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Abstract

The content of this thesis entitled “Membrane Binding Mechanism of Phosphoinositide
Interacting Domains and Development of Their Inhibitors” have been divided into five
chapters based on the results of experimental work carried out during the research period.
The introductory chapter (Chapterl) describes the role of phosphoinositides (PIP) in cell
signalling, several PIP binding domains including PX, PH domains and small molecule based
non-lipid antagonists those are used as inhibitors in PIP-PH interactions. Chapter 2
determines the roles of basic and hydrophobic residues of Tks5-Phox homology domain in
membrane binding. In Chapter 3, we have determined the mechanistic insight into PIP
binding properties of Lpd-PH domain. Chapter 4 demonstrates the inhibition of
phosphatidylinositol-3,4,5-trisphosphate binding to AKT pleckstrin homology domain by 4-
Amino-1,2,5-oxadiazole derivatives. In Chapter S5, we have demonstrated the inhibitory
mechanism of triazole-based small molecules on phosphatidylinositol-4,5-bisphosphate
binding pleckstrin homology domain.

Phosphatidylinositol (PIP) and its seven phosphorylated derivatives are involved in
several cellular events including membrane trafficking, cytoskeleton remodeling, membrane
dynamics and others. Their functions and turn over are catalyzed by PIP-kinases and
phosphatases. Deregulation of their functions are involved in several human disease like
disorder of myotubular myopathy, type 2 diabetes, cancer and others. The roles of PIPs are
mediated by a number of PIP binding modules including PX, PH and others which can
specifically interact with PIP and transmits their signal at membrane-cytosol interface. It is
important to understand how these PIP binding receptors differentially respond to specific
PIP. In this regard, in order to understand the binding properties of PIP and PIP interacting
domains, we choose Tks5-PX and Lpd-PH domain and successfully determined their
membrane binding behaviours and also to perturb these interactions, we have developed
PIP/PH domain interactions based small molecule antagonists.

Therefore, to elucidate the role of basic and hydrophobic residues of Tks5-PX domain
in membrane binding, we quantitatively determined the binding parameters using a number
of biophysical studies including surface plasmon resonance (SPR), fluorescence resonance
energy transfer (FRET) and monolayer penetration analyses. It is important to note that Tks5
(Tyrosine kinase substrate with five Src homology 3 domains) in association with other
protein binding partners and phospholipids regulates several important cellular functions and
is crucial for invadosome formation, invasion in cancer cells, degradation of extracellular

IX
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Abstract

matrix and progression of Alzheimer’s disease. In cellular condition the N-terminal phox
homology (PX) domain of Tks5 interacts with phosphatidylinositol-3,4-bisphosphate
(PI(3,4)P,) lipid and this interaction is essential for Tks5-induced invadosome formation. The
biophysical measurements revealed that Tks5-PX domain has significant different PIP
binding properties with stronger affinities for PI(3,4)P, and phosphatidylinositol-3-phosphate
(PI(3)P) lipids. Extent of PIP-dependent monolayer penetrations by the PX domain also
varies significantly and alters its membrane binding properties. Mutational studies revealed
that presence of basic residues within the PIP-binding pocket and hydrophobic residues at the
putative membrane binding surface of the PX domain are significant for its PIP-dependent
membrane binding properties. Under normal growth conditions, cellular localization patterns
of the PX domain and its mutants in A549 cells are consistent with their in vitro membrane
binding properties. PX domain colocalizes with PI(3)P binding cellular marker at the early
endosomal membranes and translocates to the plasma membrane upon stimulation with
platelet-derived growth factor. Results implied that R42 and R93 residues are mainly
responsible for PIP binding and L80 and F81 hydrophobic residues enhance membrane
binding by partial membrane penetration.

As we have already mentioned earlier that PH domain also display similar PIP
binding nature as of PX domain, hence in this regard, we have also determined the membrane
interactions properties of Lpd-PH domain. It is reported that lamellipodia formation in mobile
cells is regulated by Ena/vASP proteins which have crucial role in actin dynamics, cell
polarity and motility. Lamellipodin (Lpd), an Ena/VASP protein plays important role in
lamellipodial protrusion formation. The PH domain of Lpd interacts with the membrane
containing PI(3,4)P, phosphoinositide and regulates cellular functions. This interaction is
essential for Lpd dependent cell migration. However, the molecular mechanism that underlies
how the PH domain of Lpd specifically recruits to PI(3,4)P, remains unclear. Our biophysical
results show that PH domain of Lpd strongly interacts with PI(3,4)P, containing liposomes
without any membrane penetration. Mutational studies demonstrate the presence of cationic
residues within the PIP binding site of Lpd-PH domain is essential in membrane binding. The
translocation patterns of Lpd-PH domain and mutants in platelet-derived growth factor
(PDGF) stimulated AS549 cells are in good agreement with our in vitro binding
measurements. Our results suggest that R32 and R34 amino acid residues play major role in

P1(3,4)P; containing membrane binding.
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Based on this interaction, several kinases activate which is crucial for their cellular
functions. As for example, phosphatidylinositol-3-kinases (PI3K) is an important cell
signalling pathways which is the key regulator of several proteins function. PI3K signaling
pathways are frequently deregulated which is directly linked with different human cancers.
AKT is a phosphatidylinositol (PIP) binding serine/threonine kinase enzyme and a key
component of PI3K-signalling pathway. Several efforts have been made to perturb the
activities of AKT enzyme; however, selectivity issue remains a key challenging point.
Pleckstrin homology (PH) domain of AKT strongly interacts with the membrane localized
PIPs and activates the enzyme. Several attempts are underway for the development of small
molecules, which can specifically inhibit the PIP/PH-domain interaction to ascertain an
alternate approach for the development of drug(s) for PI3K-AKT-signalling pathway. This
proposed approach is highly beneficial because of easy synthesis of small molecules and low
side effects. In this regards, we used a series of small molecule antagonists (GPIs) for
P1(3,4,5)P3;/PH-domain interaction and determined their inhibitory effect by using
competitive-surface plasmon resonance (SPR) analysis (ICsy ranges from 1.85 to 16.35 uM
for P1(3,4,5)P3;/AKT1 PH-domain binding assay). To elucidate their binding selectivity, we
also used PI(3,4,5)Ps, PI(3,4)P,, PI(4,5)P; specific PH-domains. For further understanding of
their PH-domain inhibition mechanism, we also performed various physicochemical
analyses. The results showed that these water-soluble compounds do not significantly interact
with the model membranes. The oxadiazole and N'-hydroxy moieties of the compounds are
essential for their exothermic interaction with the PH-domains and their bindings do not alter
the secondary structure of the PH-domain. Potent compounds show moderate effect on
phosphothreonine (308) level of AKT enzyme.

