To To Yo Yo To Yo Yo To To To To Yo Yo Yo Yo
Yo% %o %o %o %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo %o Yo Yo Yo Yo Yo Yo Yot
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# Restart files #
#9% % Y0 Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo
Yo% %0 %0 Yo %o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo #

# NOTE: Do not set the initial restart velocity if you have also specified a temperature!
if {0} {

velocities ${dir}/vel/ ;# Initial velocies in pdb file

binVelocities ${dir}/vel/ ;# Initial velocies in binary format
;# Remove the "temperature" entry if you use

this!

binCoordinates ${dir}/coor/ ;# Initial coor in binary format

extendedSystem ${dir}/xsc/ ;# Input periodic cell para read

from

}

#% Y0 %o Yo %o Yo Yo Yo Yo o Vo To To Fo Fo Yo Fo Fo Fo Yo Yo Yo Fo Fo To Fo Fo Yo Fo Fo Yo Yo Fo Yo Yo Fo Fo Fo Fo Yo Yo Yo
G0 0 %o To Yo %o Yo Fo Yo Yo Yo To To To Fo Fo Yo Fo Fo Yo Yo Yo Vo Vo

# Simulation temperature #

#9% Y0 %0 %o Yo Yo Fo Yo Yo Yo Vo To To Fo Fo Yo Fo To Yo Yo Yo Yo Vo Fo To Fo Fo Yo Fo Fo Yo Yo Yo Yo Vo Fo Fo Fo Jo Yo Yo Yo
G0 %0 %o %o Yo %o Yo To Yo To Yo To To To Fo Fo Yo Fo Fo Yo Yo Yo o Vo

# NOTE: Do not set the initial velocity temperature if you have also specified a .vel
restart file!

temperature $temp

#% %o %0 %0 Yo %o To Fo Fo Fo Fo Fo To Yo Yo Yo T T Yo To Fo Fo Fo Fo Fo Fo Yo Yo Yo %o Yo Yo Yo Fo To Fo Jo Jo To Fo Yo o
G %o %o %o %o Yo To To To To To To To To To Yo Yo Yo To Yo Yo Jo To Jo#

# Output files #

#% %o %0 %0 Yo %o To Fo Fo Fo Fo Fo To Yo T T T To To To Fo Fo Fo Fo Fo To Yo Yo Yo T To T To Fo Fo To Fo Fo Fo Fo Fo Yo
9o %0 %0 %0 %o Yo Fo To Jo To To To To To Yo T Yo Yo Yo Yo Yo Jo To Yo #

outputName ${dir}/coor/${type}_namd_preequ_mini_pdb ;# Name of final
output coor file

binaryoutput no ;# Save final coor in binary format
restartname ${dir}/coor/${type}_namd_preequ_mini ;# Name of
output(restart) coor & vel file

binaryrestart yes ;# Save restart file in binary format
restartfreq 10000 ;# Freq saving coor & vel (1000 steps =
every 1ps)

restartsave yes ;# Append time step at end of file name
dcdfile ${dir}/trj/${type}_namd_preequ_mini.dcd ;# Name of trajectory file
dcdfreq 100 ;# Freq saving trajectory

dcdUnitCell yes ;# Write unit cell data to dcd file

#veldcdfile  ${dir}/vel/${type}_namd_preequ_mini_vel.dcd ;# Name of vel
trajectory file
#veldcdfreq 500 ;# Freq saving vel trajectory

#%0 %0 %0 To To %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To Fo Fo Fo Fo Fo Fo
To oo To Fo %o %o %o Yo T Fo To To Fo Fo Fo Fo To To Yo Yo To To Vo

# Output configurations #

#%0 %0 T Fo T %o %o Yo Yo Yo Vo To To Fo Fo Fo Fo To To Yo To To Fo To Fo Fo Fo Fo Fo To To Yo To Yo Yo Fo Fo Fo Fo Fo Fo Fo
To o %o To ToTo To %o Yo Yo Yo Vo To To Fo Fo Fo Fo To Yo Yo Yo Yo Vo

outputEnergies 100 ;# Freq for printing Energies
outputTiming 100 ;# Freq for printing Timing info
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outputPressure 100 ;# Freq for printing Pressure

#% Yo %0 Yo %o Yo Yo Yo Yo Yo Vo To Fo Fo To Yo Fo To Fo Yo To Yo Vo Fo Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo Yo Fo Fo Fo Jo Yo Yo Yo

G0 0 %o To Yo %o Yo Yo Yo Yo Yo To To To Fo Fo Yo Fo To Yo Yo Yo Vo Vo

# Periodic Boundary conditions #

#9% %0 %0 %o Yo Yo Fo Yo Yo Yo To To To Fo To Yo Jo Yo Yo Yo Yo Yo To To To Fo Fo Yo Yo Fo Yo Yo Yo Yo Fo To Fo Fo Fo Yo Yo Yo

9o 0 %o To Fo %o %o Yo To T Yo To To To Fo Fo Fo Fo To Yo Yo Yo Yo Vo

# NOTE: Do not set the periodic cell basis if you have specified an .xsc restart file!

if {1} {

cellBasisVectorl ~ 100.0 0. 0.

cellBasisVector2 0. 100.0 0.
0. 0.

cellBasisVector3 0. 100.0

cellOrigin 0. 0. 0.

}

#xstFile ${dir}/xsc/${type}_namd_preequ_mini.xst ;# Name of cell param
trajectory file

#xstfreq 100 ;# Freq for writing cell param trajectory
wrapWater on ;# Wrap water around periodic boundary
wrapAll on ;# Wrap all atoms around periodic
boundary

#% Y0 %0 Yo Yo Yo Yo Yo Yo Yo Vo To To Fo Fo Yo Fo Jo Yo Yo To Yo Vo Fo Fo Fo Fo Yo Fo Fo Fo Yo To Yo Yo Fo Fo Fo Fo Yo Yo Yo
G0 0 %o To Yo %o Yo To Yo Fo Yo To To To Fo Fo Jo Yo Fo Yo Yo Yo Vo Vo

# Force-field parameters #

#% %0 %0 %o Yo Yo To Yo Yo Yo To To To Fo Fo Yo Fo Yo Fo Yo Yo Yo Fo To To Fo Fo Yo Fo Yo Fo Yo To Yo Fo To To Fo Fo Yo Yo Yo
9o %0 %o To Yo %o %o %o Yo To T To Fo Fo Fo Fo Jo Fo Fo Yo Yo Yo o Vo #

cutoff 12. :# Local interaction dist to elec & VdW
calculation

switching on ;# Smoothing func for cutoff, otherwise
truncated

switchdist 10. ;# Should be less than or equal to cutoff
value

pairlistdist 14. ;# Cutoff for generating pair list,larger than
cutoff

exclude scaled1-4 ;# Exclude pairs in nonbonding
interactions

1-4scaling 1.0 ;# Scaling factor for 1-4 interaction
COMmotion no :# No center of mass motion for entire
system

splitPatch hydrogen ;# Set hydrogen to allow faster distance
check

hgroupCutoff 2.5 ;# Use for group-based distance testing

#%0 %0 Yo To Fo Yo Yo To Fo Yo Yo Fo Fo Yo Yo Fo Fo To Yo Fo Fo To Yo Fo To Yo Yo Fo Fo Yo Yo Fo Fo Yo Fo Fo Fo Yo Fo Fo Jo Yo
Go %0 %0 Yo To To %o Yo To Fo Yo To Fo To Yo To Fo To Yo Vo Fo Yo Yo To#