With continuing PIP/PH domain interaction based inhibitor development, we also
developed 1,2,3-triazol-4-yl methanol containing small molecule (CIPs) as antagonists for
PI(4,5)P,/PH-domain interaction and determined their inhibitory effect by using competitive-
SPR analysis (ICsp ranges from 53 to 159 nM for PI1(4,5)P,/PLC31-PH domain binding
assay). We also used PI(3,4,5)Ps, PI1(3,4)P,, P1(4,5)P, specific PH-domains to determine
binding selectivity of the compounds. Various physicochemical analyses showed that the
compounds have weak affect on fluidity of the model membrane but, strongly interact with
the PLCo1-PH domains preferably through its PIP binding site. The 1,2,3-triazol-4-yl
methanol moiety and nitro group of the compounds are essential for their exothermic
interaction with the PH-domains. Potent compound can efficiently displace PLC31-PH
domain from PM to cytosol in A549 cells.

Xl
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Overall our study lead us to propose membrane binding properties of Tks5-PX and
Lpd-PH domain which could be used for therapeutic target for further biomedical research.
Detailed membrane binding parameters were measured using SPR, FRET-based competitive
binding, monolayer and cellular localization studies. In addition, we have also developed
PIP/PH domain interaction based small molecule antagonists. The oxadiazole and 1,2,3-
triazol-4-yl methanol moiety containing compounds selectively inhibit PI(3,4,5)P;/AKT-PH
and PI(4,5)P,/PLCS1-PH-domain interactions respectively. Further, this idea can be extended

for PIP/PH-domain interactions based drug development.

Xl
TH -1460_10612207



Chapter 1

Introduction

1.1 Phosphoinositide: A key regulator in biological cell membrane

Cellular membranes are selectively permeable lipid bilayers, which separate cellular
compartments from their environment. It is composed of numerous lipids, ion channels,
proteins and other biomolecules that play important role in different cellular functions. Each
cellular compartment is composed of specific lipid compositions that play important roles in
segregating the inner machinery as well as transmitting signals via membrane-cytosol
interfaces and through membrane bilayers. Interactions of proteins with these membrane
containing-lipid molecules play an important role in regulating these cellular functions. It is
well documented that properties of lipid head group, alkyl chain length, degrees of
unsaturation and others greatly influence the functions of proteins through specific lipid-
protein interactions. On the other hand, several functions of proteins also depend upon the
self-association properties including thickness, fluidity, shape and packing of lipids bilayers.
Therefore, study of lipid-protein interaction is considered as an emerging research area to
understand how they involve in several cell signalling events.[1-6]

Most  abundant membrane lipids are phosphatidylethanolamine (PE),
phosphatidylcholine (PC), phosphatidylserine (PS), cholesterol, phophatidic acid (PA),
sphingomyelin and phosphatidylinositol (PIP). Among the all lipids, PIPs are less abundant
in cellular membranes but regulate a wide variety of cellular events. The structural anatomies
of PIPs are very similar to that of other phospholipids except the presence of an extended
polar head group, myo-inositol. The free hydroxyl groups at D3, D4 and D5 positions of the
myo-inositol ring are readily phosphorylated and dephosphorylated by the action of inositol-
kinases and phosphatases, respectively. Seven different phosphorylated isoforms play pivotal
role in cell signalling, cell survival, growth, vesicular transport and other cellular
functions.[4,9] These PIP lipids alter the physical properties, including charge and fluidity of
cell membranes and/or act as binding partner of proteins. Each of these PIP lipids are
localized at different cellular membranes and considered as marker of specific membranes.
[5,7] phosphotidylinositol-3-phosphate (PI(3)P), and phosphotidylinositol-4,5-biphosphate
(PI(4,5)P,) are considered as the marker of early-endosomal membranes and

plasmamembranes of eukaryotic cells, respectively. The polar headgroups of PIPs provide the

1
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Chapter 1

intrinsic charge and interact with the proteins though electrostatic interactions. This
interaction is crucial for localization of proteins to the specific membranes as well as
metabolization into different lipids, such as different PIPs, diacylglycerol (DAG),
phosphatidic acid (PA) and others. Endoplsmic reticulum (ER) is the main source for
production of PIP lipids. However, plasma membrane also takes part in PIPs synthesis, where
different classes of inositol-kinases and phosphatases are involved in the synthesis of
different PIP isoforms. In general, membrane translocation of proteins occurs due to the
interaction between substrate proteins with the activated receptors and others through protein-
protein interaction. However, recent studies demonstrate that protein-lipid interaction is also
essential for specific sub-cellular localization of signalling proteins. Lipid binding domains
directly interact with specific lipids and allow localization to the specific
membrane/compartment site for their activation/proper functions, without perturbing regular
protein-protein/protein-small molecule interactions.[7,8] Electrostatic interactions play a
major role in protein-lipid interaction where polar head group of lipids specifically
coordinates with protein. In few cases these interactions enhance the degree of membrane
translocation by the partial membrane penetration of hydrophobic residues present on the
binding surface. The translocation of a particular protein at the specific membrane gives us
the idea of this complex lipid-protein interaction process which has been generally shown by
the GFP or other tagged fluorescence probe with the protein. Use of these fluorescent tagged
domains reveals the site of localization of specific lipids. Certain lipid—binding domains show
higher affinity for certain lipids including PIPs which even indicates site of
transient/persistent lipid productions. These lipid-protein interaction mechanism can be
summarized as initial diffusion and nonspecific, long-range electrostatic interactions followed
by specific interactions with lipids and/or partial membrane penetration through hydrophobic
residues.[10-13] Structural analysis of the lipid binding domains in presence of their
interacting partners, provide a detailed insight into the lipid-protein interactions. Most of the
lipid binding domains have specific binding pockets and precisely interact with lipid head
groups. Few well characterized domains like AP180 amino terminal homology (ANTH),
protein kinase C conserved region 2 (C2) and others do not have proper lipid binding site but
preferentially interact with specific lipid head groups.[14, 15] Majority of lipid binding
modules  including  phox  homology  (PX), pleckstrin  homology  (PH),
Fab1/YOTB/Vacl/EEA1 (FYVE), protein kinase C conserved region-1 (C1), FERM, Epsinl
N-terminal homology (ENTH), PDZ, BAR and tubby domains have specific lipid and/or
ligand binding site.[10, 11, 16-23] Whereas some proteins play important role in signalling

2
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either utilizing the protein surface to interact with membrane or covalently attach with the
membrane residing lipid molecules. Therefore, these interactions are crucial for the site-
specific targeting of many signalling and membrane-trafficking proteins.

Depending upon specificity lipid-protein interactions could be of higher to lower
affinities. Typically, this interaction is highly specific and involve in stereo-specific
recognition of lipid head groups. On the other hand low or non-specific interactions occur
through other parameters including charge, curvature and amphiphilicity.[12, 19] Sometimes
oligomeriztion also enhance membrane binding affinities. As an example, monomeric PH
domain of dynamin interacts with lipid in millimolar range, but the dimeric form shows
exceptionally higher binding (ranging from micromolar to sub-millimolar). Membrane
binding affinity could be also enhanced by membrane insertion of hydrophobic residues
present on the binding surface of the protein. Well known membrane binding domains
containing hydrophobic residues are C1, PH and PX and increase 10-20 fold higher affinity
to the specific lipids due to the membrane penetration. The reduction of electrostatic potential
is critical for membrane penetration, especially for PIP binding modules. In the absence of
lipids, charged surface of proteins are surrounded by water molecules. Interaction of lipids
with charged proteins reduce the electrostatic potential on the protein surface, which allows

the surface-exposed hydrophobic residues to penetrate into the cellular membranes.

1.2 Phosphoinositides in membrane dynamics and cell signalling
Initially PIP research was focused on only PI(4,5)P, and later, the role of phosphoinositides in
cell signalling was established in 1975. PIPs are only 15% of the all the phospholipids present
in eukaryotic cells.[24] Still it is very crucial in all aspect of cellular functions including
proliferation, survival, signalling, ion transport, metabolism gene expression, €Xxocytosis,
cytoskeleton dynamics, membrane trafficking and others. Deregulation of their functions is
associated with several disorders like autoimmune, cancers and cardiovascular disease.[25-
28] Phosphoinositides and its soluble products inositol phosphates work in parallel in
signalling and constitutive functions. I(1,4,5)Ps is the hydrolyzed product of PI(4,5)P, and
controls the intracellular Ca** signalling which is associated with gene transcription, protein
phosphorylation, nuclear export and RNA editing.[29, 30] The PIP-signalling is mediated by
a number of proteins. To understand their role in different cellular functions, understanding
the overall mechanism is highly beneficial.

Current research of particular interests is the derivatives with phosphate groups at the

D3, D4, and/or D5 positions of the D-myoinositol ring. The seven derivatives of PIPs are
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PI(3)P,  phosphatidylinositol-5-phosphate  (PI(5)P),  phosphatidylinositol-4-phosphate
(PI(4)P), phosphatidylinositol-3,4-biphosphate (P1(3,4)P,), PI(4,5)P,, phosphatidylinositol-
3,5-biphosphate (PI(3,5)P,), phosphatidylinositol-3,4,5-triphosphate (PI(3,4,5)Ps3).
Characteristically, each of the seven derivatives of PIPs are distributed in the specific
compartments with a predominant localization in the corresponding membranes. Earlier it
was thought that monophosphorylated phosphoinositides are the only precursors for multi-
phosphorylated phosphoinositides. Later researchers demonstrated their individual role in cell
signalling. PI(3)P is enriched primarily in early endosomes and multivesicular bodies (MVB).
PI(3)P is generated either due to phosphorylation by class I and III phosphotidylinositol-3-
kinase or due to dephosphorylation of PI(3,4)P, and PI(3,4,5)P;3 by phosphatidylinositol
polyphosphate 3-phosphatase. The cellular PI(3)P level is controlled by phosphorylation,
dephosphorylation or degradation in the lysosome and precisely plays role in endosomal
functions.[7, 8, 31, 32] Generally PX domain and FYVE domain containing proteins are
recruited to the endosomal PI(3)P and plays important role in membrane trafficking. It is
reported that GFP fused FYVE domain is localized in early endosome, provided the
information of enrichment of PI(3)P at the endosomal membrane. The PI(3)P is also
precursor of another phophoinositide, PI(3,5)P, and PI(3,4)P, although maximum PI(3,4)P, is
generated at plasma membrane. PI(3)P is phophorylated by the phophoinositide kinase
(PIKfyve) at position D5 position to generate PI(3,5)P,. Whereas phosphorylation at the
position of D4 by the function of phosphoinositide kinase II gives rise a lesser amount of
PI(3,4)P, at the endosome.

Phophoinositides PI(4,5)P; is the most abundant PIPs in the plasma membrane and
takes part in several cellular events carried out at the cell surface. Cellular level of P1(4,5)P,
or its metabolic products are significantly involved in transduction of extracellular signals. It
is generated either phosphorylation at D5 position of PI(4)P by type 1 phosphoinositide
kinase or phosphorylation at D4 position of PI(5)P by type II phosphoinositide kinase. Major
portion of PI(4,5)P; is derived from PI(4) due to less abundant of PI(5)P in cell. P1(4,5)P,
could be hydrolyzed by phospholipase C(PLC) and phospholipase A, (PLA;), produced
membrane bound diacyglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). The hydrolyzed
products of PI(4,5)P, are two potent second messengers, control other signalling pathway
whereas the dephosphorylation plays role in controlling steady-state levels of PI1(4,5)P, and
turns off its signalling. Further the newly formed DAG is recognized by the C1 domains
including PKC, Munc13 and others and translocate to the plasma membrane, inducing the

phosphorylation on serine and threonine residues of the target proteins. This membarne
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translocation is important to activate C1 domain and that of the intracellular Ca** and other
phospholipid-binding C2 domain. Another hydrolyzed product IP; releases the Ca®" ions
from endoplasmic reticulum (ER) and maintains the cellular Ca" ions.[33-35]

Class I phosphoinositide 3-kinase phosphorylates at D3 position of PI(4,5)Ps,
produces PI(3,4,5)P; that are very less abundant in resting cells. But the level of P1(3,4,5)P5 is
transiently increased upon stimulation with growth factors. A large number of proteins are
recruited by PI1(3,4,5)P; and are involved in signalling cascades. As an example GEFs and
GAPs for GTPases are targeted by PI(3,4,5P; and regulates the actin cytoskeleton
remodelling. MToR, a serine/threonine protein kinase is also activated by the cooperative
action of protein kinase PDK and AKT/PKB via PI(3,4,5)P; recruitment. In addition,
dephosphorylation of PI(3,4,5)P; at the D3 and D5 positions is resulted to form PI(4,5)P, and
P1(3,4)P, respectively, thus it facilities either to off signal or may extend the duration of
P1(3,4,5)P; signalling. Therefore this metabolic pathway plays significant role in seval
cellular functions.