# Time step parameters #

#%0 %0 %o To Fo Yo Yo To Fo Yo Yo To Fo Yo Yo To Fo Fo Yo To Fo To Yo Fo Fo Yo Yo Fo Fo Yo Yo Fo Fo Yo Fo Fo Fo Yo To Fo Fo Yo
Go %0 %0 Yo To To %o Yo To Fo Yo To Fo To Yo To Fo Yo Yo To Fo Yo Yo Jo#

timestep 2. ;# 2 fs/step
firsttimestep 0 ;# Starting time step value
stepspercycle 20 ;# Freq updating nonbond list
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#9% %0 %0 %o Yo %o To Yo Yo Yo To To To Fo To Yo Jo Yo Yo To Yo Yo Fo To To Fo Fo Yo Yo Fo Fo Yo Fo Yo To Fo Fo Yo Yo Yo Yo Yo
9o %0 %o To Fo %o %o Yo T To Yo To To Fo Fo Fo Fo Fo To Yo Yo Yo Yo Vo

# Multiple time step parameters for long range elec #

#% Y0 %0 Yo %o Yo Yo Yo Yo Yo Vo To To Fo Fo Fo Fo To Fo Yo T Yo Vo Fo Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo Yo Fo Fo Fo Jo Yo Yo Yo
900 %o To Yo %o To Yo Yo Yo Yo To To To Fo Fo Yo Yo To Yo Yo Yo Vo Vo

fullElectFrequency 1 ;# Calc long range elec stat every time
step

nonbondedFreq 1 ;# Freq for calc short range nonbond
interac

MTSAlgorithm impulse ;# Integr method for long range elec
longsplitting cl ;# Method for split elec forces between

long and short

#%0 %0 T0 To T %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo T Fo To To Fo Fo Fo Fo Fo Fo To Yo Yo Yo Yo To Fo Fo Fo Fo Fo Fo
9o %o %o To To %o %o %o %o T Yo To Fo Fo Fo Fo To To To Yo Yo Yo Yo Vo
# PME parameters #
#%0 %0 %0 %0 T %o %o Yo Yo Yo To To Fo Fo Fo Fo Fo To Fo T Fo Yo To To Fo Fo Fo Fo Fo Fo To Yo Yo Yo Vo Fo Fo Fo Fo Fo Fo Yo
9o o ToTo To %o %o %o %o T Yo Vo To To Fo Fo To To To Yo Yo Yo Yo Vo

if {0} {

PME no ;# Use particle mesh Ewald for
electrostatics

PMETolerance 1.0e-6 # Affect value of Ewald coefficient
PMElInterpOrder 4 :# For cubic 4

PMEGridSizeX 92 ;# Number of grid ponts in x
PMEGridSizeY 92 ;# Number of grid ponts in y
PMEGridSizeZ 92 ;# Number of grid ponts in z

}

#%0 %0 Yo To Fo Yo Yo To Fo Yo Yo Fo Fo Yo Yo Fo Fo Fo Yo Fo Fo Yo Yo Fo To Yo Yo Fo To Yo Yo Fo Fo Yo Fo Fo Fo Yo Fo Fo Fo Yo
Go %0 %0 Yo To To %o Yo Fo Fo Yo To Fo To Yo To Fo To Yo To Fo Yo Yo To#

# Constant temperature control #

#9% %0 %o To Fo Yo Yo To Fo Yo Yo To Fo Yo Yo To Fo Yo Yo To Fo To Yo Fo Fo Yo Yo Fo Fo Yo Yo Fo Fo Yo Yo Fo Yo Yo Vo Fo Fo Yo
Go %0 %0 Yo To To %o o To To Yo To Fo %o Yo To Fo Yo Yo To Fo Yo Yo To#

if {0} {

langevin on ;# Use langeving dynam for temp control
langevinTemp $temp

langevinDamping 2.5 ;# Friction coeff (gamma) (1/ps), use
a small value

langevinHydrogen  off ;# Don't couple langevin bath to
hydrogens

}

#% %o %0 %0 Yo Yo To Yo Jo Fo Fo Fo To Fo Yo Yo T T Yo To Fo Fo Fo Fo Fo To To Fo Yo T Yo Yo Yo Fo Fo Fo Jo Jo Fo Fo Fo Yo
G0 %0 %0 %o %o Yo To To To Fo To To To Yo o T T Yo To To Jo Jo Jo Jo#

# Temperature control for heating or cooling #

#% %o %0 %0 Yo Yo To Fo Fo Fo Fo To To Yo T T T To To To Fo Fo Fo Fo Fo To Fo Yo Yo T Yo Yo To To Fo Fo Fo Jo Fo Fo Yo Yo
9o %0 % %0 Yo Yo To Jo Jo To To To To To o %o Yo Yo Yo Yo Yo Jo Jo Jo#

if {0} {
reassignFreq 50000 ;# Frequency to reassign temperature
reassignTemp 10.0 ;# Initial temperature
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reassignlncr 30.0 ;# Temperature increment or decrement
reassignHold $temp ;# Target temperature

}

#% Y0 %o Yo %o Yo Yo Yo Yo Yo Vo To To Fo Fo Fo Fo To Fo Yo T Yo Vo Fo Fo Fo Fo Fo Fo Fo Yo Yo Fo Yo Yo Fo Fo Fo Jo Yo Yo Yo
G0 0 %o To Yo %o To Yo Yo Yo Yo To To To Fo Fo Yo Fo To Yo Yo Yo o Vo #

# Constant pressure control #

#% %0 %0 Yo Yo Yo Fo Yo Yo o To To To Fo To Fo Jo Yo Fo To Yo Yo To To To To Fo Yo Fo Fo Yo Yo Yo Yo Fo To Fo Fo Fo Yo Yo Yo
900 %o To Fo %o %o Yo To T Yo To Fo To Fo Fo Fo Fo To Yo Yo Yo Yo Vo

useGroupPressure  yes :# Should use w/SHAKE, needed for
2fs steps

useFlexibleCell no :# Allows dimensions of cell to
fluctuate

;# no for water box, yes for membrane
useConstantArea  no ;# x-y fixed and z dim can vary
;# no for water box, yes for membrane

if {1} {

LangevinPiston on ;# Use Nose-Hoover Langeving Piston
Algorithm

LangevinPistonTarget 1.01325 ;# Target pressure to run simu at
(bars)

LangevinPistonPeriod 200 ;# Oscillation period
LangevinPistonDecay 100 ;# Damping time scale
LangevinPistonTemp $temp ;# Should be set equal to the
target temperature

SurfaceTensionTarget 0.0 ;# Apply suface tension in xy plane
(dyn/cm)

}

#%0 %0 %0 To T %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo To To Yo T Fo Fo To To Fo Fo Fo Fo Fo To Yo Fo Yo Yo To Fo Fo Fo Fo Fo Fo
Go %o %o To To %o %o %o Yo Yo Yo Vo To To Fo Fo Fo Fo To Yo Yo Yo o Vo

# Fix hydrogens #

#% %0 %0 To To %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To Fo Fo Fo Fo Fo Yo
To oo To T To T %o Yo To T To To Fo Fo Fo Fo To To Yo Yo To o To#

if {1} {

rigidBonds all ;# Fix h-bonds to none, water, or all h-
atoms

rigidTolerance 1.0e-8 ;# Allowable bond-length error for
ShakeH

rigidIterations 100 :# Maximum ShakeH iterations
rigidDieOnError ~ on ;# Exit and report an error
useSettle off ;# Keep waters rigid

}

#%0 %0 %0 To To %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To Fo Fo Fo Fo Fo Fo
To oo To To %o To %o Yo T Fo To To Fo Fo Fo Fo To To Yo Yo Yo To Vo