Recent studies demonstrate that PI(4,5)P, is primarily involved in exocytosis and
endocytosis process at the cell membrane. Critically it recruits both in cis on membrane
proteins and in trans on vesicle proteins at the pre-fusion stage and in that way proceeds to
the nucleation centre for an exocytosis apparatus.[36, 37] Milosevic and co-workers
determined the pooling as well as secretion level of vesicles is highly depended on the level
of PI(4,5)P, at the membranes. The hydrolyzed products of PI(4,5)P, also trigger the
secretion of vesicles. On the other hand PI(4,5)P, and/or PI(3.4,5)P; play important roles in
recruiting and regulating of endocytic proteins to the membrane. It is reported that fusion
reaction is tightly mediated by endocytic clathrin proteins including AP180/CALM, AP-2,
epsin and other endocytic factors (for an example dynamin) via interaction with
phosphoinositides. Deposphorylation of phosphoionositides by the function of inositol-5
phosphatase takes place and removes the endocytic vesicles from the phosphoinositides.[38]

Endosomal biology (mostly in trafficking from and to the plasma membrane,
lysosomes and plasma membrane) is primarily regulated by the phosphoinositides PI(3)P and
P1(3,5)P,. As described before PI(3)P is mostly found in early endosome and determinants its
identity through interactions with PI(3)P binding proteins. Cellular level of PI(3) is
maintained by the class III PI-3 kinase VPS34 as well as the sequential dephosphorylation of
P1(3,4,5)P; by inositol phosphatases specific for the 5 and 4 position respectively. By the
functions of Fab1P/PIKfyve kinase Phosphorylation takes place at DS position of PI(3)P to

form PI(3,5)P, which triggers budding of vesicles from late endosomes.
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1.3 PX domain

The Phox Homology (PX) domain was originally identified in two cytosolic subunits, p47Pox
and p40°™* of NADPH in 1996.[39] In general, PX domains are composed of ~100-120
amino acid residues with three a-helix followed by three B-sheets and a number of poly
proline (PXXP) rich motifs. It is well documented that PX domain can interact with other
SH3 domain containing proteins through its PXXP motif. PX domains are classified into
three subclasses depending on their length amino acid sequences and presence of other
motifs. In the first category, the PX domain containing proteins are of short polypeptide
chain and PX domains itself represent more than half of the host protein sequences. First
category, the PX domain contains Grd19p, SNX22, SNX23, SNX12, SNX3, SNX10, SNX24
and SNX?26 proteins. Second category of PX domains contain longer flanking sequences, but
lack of other characterized motifs and include yeast Mvplp, Vps5Sp and mammalian SNX1,
SNX2, HS1BP3 (haemopoietic-specific protein 1 (HS1) SH3 domain binding protein) and
others. Third category of PX domains contains other well known domains including C1, C2,
PH along with PX domain. A large number of PX domain containing proteins including,
p40phox, p47phox, Bemlp, SNX18, FISH/Tks5, PI3K-C2a/B/y, CISK, SNX25, Bem3p and
others are associated with this category.[40] Recent studies demonstrated that the PX domain
is a novel lipid binding module and its preferential interaction with PIPs allowed the effector
proteins to regulate several cellular processes. As an example, PX domain of SNXs
preferentially interacts with endosomal PI(3)P and regulate transportation from early-
endosome to recycling-endosome and involved in signalling processes. Further studies
showed that this endosomal membrane association were perturbed by mutants of PIP-
interacting amino acids or by PI3Ks inhibitor and wortmannin.[41, 42]

Since most of the PX domains have been identified through database search, their
cellular functions have not been fully elucidated. However, recent genetic and biochemical
studies have suggested that HS1BP3, Tks5 and Bem3P PX domains play key role in diverse
cellular processes, including T-cell activation, chemical signalling in the brain region, control
of cell polarity, podosome formation. PX domain containing SNARE family of proteins
mediate vesicle fusion that is, the fusion of vesicles with their target membrane bound
compartments. The PX domain of yeast Vam7p protein plays an important role in docking
and fusion at the vacuoles. The endosomal/vacuolar association takes place by direct
interaction of N-terminal PX domain of Vam7p to membrane containing PI(3)P. Mechanistic

studies revealed that membrane localization of the PX domain was completely abolished by
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inactivation of yeast PI3K (Vps34p), suggests that PX domain of Vam7p targets vacuolar
membrane via specific PI(3)P dependent manner.[43] The knowledge of PIP-PX domain
interactions and their role in several cellular events are broaden by two separate studies which
established the membrane binding mechanism of two cytosolic components (p40phox and
p47phox) of NADPH oxidase. p40°™*-PX domain selectively interacts with vesicle
containing PI(3)P whereas p47phox-PX domain preferentially interacts with PI(3,4)P, and
stimulates NADPH oxidase activity in vitro.[44] It is also important to mention that PX
domain preferably interact with PI(3)P whereas its interaction with other PIs are rare (Table
1.3.1). Only few PX domain selectively interacts with other PIPs rather than PI(3)P. Such as
the PX domain of class II-PI3K preferentially interacts PI(4,5)P, and also studies show that
CISK-PX domain selectively binds to PI(3,5)P,, PI(3,4,5)Ps.

Table 1.3.1. Reported non-PI(3)P-binding PX domains

PX- p47ph°X PI3K-C2a | Bemlp PLDI1 CISK KIF16B

domains (SNX23)

Preferred PI(3,4)P, PI1(4,5)P, P1(4)P P(3,4,5P; | P(3,5P, > | PI(3)P>

PIPs > PI3)P > | P(3,4,5P; | P(3,4)P, >
PI5)P >> | >P(4,5)P, P(3,4,5P;
other PIPs

Homology sequence alignments of the PX domains show that most of the PX domains
consist of number of subdomains or motif with conserved hydrophobic amino acid residues
and PIP-interacting basic amino acid residues. Recently, NMR and crystallography studies
successfully investigated the structural basis of several PX domains. Structural analyses
revealed that the architecture of PX domain is flat and compact, consisting of three -strands
followed by three a-helices. Few PX domains (such as p47°"*) consist of additional o-helix
(named as al’) downstream of al helix. In general, two basic residues of majority of the PX
domains are conserved in B3-al region as RR(F/Y)(S)(D/E)F sequence. Presence of two
other conserved basic residues in the a2 helix of the PX domain constructs the PIP-binding
site. The conserved hydrophobic residues present near the PIP-binding surface of PX domain
also shows significant role in membrane binding. Through structural analyses, PIP-binding
properties and biological activity studies demonstrated a probable PIP-dependent membrane
binding mechanism of the PX domain, where PX domains first non-specifically interact with
the membrane surface then specifically interact with selective PIPs followed by membrane
penetration through the hydrophobic residues present near the binding surface. Kinetics

studies of PIP-PX domain interactions showed that mutants of these hydrophobic residues get
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dissociated at a faster rate than the wild type PX domain, which suggests that hydrophobic
residues play an important role in PIP-dependent membrane binding. The PX domains also
interact with proteins like SH3 domain through its conserved proline-rich PXXP motif. PX
domains of Tks5, HS1BP3, p47" and others strongly interact with the SH3 domain of other
or host protein through inter/intra molecular interactions.

PX domain containing proteins are also play a major role in cell signalling and/or cell
survival. Ser/Thr kinase Cytokine-independent survival kinase (CISK) is distributed in
endosome via PI(3)P- PX domain interaction and regulates in interleukin-3-dependent
survival mechanisms in haematopoietic cells.[45,46] Biological studies revealed that CISK
and AKT proteins display phophorylation of both Bcl-x1/Bcl-2 associated death promoters
(BAD) due to PIP-dependent membrane interactions through their PX/PH domains,
respectively. It is well documented that several PX domain containing proteins play an
important role in phosphorylation and hydrolysis of phospholipids. PI3Ks, which spatially
and temporally regulates the diverse cellular processes by phosphorylation of the 3'-OH of
PIPs also regulates activation and membrane recruitment of the cytosolic p40P™™, p47™™* and

p67°"* proteins (Figure 1.3.1).

Vesicle
Protein docking/fusion Signaling &
Sorting Traffic

CISK :
Cell Survival Signal
transduction

Activation of

Anti-infection T and B cells

Cell polarity

and division

Figure 1.3.1: Diverse cellular functions regulated by PIP-PX domain interactions.[38]

1.4 PH domain
The PH domain was first identified as a novel PIP-interacting motif of approximately 120

amino acid residues. It is the 11™ most abundant domain found in human genome and most
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functionally diverse-phospholipid binding module that has not been completely characterized
yet. PH domains have been identified in various proteins involved in cell signalling,
cytoskeleton dynamics and metabolism. To date there are more than 250 human proteins
which contain one or more PH domains. Out of them, only10-20 % PH domains exhibit high
affinity and specificity for PIPs, whereas a majority of the characterized PH domains bind
weakly to PIPs with little or no selectivity. Based upon binding affinities and specificities, PH
domains are classified into four major groups.[47, 48] PH domains of BTK, GRP1, and Ras-
GAP1 show high affinity (with Kp < 50 nm) to PI(3,4,5)P; and classified as Group I PH

1IP4BP, mSos-1 and N-terminal Tiam-1 are also classified as

domains. The PH domains of Gap
Group I PH domains. The PH domain of PLCS belongs to Group II PH domains and
exhibits high affinity for PI(4,5)P, the most abundant PIPs in the cellular membranes.
However, these PH domains exhibit much weaker binding affinity for P1(4,5)P, lipids (2-4
folds) than that of Group I PH domains for PI(3,4,5)P; lipids. The Group III PH domains
show dual character in PIP binding properties. AKT/PKB, PDK1, Dappl and others belong to
this class and preferentially interact with PI(3,4)P, and PI(3,4,5)P3.[49] The PH domains of
ARNO, cytohesin-1 and GRP1 interact with PI(3,4)P, and/or PI(3,4,5)P;. The PH domains
with low PIP binding affinities (with Kp> 1 um) are classified into Group IV and dynamin-
PH domain belongs to this group. Recent developments revealed that TAPPland 2 (tandem
PH domain containing protein 1 and 2 respectively), PEPP1(phosphoinositol-three-
phosphate-binding PH domain protein 1), centaurin-f2 and FAPPI(phosphoinositol-four-
phosphate adapter protein 1) preferentially interact with PI(3,4)P,, PI(3)P, PI(3,5)P, and
PI1(4)P respectively.

Structural analyses revealed that PH domains contain seven B-sheets followed by one
a-helix. To date, more than 100 high resolution 3D-structures of PH domains are available in
Protein Data Bank website. Macias et al. in 1994 first reported the structure of the PH domain
of B-spectrin using homonuclear NMR technique and the same year Fesik and co-workers
solved the PH domain of pleckstrin using heteronuclear NMR technique. They find out the
presence of common core known as canonical core-fold with different loop regions in the
NMR structures of the PH domains. The basic core structure of proteins consist of a pair of
nearly orthogonal N-terminal four B-sheets with three anti-parallel strands close to a
collapsed B-barrel and appears as two sandwiched B-sheets (B1-B4, B5-f7) followed by C-
terminal a-helix.[50] The carboxy- and amino-termini are present on the similar side, but
protrude in opposite directions. One long o-helix is located in carboxy-terminus of the

structure and packed against one edge of the [-sheet which stabilizes the structural
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orientation through helix-sheet interaction. Homology sequence alignment of several PH
domains illustrate that three loop regions (B1/B2, B3/B4, p6/B7) connecting the B-sheets are
conserved. In addition, the PIP interacting basic residues in this region are conserved in
Group I-IIT PH domains but not in Group IV, suggesting the key role of these conserved
residues in PIPs binding. Due to the abundance of high basic residues in B-barrel region and a
number of acidic residues in a-helix, the overall charge of the PH domain makes it dipolar in
nature. The electro positive surface at the open-end of the B-barrel region accommodates the
ligands or PIP headgroups.

PH domains of BTK, GRP1, AKT proteins have drawn much attention due to their
higher binding affinities and specificities for PI3K product, PI(3,4,5)Ps. The crystal structure
of BTK-PH domain (1B55) shows that the head group of PI(3,4,5)P; interact with the
cationic groove in a similar fashion as that of PLCd PH domain with PI(4,5)P,. The 3- and
4- phosphates of PI(3,4,5)P; and 5- and 4- phosphates of PI(4,5)P;, lipids interact in a similar
fashion with BTK and PLCS PH domains, although the interacting loops of the respective
PH domains, B1/B2 and B3/p4 are somewhat distinct. The orientation of these interactions
primarily depends on both composition and length of B1/B2 loop, which differs dramatically
among PH domains. In case of BTK PH domain, B1/B2 loops consists of 11 amino acids
which makes the binding surface more flatten. Whereas short chain of 5 amino acid residues
present in the B1/B2 loops of PLC8-PH domain form a complete binding pocket for both 4-
and 5- phosphate interaction.[51, 52] Presence of an extended 6/B7 loop in few PH domains
ruled out the above hypothesis. Likewise, although GRP1-PH domain has relatively short
B1/B2 loop but the orientation of interaction patterns are similar as BTK-PH domain because
of having 20 extra amino acid residues in the B6/B7 loop and preferentially interacts with
P1(3,4,5)P;. Combining this extra amino acid residues form a [ hairpin structure and
complete the pocket for 5-phosphate with short f1/B2. Interestingly, PH domain of Dappl
specifically interacts with PI(3,4,5)P; but the binding pattern is little bit different than the
GRPI1 PH domain. Although in both cases f6/B7 loop contributes in PI(3,4,5)P; binding but
the Dappl-PH domain essentially interacts with 4-phosphate instead of 5-phosphate due to

the too short loop length is unable to form B hairpin structure.