# Harmonic constraints : constraint protein backbone with k=5 #

#%0 %0 %0 Fo T %o %o Yo Yo Yo Vo To To Fo Fo Fo To To To Yo To Fo To To Fo Fo Fo Fo Fo To To Yo To Yo Yo Fo Fo Fo Fo Fo Fo Fo
Go o %o To To %o %o %o Yo Yo Yo Vo To To Fo Fo Fo Fo To Yo Yo Yo To Vo

if {1} {

constraints on ;# Turn on the use of contraints
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consexp 2 ;# Exponent to be use in harmonic
constraint energy

consref ${dir}/cons/${type}_preequ_constr_atoms_ref _5.pdb ;# A pdb file to use
for reference positions

conskfile  ${dir}/cons/${type}_preequ_constr_atoms_kfile_S5.pdb ;# A pdb file to use
for k values

conskcol B ;# Column of pdb file to use for harmonic
constraint

}

#% %o %0 %0 Yo Yo To Fo Fo Fo Fo Fo To Yo Yo Yo T Fo Yo To Fo Fo Fo Fo Fo Fo Yo Yo Yo T Yo Yo Fo Fo To Fo Fo Jo Fo Fo Yo Yo
9o %o %o %o %o Yo To To To To To To To To Fo T Yo Yo To Yo Yo Jo Jo To#

# Fixed atoms constraint : fix protein #

#% %o %o %0 Yo Yo To Fo Fo Fo Fo To To Fo o Yo T T Yo To Fo Fo Fo Fo Fo Fo To To Yo Yo Fo Yo Yo Fo Yo Yo Jo Fo Fo Fo Fo Vo
9o %0 %0 %0 Yo Yo To To Jo To To To To Yo Yo Yo Yo Yo Yo Yo To Jo Jo Jo#

if {1} {

fixedAtoms on :# Turn on the use of contraints
fixedAtomsForces on :# Calculate forces between fixed
atoms

fixedAtomsFile ${dir}/cons/${type}_preequ_fix_protein.pdb  ;# A pdb file to use
for reference positions

fixedAtomsCol O ;# Set O to read occupancy column in
pdb file

}

#%0 %0 T To T %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo Fo To To T Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Fo Yo Yo To Fo Fo Fo Fo Fo Jo
To %o %o To To %o %o %o Yo Yo Yo Vo To Fo Fo Fo To To Yo Yo Yo Yo Yo To#

# Minimization parameters #

#%0 %0 %0 To To %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To T Fo Fo Fo Fo Yo
To oo To Fo T To %o Yo T Fo To To Fo Fo Fo Fo To To Yo To To Yo Vo

if {1} {

minimization on ;# Perform conjugate gradient energy
minimization

minTinyStep 1.0e-8 ;# First initial step for line minimizer
minBabyStep 1.0e-2 ;# Max initial step for line minimizer
minLineGoal 1.0e-4 :# Gradient reduction factor for line
minimizer

}

#%0 %0 T To T %o %o Yo Yo Yo Vo To To Fo Fo Fo Fo To To Yo T Fo Fo To Fo Fo Fo Fo Fo To To Yo Yo Yo Yo Fo Fo Fo Fo Fo Fo Fo
To o %o To ToTo %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo To Yo Yo Yo To Vo

# Extra parameters #

#%0 %0 %0 To To %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To Fo Fo Fo Fo Fo Yo Yo Yo o Yo To Fo Fo Fo Fo Fo Yo Yo
To oo To To %o %o %o Yo T Fo To To Fo Fo Fo Fo To To Yo Yo To Yo Vo

# Put here any custom parameters that are specific to this job

#%0 %0 %0 To To %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To Fo Fo Fo Fo Fo Fo
Go oo To To %o To %o Yo To T To To Fo Fo Fo Fo To To Yo Yo To Yo Vo

# Execution script #

#%0 %0 P To T %o %o Yo Yo Yo Vo To Fo Fo Fo Fo To To To Yo To Fo To To Fo Fo Fo Fo Fo To To Yo To Yo Yo Fo Fo Fo Fo Fo Fo Yo
To oo To ToTo To %o Yo Yo Yo To To To Fo Fo Fo Fo To Yo Yo Yo Yo Vo
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T S #

minimize 10000 ;# Minimization step
. #

#___ _____ 1T

#run 10000 ;# Dynamics step

- BO—— #

#% Y0 %0 Yo %o Yo Yo Yo Yo Yo Vo To To Fo Fo Yo Fo Fo Fo Yo To Yo Vo Fo Fo Fo Fo Yo Fo Fo Fo Yo Fo Yo Yo Fo Fo Fo Jo Yo Yo Yo
G0 0 %o To Yo %o %o Yo Yo Yo Yo To To To Fo Fo Yo Fo To Yo Yo Yo Vo Vo

# End of script

#% %0 %o Yo Yo To Fo Yo Yo o To To To Fo To Fo Jo Fo Fo To Yo Yo Fo To To Fo Fo Yo Fo Yo Fo Yo To Yo Fo To Fo Fo Fo Yo Yo Yo
900 %o To Fo %o %o Yo To T Yo To To Fo Fo Fo Fo Fo Yo Yo Yo Yo Yo Yo

A sample production run configuration file (suitable for CHARMM-generated psf
fil.

#% Yo Y0 Yo Jo o Yo Yo To To Yo Yo Yo Jo To Yo Yo Yo Jo To Yo Yo Yo Fo Fo Yo Yo Yo To Fo Yo Yo Yo Jo Fo Yo Yo Yo Yo Jo Yo Yo
90 %0 %o Yo Yo Yo To Yo Yo Yo Yo To To Yo Yo Jo Jo Yo Yo Yo Yo Jo Yo Yot

# FILE: cam1phd_mod2_namd_prod_50_ns.cnfg #

# 50 ns dynamics and production #

#% Yo %o Yo Yo o Yo Yo Yo To To Yo Yo Jo To Yo Yo Yo Yo To Yo Yo Yo Jo To Yo Yo Yo Yo Fo Yo Yo Yo Yo Yo Yo o Yo Yo Yo Yo Yo
90 %0 %o Yo Yo Yo To Yo Yo Yo Yo To Jo Yo Yo To Jo Yo Yo Yo Jo Jo Yo Yot

#% %0 Jo %o To o Yo o Yo To o Yo To Yo To o Yo To Yo Jo o Yo To Fo Yo To Yo To Fo Jo To Yo To o Yo Jo Fo Yo To Yo Jo Yo
Y0 %0 %0 Yo Yo Yo o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yot
# Set variable values #
#% %0 Yo Yo To Yo Yo o Yo To Yo Yo To Yo To Yo Yo To Yo To o Yo Fo Fo Yo To Yo To Fo Yo Io Yo To Fo Yo Fo Yo Yo Yo Yo Fo Yo
Y0 %o %0 o Yo To o Yo To Yo Yo To Yo To o Yo To Yo To To Yo To Yo Yot

set temp 310
set dir /data/weakoj2/cam1phd_mod2
set type camlphd_mod?2

#% %0 %0 To To %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To Fo Fo Fo Fo Fo Yo
To oo To Fo T To %o Yo T To To To Fo Fo Fo Fo To To To Yo To To Vo

# Parameters #

#%0 %0 T To T %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo To To Yo T Fo Yo To To Fo Fo Fo Fo To To Yo Yo Yo Yo To Fo Fo Fo Fo Fo Fo
Go %o %o To To %o %o %o Yo Yo Yo To To To Fo Fo Fo Fo To Yo Yo Yo Yo Vo

paraTypeCharmm on

parameters /data/weakoj2/charmm_input/par_all36_phd_c39b2_hbj.inp

#%0 %0 %0 To To %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To To Fo Fo Fo Fo Fo To Yo Yo Yo Yo To Fo Fo Fo Fo Fo Fo
To o ToTo T To %o %o Yo T Fo To To Fo Fo Fo Fo To To Yo Yo Yo Yo Vo

# Input files #

#%0 %0 J0 Fo T %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo To To Yo Yo To Fo To Fo Fo Fo Fo Fo To To Yo Fo Yo Yo Fo Fo Fo Fo Fo Fo Fo
To o %o To To %o To %o Yo Yo Yo Vo To To Fo Fo Fo Fo To Yo Yo Yo Yo To#

structure ${dir}/pst/${type}_namd_salt_xplor.psf  ;# Name of structure file
coordinates  ${dir}/coor/${type}_namd_preequ_ewald_last_pdb.coor ;# Name of input
pdb file