Isolated PH domains and/or the host proteins are generally cytoplasmic peripheral
proteins. In response to PDGF, PI(3,4)P, and PI(3,4,5)Ps generate at the plasma membrane
and several PH domains transiently translocate to the membrane. The translocation studies of

GFP or other fluorescence tagged PH domains and their host proteins support the formation
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and disappearance of different PIPs at the cellular membranes. Full length GRP1 and its 2G
splice variant PH domain translocate from cytosol to plasma membrane in response to
stimuli, like insulin or epidermal growth factor hormone. Similar translocation pattern were
also observed for AKT/PKB and BTK-PH domains. Their membrane translocation could be
completely abolished either by mutation of PIP interacting amino acid residues or by using
PI-3 kinase inhibitor, wortmanin. This translocation results are in good agreement with their
in-vitro PIP-binding studies. Therefore, PIP binding is necessary and sufficient for membrane
translocation and subsequent cellular functions of the PH domain containing proteins.
However, in few cases protein-protein interactions also play a key role in membrane
translocation. The PH domain of OSBP weakly interacts with PI(4)P and localize at the Golgi
apparatus. Binding studies with PIP-binding mutants of OSBP-PH domain also showed its
localization at the Golgi apparatus.[53] This localization pattern is due to the interaction
between OSBP-PH domain and Golgi GTPase Arfl protein. In addition of lipid-proteins
interactions, the carboxy-terminal polybasic sequence of Cytohesin-1 and ARNO-PH

domains cooperatively targets the membrane.

1.5. Small molecules inhibitors of PIP/PH interaction

The PI3K signalling pathway plays various roles in cellular functions including survival,
differentiation, invasion and growth. Insulin or growth factor activation of PI3K regulates the
production of PI1(3,4,5)P; and PI(3,4)P,. Cellular PI(3,4,5)P; level is transiently and tightly
regulated by PTEN (phosphatise and tension homology domain) enzyme which play a critical
role in several cytosolic and nuclear functions. Deregulation of this kinase and phosphatase is
directly or indirectly associated with human disease including cancers. PTEN is frequently
mutated in disease state and consequently increase the PI(3,4,5)P; level leading to over
activity of PI3K related signalling pathway. Thus, PI3K signalling pathway is crucial and
considered as an attractive therapeutic target in numerous cancers. A number of proteins
containing PH, PX and others lipid binding domains are highly regulated and activated
through interacting with the PI3K products phosphatidylinositol lipids. AKT/PKB (Protein
kinase B) is a downstream signalling protein of the PI3K enzyme. The PH domain of AKT
specifically bind with membrane residing P1(3,4,5)P3 and get over-activated in different types
of cancers including pancreatic, skin and prostate cancers. AKT is a ser/Thr kinase enzyme
and a member of cAMP dependent protein kinase A/G/C super family of protein kinases, and
share similar structural sequence homology within their catalytic domain. In mammalian cell,

AKT exists in three isoforms, AKT1, AKT2 and AKT3 and their chromosomal localization

11
TH -1460_10612207



Chapter 1

are identified as 14q32, 19q13, and 1q44, respectively. Full activation of AKT protein is
mediated by membrane recruitment via PIP/PH domain interaction, followed by
phosphorylation at two crucial amino acid residues, Thr308 and Ser 473 residing at kinase
domain and C-terminal hydrophobic motif respectively. PIP dependent membrane
recruitment of AKT PH domain alter its conformation and expose the amino acid residues,
Thr308 and Ser473 which are further phosphorylated by phosphoinositide-dependent kinase 1
(PDK1) and phosphoinositide-dependent kinase 2 (PDK2) enzymes, respectively. AKT
activation is also mediated by known DNA activated protein kinase (DNA-PK), rapamycin
complex 2 (mTORC?2), and ataxia telangiectasia mutated kinase (ATM). The loss of PTEN
activity results in hyper-activation of AKT and increase in phophorylation in downstream
targets including GSK3-f proteins.[54-57]

A number of other PH domain containing proteins are also frequently activated and
do proper functioning through the PI3K pathway. A cytoplasmic tyrosine kinase, BTK and
ITK are known to specifically interact with PI(3,4,5)P5 lipid through their PH domains and
crucial for B and T cell development. Like AKT protein, BTK also get frequently mutated
and loss their proper activity, resulting a number of disorders including lymphocyte
autoimmunity or allergy/ hypersensitivity and malignancies. Although, the ITK deficiency is
much less in humans but the mutation of functional amino acid residues causes susceptibility
to severe, frequently fatal, Epstein—Barr virus infections. Activated BTK/ITK stimulates a
number of downstream signals including PLC isoenzyme activation, cell proliferation,
apoptosis, survival and differentiation.[57-60] Upon stimulation, PLC enzyme binds to
PI(4,5)P, containing plasma-membrane through its PH domain and hydrolyze the
phosphodiester bond. (DAG). Consequently, it generates two important downstream
signalling molecules, I(1,4,5)Ps [IP3;] and diacyglycerol (DAG). These second messengers
subsequently activate the transcription factors NF-kB and NF-AT through several
intermediate steps and over activation of NF-kB critically promotes the tumour growth. For
these reasons few research groups are involved in developing small molecule which can
specifically inhibit the PIP/PH domain interactions.

In general catalytic domain of AKT, BTK, PLC and others are considered as the
target to develop inhibitors for regulating these enzymes. However, most of the catalytic
domain based inhibitors have several drawbacks. In most of the cases catalytic domains are
high homologous which is accounted for the lack of selectivity. For this selectivity problem,
the small molecules can also regulate the cellular functions of non-targeted proteins. As an

example the development of AKT kinase inhibitors (for catalytic domain) to target and treat
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cancers are effective but experience selectivity problems resulting in an unwanted side
effects, including myelosuppression, skin rash and stomatitis and others. Meanwhile
mechanistic studies demonstrated that highly specific PIP/PH-domain interactions can
regulate activities of the effector proteins. It is also described that small molecules can alter
the protein-lipid interactions, because of the presence of well defined binding pocket of most
of the lipid binding modules of the effector proteins. It is also reported that small molecule
inhibitors for protein-lipid interactions are advantageous over usual approaches due to lower
side-effects and rational design with comparatively simple structures and functions. On the
other hand lipid based drug development is also problematic due to low solubility and
permeability in cellular environment. Recently Prof. Meuillet’s group have successfully been
developed lipid based AKT-PH domain inhibitors, DPIEL which strongly prevents the
membrane translocation and activation as well as reduced phosphorylation level of AKT

protein.[63]

The PH-Domain as a target for synthetic small molecules-

As mention earlier PH domain is unique to AKT and others proteins, which offers selective
advantage among the protein kinases and make the PH-domain an alternative and attractive
drug target. Several natural and synthetic compounds specifically target the PH domains.
These compounds bind with the PH domains through similar mode as of PIP/PH interaction.
Efforts are undergoing to develop selective and potent inhibitors for preventing these PIP/PH
interactions. Here, couple of PH domain targeted synthetic small molecules which are in

clinical trial or used in biophysical study, have been described.