#% %0 %0 To Fo Yo Yo To Fo Yo Yo To Fo To o To Fo Yo Yo To Fo To Yo Fo Fo Yo Yo Fo Fo Yo Yo Fo Fo Yo Yo Fo Fo Yo Yo Fo Jo Yo
To oo To ToTo T %o Yo T Yo Vo To To Fo Fo Fo To To Yo Yo Yo Yo To#
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# Restart files #
#% %0 %o %o Yo Yo Fo Yo Yo Yo To To To Fo To Yo Jo Fo Yo To Yo Yo To To To Fo Fo Yo Fo To Yo Yo Yo Yo Fo To Fo Fo Fo Yo Yo Yo
9o %0 %o To Fo %o %o Yo T To Yo To To Fo Fo Fo Fo Fo To Yo Yo Yo Yo Vo
# NOTE: Do not set the initial restart velocity if you have also specified a temperature!
if {1} {
#velocities ${dir}/vel/ ;# Initial velocies in pdb file
binVelocities ${dir}/vel/${type}_namd_preequ_ewald_last.50000.vel ;# Initial
velocies in binary format

;# Remove the "temperature" entry if you use
this!
binCoordinates ${dir}/coor/${type}_namd_preequ_ewald_last.50000.coor ;# Initial coor
in binary format
extendedSystem ${dir}/xsc/${type}_namd_preequ_ewald_last.50000.xsc ;# Input
periodic cell para read from

}

#%0 %0 %o To Fo Yo Yo To Fo To Yo Fo Fo Yo Yo To Fo To Yo Fo Fo To Yo Fo To Yo Yo Fo Fo Yo Yo Fo Fo Yo Fo Fo Fo Yo Fo Fo Fo Yo
Go %0 %0 Yo To To %o o To To Yo To Fo To Yo To Fo To Yo To Fo Fo Yo To#

# Simulation temperature #

#%0 %0 Yo To Fo Yo Yo To Fo Yo Yo Fo Fo Yo Yo To Fo To Yo Fo Fo To Yo Fo To Yo Yo Fo Fo Yo Yo Fo Fo Yo Fo Fo Fo Yo To Fo Fo Yo
Go %0 %o Yo To To %o o To Fo Yo To To Yo Yo To Fo To Yo Yo Jo Yo Yo Yo#

# NOTE: Do not set the initial velocity temperature if you have also specified a .vel
restart file!

#temperature $temp

#% %o % %0 Yo Yo Fo Jo Fo Fo To Fo To Yo Yo Yo T Yo Yo To Fo Fo Fo Fo Fo Fo Fo Yo Yo %o Yo Yo Yo Fo Fo Fo Jo Jo To Fo Fo o
%o %0 %0 %0 %o T To To To Fo To To To Yo Yo T To To Yo To To Fo Jo Jo#

# Output files #

#% %o %0 %0 Yo Yo To Fo Fo Fo Fo Fo To Yo T o T To To To To Fo Fo Fo Fo To Yo Yo Yo T To Yo To To Fo Fo Fo Fo To Fo Yo Yo
9o %0 %0 %0 Yo Yo To Jo Jo To To To Fo To o %o Yo Yo Yo Yo Yo Jo Jo Yo #

outputName ${dir}/coor/${type}_namd_prod_50_ns_pdb ;# Name of final
output coor file

binaryoutput no ;# Save final coor in binary format
restartname ${dir}/coor/${type}_namd_prod_50_ns ;# Name of
output(restart) coor & vel file

binaryrestart yes ;# Save restart file in binary format
restartfreq 5000000 ;# Freq saving coor & vel (1000 steps
= every 1ps)

restartsave yes ;# Append time step at end of file name
dcdfile ${dir}/trj/${type}_namd_prod_merged_50_ns.dcd :# Name of
trajectory file

dcdfreq 50000 ;# Freq saving trajectory

dcdUnitCell yes ;# Write unit cell data to dcd file
#veldcdfile ${dir}/vel/${type}_namd_prod_50_ns_vel.dcd ;# Name of vel
trajectory file

#veldcdfreq 1000 ;# Freq saving vel trajectory

#9% %0 %0 Yo Yo Yo Fo Yo Fo Yo To To To Fo Fo Yo Fo Fo Fo To To Yo Fo To To To Fo Yo Yo Fo Yo Yo To Yo Fo Fo Fo Fo Fo Yo Yo Yo
9o %o %o To To %o %o %o Yo T Yo To Fo Fo To Fo To Fo To Yo Yo Yo Yo Vo

# Output configurations #

#% Y0 %0 Jo %o Yo Yo Yo Yo Yo Vo To To Fo Fo Fo Fo Fo Yo Yo Yo Yo Vo Fo Fo Fo Fo Fo Fo To To Yo Fo Yo Yo Fo Fo Fo Jo Yo Yo Yo
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Go oo To To To T %o Yo T Yo To To Fo Fo Fo Fo Fo To Yo Yo Yo o Vo

outputEnergies 50000 ;# Freq for printing Energies
outputTiming 50000 ;# Freq for printing Timing info
outputPressure 50000 ;# Freq for printing Pressure

#9%0 %0 Yo Yo Fo Yo Yo To Fo Yo o Fo Fo Yo Yo Fo Fo Yo Yo Fo Fo Yo Fo Fo Fo Yo Fo Fo Fo Yo Fo Fo To Yo Fo Fo Fo Yo Fo Fo Yo Yo
Go %0 %0 Yo To To %o Yo To Fo Yo To Fo To Yo To Fo To Yo Vo Fo Yo Yo To#

# Periodic Boundary conditions #

#%0 %0 %o To Fo Yo Yo To Fo Yo Yo Fo Fo Yo Yo To Fo Fo Yo Fo Fo To Yo Fo To Yo Yo Fo Fo Yo Yo Fo Fo Yo Fo Fo Fo Yo To Fo Fo Yo
Go %0 %0 Yo To Fo %o Yo Fo Fo Yo To Fo To Yo Fo Fo To Yo To Fo Yo Yo Jo#

# NOTE: Do not set the periodic cell basis if you have specified an .xsc restart file!

if {0} {

cellBasisVectorl ~ 100.0 0. O.

cellBasisVector2 0. 100.0 0.

cellBasisVector3 0. 0.100.0

cellOrigin 0. 0. 0.

}

xstFile ${dir}/xsc/${type}_namd_prod_50_ns.xst  ;# Name of cell param
trajectory file

xstfreq 50000 ;# Freq for writing cell param trajectory
wrapWater on ;# Wrap water around periodic boundary
wrapAll on ;# Wrap all atoms around periodic
boundary

#% %0 %0 Fo T %o %o Yo Yo o Vo To Fo Fo Fo Fo To To Fo Yo Yo Fo Yo Fo Fo Fo Fo To To Yo Yo Yo o Yo Fo Fo Fo Fo Fo Fo Yo Yo
To oo To To T To %o Yo T Fo To To Fo Fo Fo Fo To To Yo Yo Yo To Vo

# Force-field parameters #

#%0 %0 %0 Fo T %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo To Fo Yo To Fo Yo To To Fo Fo Fo Fo Fo To Yo Yo Yo Yo To Fo Fo Fo Fo Fo Fo
Go %o %o To To %o %o %o Yo Yo Yo To To To Fo Fo Fo Fo To Yo Yo Yo Yo Vo

cutoff 12. :# Local interaction dist to elec & VAW
calculation

switching on ;# Smoothing func for cutoff, otherwise
truncated

switchdist 10. ;# Should be less than or equal to cutoff
value

pairlistdist 14. ;# Cutoff for generating pair list,larger than
cutoff

exclude scaled1-4 ;# Exclude pairs in nonbonding
interactions

1-4scaling 1.0 ;# Scaling factor for 1-4 interaction
COMmotion no ;# No center of mass motion for entire
system

splitPatch hydrogen ;# Set hydrogen to allow faster distance
check

hgroupCutoff 2.5 ;# Use for group-based distance testing

#%0 %0 %0 To To %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To Fo Fo Fo Fo Fo Jo
Go %0 %0 %o To To %o o To Fo Yo To Fo Yo Yo To Fo Jo Yo To Fo Yo Yo To#

# Time step parameters #

#% %0 %0 To Fo Yo Yo To Fo Yo Yo To Fo To o To Fo Yo Yo To Fo To Yo Fo Fo Yo Yo Fo Fo Yo Yo Fo Fo Yo Yo Fo Fo Yo Yo Fo Jo Yo
To oo %o To %o To %o Yo T Yo Vo To To Fo Fo Fo Fo To Yo Yo Yo Yo Vo
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timestep 2. ;# 2 fs/step
firsttimestep 0 ;# Starting time step value
stepspercycle 20 ;# Freq updating nonbond list

#% %o %0 %0 Yo Yo To Jo Fo Fo Fo Fo To Yo Yo Yo T T To To Fo Fo Fo Fo Fo To Yo Yo Yo T Yo Yo Fo To To Fo Fo Jo Jo Jo Yo Yo
9o %o %o %o Yo Yo To To To To To To To To Fo Yo Yo Yo Yo Yo Yo Jo To To#

# Multiple time step parameters for long range elec #

#% %o %0 %0 Yo Yo Fo Yo Fo Fo To To To To o Yo T Yo Yo To Fo Fo Fo Fo Fo To Fo To o T Fo Yo Yo Fo Fo Yo Yo Fo Fo Fo Fo Yo
9o %0 %0 %o Yo Yo To Fo To Fo To To To Yo Yo T T Yo To To Jo Jo Jo Yo #

fullElectFrequency 1 ;# Calc long range elec stat every time
step

nonbondedFreq 1 ;# Freq for calc short range nonbond
interac

MTSAlgorithm impulse ;# Integr method for long range elec
longsplitting cl ;# Method for split elec forces between

long and short

#%0 %0 %0 To T %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo To T Fo Yo To To Fo Fo Fo Fo Fo Fo Yo T Yo Yo To Fo Fo Fo Fo Fo Fo
9o %o ToTo To %o %o %o Yo T Yo To Fo Fo Fo Fo To To To Yo Yo Yo Yo Vo
# PME parameters #
#%0 %0 %0 Fo T %o %o Yo Yo Yo Vo To Fo Fo Fo Fo To To To Yo T Fo Fo Fo Fo Fo Fo Fo Fo To To Yo Fo Yo Yo Fo Fo Fo Fo Fo Fo Yo
To oo To To To T %o Yo To Yo To Fo Fo Fo Fo To Fo To Yo Yo Yo Yo Vo

if {1} {

PME yes ;# Use particle mesh Ewald for
electrostatics

PMEGridSpacing 1.0 ;# NAMD assigns automatically the
grid space

#PMETolerance 1.0e-6 :# Affect value of Ewald coefficient
#PMElInterpOrder 4 ;# For cubic 4

#PMEGridSizeX 92 ;# Number of grid ponts in x
#PMEGridSizeY 92 ;# Number of grid ponts in y
#PMEGridSizeZ 92 ;# Number of grid ponts in z

}

#%0 %0 %0 To %o %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo Fo To Yo Yo o Yo To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To Fo Fo Fo Fo Fo Yo Yo
To oo To T To T %o Yo T Fo To To Fo Fo Fo Fo To To Yo Yo Yo To Vo

# Constant temperature control #

#%0 %0 T Fo T %o %o Yo Yo o Yo To To Fo Fo Fo Fo To To Yo T To Fo To Fo Fo Fo Fo Fo To To Yo To Yo Yo Fo Fo Fo Fo Fo Fo Fo
Go %o ToTo To %o %o %o Yo T Yo Yo To To Fo Fo Fo Fo To Yo Yo Yo Yo Vo

if {1} {

langevin on ;# Use langeving dynam for temp control
langevinTemp $temp

langevinDamping 2.5 ;# Friction coeff (gamma) (1/ps), use
a small value

langevinHydrogen  off ;# Don't couple langevin bath to
hydrogens

}

#% %o %0 %0 Yo Yo To Fo Fo Fo Fo To To Vo T T T To To To To Fo Fo Fo Fo To To Yo Yo T Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo
9o %0 % %o %o Yo To To To To To To To To Fo %o Yo Yo To Yo Yo Jo To To#
# Temperature control for heating or cooling #
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#%0 %0 %0 To T %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo T Yo Yo To To Fo Fo Fo Fo Fo Fo To Yo Yo Yo To Fo Fo Fo Fo Fo Fo Yo
Go oo To To %o %o %o Yo To Yo To To Fo Fo Fo To To To Yo Yo To o Vo

if {0} {

reassignFreq 50000 ;# Frequency to reassign temperature
reassignTemp 10.0 ;# Initial temperature

reassignlncr 30.0 ;# Temperature increment or decrement
reassignHold $temp ;# Target temperature

}

#9%0 %0 Yo Yo Fo Yo Yo To Fo Yo Yo Fo Fo Yo Yo Fo Fo To Yo Fo Fo Yo Yo Fo Fo Yo Yo Fo Fo Yo Yo Fo Fo Yo Vo Fo Yo Yo Fo Fo Yo Yo
Go %0 %0 Yo To To %o Yo To Fo Yo To Fo To Yo To Fo To Yo To Fo Yo Yo Fo#

# Constant pressure control #

#%0 %0 Yo To Fo Yo Yo To Fo To Yo Fo Fo Yo Yo To Fo Fo Yo Fo Fo To Yo Fo To Yo Yo Fo Fo Yo Yo Fo Fo Yo Fo Fo Fo Yo To Fo Fo Yo
Go %0 %0 Yo To To %o o Fo Fo Yo Fo Fo Yo Yo To Fo Jo Yo To Jo Yo Yo Jo#

useGroupPressure  yes ;# Should use w/SHAKE, needed for
2fs steps

useFlexibleCell no ;# Allows dimensions of cell to
fluctuate

;# no for water box, yes for membrane
useConstantArea  no ;# x-y fixed and z dim can vary
;# no for water box, yes for membrane

if {1} {

LangevinPiston on ;# Use Nose-Hoover Langeving Piston
Algorithm

LangevinPistonTarget 1.01325 ;# Target pressure to run simu at
(bars)

LangevinPistonPeriod 200 ;# Oscillation period
LangevinPistonDecay 100 ;# Damping time scale
LangevinPistonTemp $temp ;# Should be set equal to the
target temperature

SurfaceTensionTarget 0.0 ;# Apply suface tension in xy plane
(dyn/cm)

}

#% %0 %0 To To %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To Fo Fo Fo Fo Fo Jo
To oo To T To T %o T T Fo To To Fo Fo Fo Fo To To Yo Yo Yo o Vo

# Fix hydrogens #

#%0 %0 %0 To T %o %o Yo Yo Yo Vo To To Fo Fo Fo Fo Fo To Yo Yo Fo To To Fo Fo Fo Fo Fo To To Yo Fo Yo Fo To Fo Fo Fo Fo Fo Fo
Go %o %o To ToTo T %o Yo %o Yo Vo To To Fo Fo Fo Fo To Yo Yo Yo o Vo

if {1} {

rigidBonds all ;# Fix h-bonds to none, water, or all h-
atoms

rigidTolerance 1.0e-8 ;# Allowable bond-length error for
ShakeH

rigidIterations 100 ;# Maximum ShakeH iterations
rigidDieOnError on ;# Exit and report an error
useSettle off ;# Keep waters rigid