TCN Analogues-

Tricyclic nucleoside (TCN) was developed as an inhibitor for DNA synthesis and also had
antitumor and antiviral activity. Recently, Yang and co-workers demonstrate that this small
molecule selectively interact with AKT without hindering the activities of other A/G/C
family related regulatory pathways, including activation of phosphatidylinositol 3 -kinase,
serum-and glucocorticoid-inducible kinase, phosphoinositide dependent kinase-1, protein
kinase C, protein kinase A, signal transducer and activators of transcription 3 and others.[61]
Considerable inhibition was reported in downstream effects of AKT enzyme, where it acts as
a substrate for more than 20 others proteins. The TCN analogue (Figure 1.5.1), API-2 (1uM)
showed remarkable effect of inhibiting the phosphorylation levels of tuberlin leading to

stabilization and up-regulation of tuberin. Further studies revealed that this potent compound
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potentially inhibits tumour growth in high expressed AKT overexpressing cells in xenograft
nude mice, but fails in low AKT expressing tumour cells. Although, this compound acts as
potential antitumor agent but the use of this compound in clinical trial was limited due to a
number of side effects including hypertriglyceridemia, hepatotoxicity, hyperglycemia and

thrombocytopenia.

OH OH

Figure 1.5.1. Structure of TCN

Benzenesulfonamide and its analogs- Recently, Ahad and co-workers developed a series of
benzenesulphonamide based potent compounds (Figure 1.5.2) which selectively inhibit the
AKT-PH/PI(3,4,5)P; interactions.[62] They developed 47 different benzenesulfonamide
substrates for their study and determine their inhibition ability by SPR based competitive
binding assay and tested the activities of the compounds in human BxPC-3 pancreatic cancer
cell line. However, no significant binding (K; > 50 uM) was observed in case of compounds

with hydrogen atoms at positions R;, Ry, and Rz and an amino or acetamido substituent at R4
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Figure 1.5.2. Structure of Benzenesulfonamide

position, respectively. But remarkable binding (K; ~ 10 uM) was observed with variable

substituent at R; position only. Alkyl substituent at the position R4 of these compound
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showed relatively higher binding affinity for AKT-PH domain that mimic the PI(3,4,5)P;
binding of phosphate group at C-3 by interacting with Arg23, Arg25, and Lys14 residues.

DPI (1-[(R)-2,3-bis(hexadecanoyloxy)propyl hydrogen phosphate]) and its analogs-
Meuillet and co-workers descried a novel strategy to inhibit AKT-PH domain activation by
lipid based inhibitors, DPI and its functional analogs (Figure 1.5.3).[63] DPIs strongly
interact with AKT-PH domain and inhibit the membrane translocation in PDGF treated
mouse NIH3T3 cells. Compounds were designed in such a way that must not have D-3-
hydroxy group in myo-inositol ring, preventing the opportunity of phosphorylation by PI3K.
Among all the DPIs, Molecular modelling and in-silico docking studies showed that DPIEL
(ether lipid analogue) strongly interacts with AKT-PH domain. In vitro binding studies
showed that these potent compounds specifically interact with AKT-PH domains without
disturbing the function of other PH domain containing proteins in cellular environment and
inhibit its function with high ICsy value (ranging from 1.5-27.4 pM) but fells to inhibit a
membrane-bound myristylated-AKT expressed in NIH3T3 cells.

) OH
OH 0COC;gHs; 0COC gH;
HO 5 HO 5
HO O pr O\ P00 o O p O\ -OCOC sty
HO 4 ot HO & on
PI DPI
OH
o OCH 2°Hs
. =
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HO O// oH
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Figure 1.5.3. Structure of DPI and its analogues

PITenins (PITs) and its analogs-

PITenins or PITs (Figure 1.5.4) are a class of non-lipid and non-phosphoinositide based small
molecules with high selectivity for PI(3,4,5)P; binding of the PH domains.[64] In vitro
binding studies and cellular activity studies showed that these potent compounds
significantly inhibit the PI(3,4,5)P3/AKT-PH domain interaction (ICsy ranges from 13.4 to
31uM) and tumour growth. They also reported that these potent compounds selectively

inhibit PI(3,4,5)Ps-dependent PI3K-PDK1-AKT signalling pathway. Among the PITs, PIT-1
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showed significant antitumor activity with perturbation in membrane translocation of AKT

enzyme.
I
NN
OH
Figure 1.5.4. Structure of PITenins (PITs) and its analogues.
Inhibitors of PLC

There are only few inhibitors of PLC enzyme reported so far in various literatures. Neomycin
(Figure 1.5.5A) and U73122 (Figure 1.5.5B) are generally used as inhibitor of PLC enzyme.
Neomycine is a high positive charged (+4.5) polyamine compound.[65] Thus it has large
affinity for membranes with negatively charged lipids (preferentially for
polyphosphoinositides). Therefore, neomycin could block the PLC functions indirectly by
rendering these lipids unavailable as for the substrate to activate their functions. On the other
hand maleimide containing U73122 is widely used as PLC inhibitor in cell study.[66] But
there are no reports whether this potent compound has been studied in molecular level.
Recently Klein and co-workers studied the interaction of U73122 with PLC in a simple, cell-
free, mixed micellar system.[67] Surprisingly, they found out that U73122 compound acts an
activator rather being a inhibitor of PLC enzyme in cell free system. In contrast, U73122 acts
as inhibitor due to block the functions of PLC enzyme indirectly under cellular environment.
The maleimide moiety is highly reactive to thiols, such as cystine residues of cellular
proteins, resulting in covalent modification of a number of sulthydryl groups on hPLCB3

protein.
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Figure 1.5.5: Structure of neomycine (A) and U73122 (B).