}

#% %0 %0 To Fo Yo Yo To Fo Yo Yo To Fo To Yo To Fo Fo Yo To Fo To Yo Fo Fo Yo Yo Fo Fo Yo Yo Fo Fo Yo Yo Fo Fo Yo Yo Fo Jo Yo
To oo To ToTo %o %o Yo T Yo To To To Fo Fo Fo Fo To Yo Yo Yo Yo Vo
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# Harmonic constraints #

#9 % %0 Y0 Yo Yo Yo Yo Yo To Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Jo Yo Yo Fo Jo To Yo Yo Yo Yo To T Yo Yo Yo Yo Yo Yo Yo Yo Yo
o %0 %o Yo Yo %o Fo o To Jo To T Fo To Jo To Yo To To Yo To o Yo Yot

if {0} {

constraints on ;# Turn on the use of contraints

consexp 2 ;# Exponent to be use in harmonic
constraint energy

consref ${dir}/cons/ ;# A pdb file to use for reference
positions

conskfile ${dir}/cons/ ;# A pdb file to use for k values
conskcol B ;# Column of pdb file to use for harmonic
constraint

}

#% %0 Fo %o To o Yo o Yo To o Yo To Yo To Io Yo To Yo Jo Io Yo To Fo Yo To Yo To Fo Yo To Yo Jo o Yo Jo Fo Yo To Yo Jo Yo
Y0 %0 %0 Yo Yo Yo o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Jo Yo Yo Yo Yo Yo

# Fixed atoms constraint #

#% %0 %o Yo Jo o Yo To Yo To o Yo To Yo To Io Yo To Yo Yo o Yo To Fo Yo To Yo To Fo Yo To Yo Jo o Yo Fo Fo Yo To Yo Jo Yo
Y0 %0 %0 Yo Yo Yo o Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo o Yo Yo Yo Yo

if {0} {

fixedAtoms on ;# Turn on the use of contraints
fixedAtomsForces  off :# Calculate forces between fixed
atoms

fixed AtomsFile ${dir}/coor/ ;# A pdb file to use for reference
positions

fixedAtomsCol O ;# Set O to read occupancy column in
pdb file

}

#%0 %0 %0 To T %o %o Yo Yo o Yo To To Fo Fo Fo Fo To Fo Yo To Yo Fo To To Fo Fo Fo Fo To To Yo Fo Yo Yo To Fo Fo Fo Fo Fo Jo
Go o %o To To %o %o %o Yo Yo Yo To To To Fo Fo Fo Fo To Yo Yo Yo Yo Vo

# Minimization parameters #

#% %0 %0 To To %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To Fo Fo Fo Fo Fo Yo
To oo To T To T %o Yo To T To To Fo Fo Fo Fo To To Yo Yo To To Vo

if {0} {

minimization on ;# Perform conjugate gradient energy
minimization

minTinyStep 1.0e-8 ;# First initial step for line minimizer
minBabyStep 1.0e-2 ;# Max initial step for line minimizer
minLineGoal 1.0e-4 :# Gradient reduction factor for line
minimizer

}

#%0 %0 %0 Fo T %o %o Yo Yo o Vo To To Fo Fo Fo Fo To To Yo T To Fo To Fo Fo Fo Fo Fo To To Yo Yo Yo Yo Fo Fo Fo Fo Fo Fo Fo
To o %o To To %o To %o Yo T Yo To To To Fo Fo Fo Fo To Yo Yo Yo Yo Vo

# Extra parameters #

#%0 %0 %0 To To %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To Fo Fo Fo Fo Fo Jo
To oo To To %o %o %o Yo To Yo To To Fo Fo Fo Fo To To Yo Yo Yo Yo Vo

# Put here any custom parameters that are specific to this job

#%0 %0 %0 To To %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To Fo Fo Fo Fo Fo Fo
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Go oo To To To T %o Yo T Yo To To Fo Fo Fo Fo Fo To Yo Yo Yo o Vo

# Execution script #
#% Y0 %0 Yo %o Yo Yo Yo Yo Yo Vo To To Fo Fo Fo Fo To Fo Yo T Yo Vo Fo Fo Fo Fo Fo Fo Fo Fo Yo Fo Yo Yo Fo Fo Fo Fo Yo Yo Yo

Go %0 %0 %o To To %o Yo Fo Fo Yo To Fo Yo Yo To Fo To Yo To Fo Yo Yo To#

. #

#minimize 5000 ;# Minimization step
. #

- BO—— #

run 25000000 ;# Dynamics step

- BO—— e #

#% %0 %0 To T %o %o Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To To Fo Fo Fo Fo Fo Fo Yo Yo Yo Yo To Fo Fo Fo Fo Fo Jo
Go oo To To %o %o %o Yo T Yo To To Fo Fo Fo To To To Yo Yo To Yo Vo

# End of script
#% %0 %0 %o Yo %o Fo Yo Yo o To To To To Fo Fo Fo Yo Yo Yo Yo Yo Fo To To Fo Fo Yo Fo Fo Yo Yo Yo Yo Fo To To Fo Fo Yo Yo Yo

To oo To T To T %o Yo T Yo To To Fo Fo Fo Fo To To Yo Yo Yo To Vo
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Appendix B

A NMR CSPs of residues in Akt-PH

121 616 R15K1 Voo

B NMR CSPs of residues in CaM

FIGURE B.1. NMR chemical shift perturbation (CSP). NMR CSP residues that exhibited high chemical shift
as reported by NMR data (23,31) mapped onto the crystal structures of (A) Akt-PHD (PDB ID: 1H10) and (B)
CaM with extended (left, PDB ID:1CLL) and collapsed (right, PDB ID:1CDL) linkers.
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CaM—-PHD complex without IP,

Akt-PHD

Config. 1

N-lobe

C-lobe

N-lobe

Config. 3

C-lobe

N-lobe

Config. 4

N C-lobe

N-lobe

Config. 5 Config. 6 Config. 7 Config. 8
B CaM-PHD complex with IP,
I(l: N
C-lobe C-lobe
C
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IP
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N-lobe
Config. 9 Config. 12

Config. 13

Config. 14

Config. 15

Config. 16

FIGURE B.2. Initial structures of the CaM—PHD complex. Cartoon representatives of the CaM—PHD complex

for (A) Configs. 1-8 without IP4 and (B) Configs. 9 -16 with IPa4.
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A CaM-PHD complex without IP,

16 | o= Complex
s CaM
14 | e PHD

4 5
Configuration

B CaM-PHD complex with IP,
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10 11 12 13 14 15 16
Configuration

FIGURE B.3. The root-mean-square deviation (RMSD) profiles. Averaged RMSDs of CaM and PHD for (A)
Configs. 1-8 without IP4 and (B) Configs. 9 -16 with IP4. Color code: CaM—PHD complex (green bar), CaM (red
bar), and PHD (blue bar).
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>

CaM-PH complex without IP,
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—1000-
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Configuration
B CaM—-PH complex with IP,

Interaction Energy (kcal/mol)
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Configuration

FIGURE B. 4. Interaction of CaM—PHD. Averaged interaction energy, contributions from electrostatic
and van der Waals (vdW) interactions gauging the CaM—PHD association after 500 ns simulation for (A)
Configs. 1-8 without IP4 and (B) Configs. 9 -16 with IP;.
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Config. 7 Config. 6 Config. 4

Config. 8

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5
C-lobe L lobe C-lobe
c CaM 3
Akt-PHD
N-lobe N-lobe N-lobe
C-lobe C-lobe
N-lobe "

C-lobe

N-lobe
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C-lobe

N-lobe

C-lobe
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N-lobe
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FIGURE B.5. The best approximated representative clusters for the other models (Configs. 4, 6, 7, and 8) of
CaM-PHD complex. Conformation of the best approximated representative clusters of each model. The top five
cluster representatives for Config. 4 were defined with probabilities, p = 0.082, 0.081, 0.044, 0.043, and 0.039
for clusters 1-5, respectively. For Config. 6, p = 0.09, 0.066, 0.061, 0.059, and 0.04; for Config. 7, p = 0.105,
0.095, 0.093, 0.050, and 0.050; for Config. 8, p = 0.163, 0.118, 0.062, 0.053, and 0.048 for clusters 1-5,
respectively. The ensemble clustering was based on pairwise best-fit RSMD values, which returns the clusters,

their sizes, and their conformational representatives.
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Cluster 1 Cluster 2

Configs.1&9

Configs.2 & 10

Configs. 3 & 11

Configs.5 & 13

FIGURE B.6. Superimposition of clusters from Chimera. Top two clusters’ representations of the best model
for both with and without IP4 were superimposed with respect to Akt-PHD. In the cartoons, configurations
without IP4 are colored red for CaM and blue for PHD, and configurations with IP4 are colored wheat for CaM
and cyan for PHD. For Configs. 1 & 9, RMSDs are 2.01 A and 1.93 A for clusters 1 and 2, respectively. For
Configs. 2 & 10, RMSDs are 1.42 A and 1.43 A for clusters 1 and 2, respectively. For Configs. 3 & 11, RMSDs
are 1.64 A and 1.85 A for clusters 1 and 2, respectively. For Configs. 5 & 13, RMSDs are 1.13 A and 1.23 A for
clusters 1 and 2, respectively. RMSDs were computed only for the PHD.
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FIGURE B.7. Principal component analysis (PCA) for less favorable models. PC1 versus PC2 conformer plot
for Configs. 4, 6, 7, and 8 shows five distinct clusters obtained via hierarchical clustering (hc, k =5, left panels),
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the eigenvalue scree plot (middle panels), and the collective motion for CaM—PHD complex defined by PC1
representing the structure colored by B-factor or temperature factor (right panels). In the B-factor structure, blue
and red denote atoms with low and high-temperature values, respectively, while light blue, white, and pink denote
intermediate temperature values.

Initial config Cluster 1

Model 1 Model 1
Initial config ' Cluster 1
pT308 ;
/ 13.9A 15.9A
36.5A/£€':goz+ 36.4A Mg?*
~ ; ATP
ATP 32.7A
pS473 4 pS47
Model 2 Model 2

FIGURE B.8 Distance measurement of ATP in the binding cavity from pThr 308 and pS473. The ATP and the
phosphorylated threonine and serine are shown as sticks
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Appendix C

TABLE C.1. Accessible surface area (ASA) for Configs. 1-8 for initial docked structures. The ASA for each
predicted configuration was calculated using Naccess standalone version. Here, to calculate the accessible area
buried between CaM and Akt-PHD, we ran three separate calculations. Once for CaM (chain A), once for PHD
(chain B), and a third time for the CaM—PHD (AB) complex. We then subtracted the AB surface from the (A+B)
surfaces to obtain the buried surface in the CaM—PHD complex.

Accessible surface area (A?)

CaM-PHD

complex

CaM (chain A) | PHD (chain B) | CaM-PH (A+B) | CaM-PH (AB) (A+B) - AB

Configs. 1 11129.8 8231.8 19361.6 18039.5 1322.1
Configs. 2 10821.9 8283.0 19104.9 16877.0 2227.9
Configs. 3 10866.1 8385.2 19251.3 17386.8 1864.5
Configs. 4 10845.2 8348.1 19193.3 17578.0 1615.3
Configs. 5 10870.2 8361.3 19231.5 17948.2 1283.3
Configs. 6 10372.9 8459.0 18831.9 17664.2 1167.7
Configs. 7 10447.6 8321.2 18768.8 17686.9 1081.9
Configs. 8 10316.4 84141 18730.5 174211 1309.4
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TABLE C.2 Initial configurations of CaM—PHD complex.

CaM-PHD complex

CaM conformation (PDB)

IP4 binding to PHD

Configs. 14-16

Collapsed (1CDL)

Configs. 1-5 Extended (1CLL)

Yes
Configs. 6-8 Collapsed (1CDL)
Configs. 9-13 Extended (1CLL)

No

TABLE C.3. The decomposition of the binding free energy, AGy, into the enthalpy (AH) and entropy (TAS)
contributions.

CaM-PHD complex AH (kcal/mol) TAS (kcal/mol) AGp=AH- TAS (kcal/mol)
Config. 1 -123.47 66.00 -57.46
Config. 2 -98.89 59.52 -39.37
Config. 3 -96.45 63.01 -33.44
Config. 4 -85.49 61.90 -23.58
Config. 5 -96.785 59.63 -37.14
Config. 6 -48.49 59.32 10.83
Config. 7 -45.57 55.83 10.25
Config. 8 -74.92 58.38 -16.53
Config. 9 -48.64 62.31 13.66
Config. 10 -62.76 54.02 -8.73
Config. 11 -63.96 57.77 -6.192
Config. 12 -110.21 62.75 -47.46
Config. 13 -62.29 57.91 -4.38
Config. 14 -88.97 56.19 -32.77
Config. 15 -62.06 56.27 -5.78
Config. 16 -77.57 57.82 -19.74
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TABLE C.4. The types of intermolecular interactions including salt bridge, nonpolar, and H-bond interactions
in the CaM-PHD association without IP4. The atomic residues pairs are interface residues, and the pairs are
considered effective and counted if and only if, the residue pairs have at least 50% occurrence rate. To determine
these intermolecular interactions - salt bridge, nonpolar, polar, and H-bond interactions we set some criteria using
CHARMM scripts. For the salt bridge, we defined the position of both positive and negative charged amino acids
(Arg, Lys, Asp and Glu) in CaM and PHD respectively and observe their occurrences in the interface at 4A
distance. Similarly, for the polar and nonpolar interactions, we specified the polar (Ser, Thr, Cys, Asn, Gln, Tyr,
and HSD) and nonpolar (Gly, Ala, Leu, Met, Ile, Pro, Trp, and Phe) residues in both CaM and PHD and checked
the probability of a pair (polar-polar and nonpolar-nonpolar) occurring in the CaM-PHD interface at 5A distance.

Finally, for the H-bond we set 2.4A threshold distance for all residues except Arg, Lys, Asp and Glu.

i%'\::‘_;g? Salt bridge Hydrophobic Polar H-bond
R74-E85, D58-R67, E114- | 19-M63, A73-M63, M124-
Config. 1| K14 E114-R25, E120-R25, | 119, A128-119, M144-119, | T5-QB1,T70-T65, | 100 vrg
: E123-R23, K77-E85, D2- | L112-I184, F92-184, G113- | Q143-Y18, Q3-Q61
R76, E84-R76, E120-R23 | F55, M71-P68, L4-M63
V55-W80, M71-W80, F92-
119, L105-119, V108-119,
Config.2 | F84R80, &L LARES, E127 | \109.119, L112-119, M124- | T5-Q113, S81-N54 | M124-Y18
119, A147-184, A88-L52,
M51-W80
G59-M63, F92-119, L105-
119, V108-119, M109-119,
K115-E40, R74-E85, Dso- | L112-119, F141-119, M14a-
. R67, E114-R23, E114-R25, | 19 M145-119, AS7-V8S,
Config. 3 | Fon nne Fos'mar Eaao, | PE6-L78, P66-V83, M124- T70-T82 T70-V83
o oo 119, A73-V83, L116-119,
’ L4-W80, 19-L78, A73-L78,
F12-W80, L69-W80, M72-
W80, M76-W80
V91-W80, V108-W80,
. R74-E66, E114-R86, E84- |  L112-W80, M124-119,
Config.- 4 | "R76 E54-R69, D78-R67 | L112-184, F92-184, M145- NA NA
119, V91-I84, A147-P68
R90-E85, D2-R67, D80- || 145 55 | 112-184, G113- L112-N53,
. R67, E84-R15, E114-R25, N111-Q79, N111-
Config. 5 | 00 "0 L ELLATES | 55, M144-119, M145-119, e G113-N54,
; ; Vo1-184 M124-Y18
K20, E84-R69
Y99-N53, Y99-N54,
D131-R25, D133-K14, R e | Q185-N53, Q135 | (45 s
Config. 6 D133-R86, E139-R23, o L1280, N54,Q135-Q79, | 19N
E139-K39 ’ ; Q137-N53, N97-
G134-F55, 1130-119 Ny
N97-N54, Y99-N54,
Y99-N53, Q135-
Config.7 | R106-D3,K94-D46, R126- | G9G-W80, A102-M1, A103- | NS4, Y99-S56, NA
: E117, D133-R48 M1, V121-M1 N97-S56, Y99-T34,
H107-Y38, T110-
Q47
L4-P68, L4P70, A57-P24, L4-P68,
Config.8 | D2F0T ES3KED. D98 | A73-Pes, V55-119, AS7-I19, | T70-T21,N53-Y18, | V55-T21,
: P66-W22 T70-T21
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TABLE C.5. The types of intermolecular interactions including salt bridge, nonpolar, and H-bond interactions
in the CaM—PHD association with IPs. The atomic residues pairs are interface residues, and the pairs are
considered effective and counted if and only if, the residue pairs have at least 50% occurrence rate. To determine
these intermolecular interactions - salt bridge, nonpolar, polar, and H-bond interactions we set some criteria using
CHARMM scripts. For the salt bridge, we defined the position of both positive and negative charged amino acids
(Arg, Lys, Asp and Glu) in CaM and PHD respectively and observe their occurrences in the interface at 4A
distance. Similarly, for the polar and nonpolar interactions, we specified the polar (Ser, Thr, Cys, Asn, Gln, Tyr,
and HSD) and nonpolar (Gly, Ala, Leu, Met, Ile, Pro, Trp, and Phe) residues in both CaM and PHD and checked
the probability of a pair (polar-polar and nonpolar-nonpolar) occurring in the CaM-PHD interface at 5A distance.
Finally, for the H-bond we set 2.4A threshold distance for all residues except Arg, Lys, Asp and Glu.

CaM-PHD . .
complex Salt bridge Hydrophobic Polar H-bond
H107-T82, T110-
Config. 9 NA A103-V83, 12> WED, Y18,5101-T81, | A103-v83
H107-T82
. E127-R69, ET19-R67, | A128-119, 1130-119, M144- | Q143-Y18, Q3-Y38,
Config. 10 | E123-R15, E127-R15. W il i NA
E123-R67, D2-K39 : ’
A88-119, F92-119, L116-
. K115-E40, E114-R25, P24, M124-W22, F141-
Config. 11 E114-K39, E127-R69 119, M144-119, M145-119, NA NA
V91-119, A147-P68
N42-T82, Q49-Y18,
H107-Q59, N111-
F92-W80, F141-W80, S56, H107-Q79,
. M145-W80, P43-W80, N111-Q59, N111- | N111-Q79,
Config. 12 R106-E115, B45-R86 | \/10g- w80, A46-119, G113- | Q79, Y138-T81, | N111-S56
M1, L112-W80, L112-F55 | N53-Y18, N42-T81,
T44-T82, T146-
N53, Q49-T21
K115-E85, D2-K64, E47- L112-M63, G113-L78, '\,’\'/:1444;\('723’
Confia. 13 | P67, E54-R69, D78-R67, | M144-M63, M145:M63, | S81-T65, N11-Q61, | 11> "%
9. E84-R76, E114.K20, E114- | M145-174, A147-P68, T146-T65 VA
R76, E82-R67, E127-R76 A147-174
P68?2?
M36-MT, GA0-VA, PASMI, | qoo” oo oo
L48-M1, M51-M1, Go2- | Ro5- 13 ST 58
Confia. 14 | K21-E116,K94-D32, R90- | AS0, G92-P51, A102-WB0, | Nao oo ddior o2 | Gdo-va,
9. D3, R90-D46, K94-D A103-W80, Vi21-wso, | LLIIS98. T N42-S2
G96-A50, G96-P51, V91- NP
M1, L39-M1
R86-E85, R90-E85, E87- Q41-Y18, N97-T82,
. K20, E47-R23, E87- R15, | G96-V83, G96-W80, G40- | N97-T81, Q41-T21,
Config- 15 | ngo-R67, E83-R67, E84- 119 N111-Y18, Hi07- | Q41-Y18
K20, D80-K20 Y18
L4-W11, 19-W11, A57-119, QWA
, K77-E91, E6-R41, D80- Pe6 P24, L69-W22, A7S- | q3.y26, T70-T21, | V55-T21,
Config. 16 o ot W22, A147-P70, L4-P24, o Tom A
’ P66-W11, L69-P24, L69- Sares
W11, A73-P24
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TABLE C.6 The interaction of Akt with ADP, ATP, and ATP D323H in the model 1

Mode 1 Type of interactions Interacting residues
ADP Conventional H-bond Lys 158, Asn 279, Arg 436
Van der Waals Gly 157, Leu 295, Phe 293,
Leu 165, Lys 154, Gly 294
Salt bridge Arg 436
Attractive charge Arg 436
Metal accepter PO4-
Pi-Akyl Val 164
ATP Conventional H-bond Glu 298, Leu 295, Lys 301
Van der Waals Tyr 315, Gly 157, Thr 448,
Gly 159, Asp 274, Glu 314
Attractive charge Lys 276, Lys 297, Lys 301
Metal accepter PO4-
Pi-Akyl Val 164
Amide-pi Stacked Phe 293
Carbon hydrogen bond Leu 156
ATP D323H Conventional H-bond Arg 69, Arg 15
Van der Waals Thr 21, Pro 68, His 89
Salt bridge Lys 20, Arg 67

Attractive charge

Lys 20, Arg 67

Metal accepter

PO4-

Carbon hydrogen bond

Trp 22, Lys 20, His 13

Pi-donor hydrogen bond

His 13
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TABLE C.7. The interaction of Akt with ADP, ATP, and ATP D323H in the model 2

Mode 2 Type of interactions Interacting residues
ADP Conventional H-bond Lys 179, Lys 301
Van der Waals Met 227, Tyr 229, Glu 234,
Ala 304, Thr 312, Lys 138,
Cys 296, Gly 159,
Salt bridge Lys 276, Lys 310
Attractive charge Lys 276, Lys 310
Metal accepter Gamma phosphate group
Pi-Akyl Ala 177, Leu 156
Pi-sigma Val 164,
Pipi stacked Phe 293
Unfavorable acceptor Glu 278
ATP Conventional H-bond Phe 293, Cys 296, Gly 294,
Lys 276
Van der Waals Leu 156, Gly 159, Leu 295,
Lys 158, Cys 310, Gly 311,
Glu 278, Glu 314
Attractive charge Lys 301, Lys 276
Metal accepter Phosphate groups
Pi-Akyl Val 164
Pi-pi stacked Phe 293
Amide-pi stacked Phe 293, Gly 157
Pi-sulfur Cys 296
ATP D323H Van der Waals Glu 314, Thr 160, Phe 293,
Glu 441
Salt bridge Lys 276
Attractive charge Lys 276
Metal accepter Phosphate groups
Pi-sigma Gly 159
Pi-cation Mg >
Unfavorable Acceptor Glu 278

145




TABLE C. 8 The interacting interface residue of autoinhibited state of Akt, where the former and latter residues
denote residue from the PH domain and kinase domain, respectively for the most populated apo state of model 1
& 2.

Mode Interacting residues

Model 1 apo cluster 1 K14-D323, K20-D302, R23-E322, El17-
R273, Y18-R273, Y18-K297, Y18, L316,
Y18-V320

Mode 2 apo cluster 1 K20-D302, R23-D323, K39-E322, R76-

D190, R86-D325, K112 -E198, K14-D325,
R25-D323, E17-D323, Y18-D323, R23-
D323, R25-E332
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