Concluding Remarks
Phosphatidylinositol and its seven phosphorylated isoforms are involved in several cellular
signaling processes. Their functions are mediated by a number of proteins specifically lipid
binding domains that tightly regulate by lipid-protein interactions. There are many reports
where lipid-protein interactions have been successfully characterized in molecular level. A
number of in-vitro biophysical studies as well as membrane translocation study in cell have
been employed. Mutational studies provide the idea of exact role of interacting residues as
well as the role of hydrophobic residues in membrane interaction. To date PIP-dependent
membrane binding nature of only eleven PIP-binding domains including conserved region
1(C1) domain, conserved region 2 (C2) domain, phox homology(PX) domain, pleckstrin
homology (PH), Fab1/YOTB/Vaclp/EEA1 (FYVE), AP180 N-terminal homology (ANTH),
Epsinl N-terminal homology (ENTH), PDZ, FERM, BAR and tubby domains have been
thoroughly characterized. Out of several of PIP-interacting proteins only few proteins have
been mechanistically characterized for their membrane binding properties. Therefore,
mutational study is the key step to characterize the lipid-protein interactions. Here we have
successfully characterized the membrane binding properties of Tks5-PX and Lpd-PH domain.
Mutational study as well as other biophysical studies including FRET-based competitive
binding study, SPR and monolayer study demonstrate the PIP-binding specificity and affinity
and also determine the role of basic residue and the hydrophobic residues present at the
binding surface. Cellular localization study is good correlates with our invitro binding study.
Overall, our results demonstrate the mechanistic insights into the PIP-binding properties of
Tks5-PX domain and Lpd-PH domain.

On the other hand deregulation of lipid-protein interactions and their functions led to
a number of disorders including cancer. PI3K pathway, which is associated with AKT

signalling, is considered as an attractive drug target because of its numerous roles in cellular
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events that are directly or indirectly related with different kind of disease. Efforts are
underway to develop potent inhibitors for PIP/PH domain interactions. For example,
benzensulfonamide, API, DPI, PITs based small molecules have developed and determined
their inhibition by biophysical methods as well as in cancer cell lines. In this study, we also
developed a series of small molecules which specifically interact with AKT-PH and PLC&%-
PH domain. SPR based competitive binding assay shows that 4-amino-N'"-hydroxy-1,2,5-
oxadiazole-3-carboximidamide moiety-based small molecule antagonists (GPIs) potentially
inhibit the PI(3,4,5)P3;/AKT-PH interactions and the phosphorylation level of AKT decrease
in cellular environment. 1,2,3-triazol-4-yl methanol based small molecules (CIPs) potentially
interact with PLC6-PH domain. SPR based competitive binding study shows that these potent
compounds selectively inhibits the PI(4,5)P,/ PLCd-PH domain interactions and displaces the
PLC6-PH domain from the membrane in cellular environment. Overall, our studies
demonstrate that these compounds could interact with the PIP-binding PH-domains and
inhibit their membrane recruitment. These studies also illustrate the feasibility of further
development of 4-amino-N'-hydroxy-1,2,5-oxadiazole-3-carboximidamide and 1,2,3-triazol-

4-yl methanol moiety-based small molecule antagonists of PIP-signalling.
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Chapter 2

Characterization of Phosphatidylinositols-Binding of Tks5-Phox Homology

Domain and Role of its Hydrophobic Residues in Membrane-Binding

In this chapter, we describe a through mechanistic investigation of PIP induced membrane
binding of Tks5-PX domain. Differential PIPs binding properties was quantitatively
determined by FRET based competitive binding assay, kinetics SPR measurements,
monolayer penetration analyses. Biological significance of their PIP binding parameters was
tested by cellular localization studies in A549 cancer cells. All together the results lead us to
propose new membrane docking mechanisms that provide insights into membrane interacting

and translocation mechanism of the Tks5-PX domain and precise role of PI(3)P and PI(3,4)P,

'
“&t

in membrane binding of Tks5-PX domain.

Membrane

Localized at the membrane
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Chapter 2

2.1. Background and Focus of the Present Work

It is well documented that occurrence and increase of distance metastasis is the most
important reason of cancer cell motility and mortality. The enhanced motility of malignant
tumor cells allows them to invade adjoining tissues through podosomes/invadopodia, a
protrusive membrane structure. Hence, preventing the spread of cancer cells is considered as
an alternative therapeutic approach for the treatment of various types of cancers.[1-5] The
invadopodia formation by the cancer cells also promotes cell migration along with
extracellular matrix degradation. Tks5 (tyrosine kinase substrate 5) is one of the essential
proteins that assists the invasiveness of cancer cells and also progression of different diseases
like Alzheimer’s, inflammation and others.[6, 7] Cooperative action of tyrosine kinase
substrate with five Src homology 3 domains (Tks5) and Src tyrosine kinase promotes
extracellular matrix degradation by the cancer cells. It is important to mention that the
expression level of TksS is very high in cancer cells in comparison with normal cells.[3, 6, 8,
9l

Tks5 was first recognized as a Src adaptor protein and crucial for the linking cell
surface receptors to the effector proteins for biological relevance. It acts as a scaffolding
protein and interacts with both proteins and lipids.[10] Tks5 protein contains one amino-
terminal phox homology (PX) domain followed by five SH3 domains, several polyproline-
rich motifs and a number of probable phosphorylation sites.[11] It is reported that the PX,
SH3 and several polyproline rich motifs of Tks5 protein are involved in lipid-protein and/or
protein-protein interactions.[12, 13] Among five SH3 domains of Tks5, two amino-terminal
SH3 domains are important for association with other SH3 domains containing novel
binding partner, like Ras/Rho guanine nucleotide exchange factor, Son of sevenless-1(Sosl)
and metalloproteins like ADAM12 and ADAM19.[14, 15] Neurotoxic effect of amyloid 3
peptide in Alzheimer’s disease is directly related with the interaction of carboxy-terminal
SH3 domain of Tks5 and ADAMI2 protease. This interaction may regulate t he enzymatic
activity of ADAM proteases. Tks5 also acts as an organizer protein that allows NOX1- or
NOX3- dependent reactive oxygen species (ROS) generation and ROS localization.[16]

It is well documented that Tks5 is a cytoplasmic protein but it localizes to podosomes
in Src-transformed and various cancer cell lines. Tks5 is required for podosome formation
and PX domain is crucial for its podosome localization.[6, 13, 17] Homology sequence
alignment shows that like other conventional PX domain containing proteins Tks5-PX
domain also contains several conserved regions, including a proline-rich stretch and a number

of basic residues with overall hydrophobic character. It has highest amino acids sequence
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homology with two cytosolic subunits (p40P"™* and p47°"*) of NADPH oxidase.[18] In
general, PX domains are found in combination with protein binding SH3 domains and the
host proteins are involved in cell signaling, (phospholipase D (PLD), PI 3-kinase (PI3K) and
cytokine-independent survival kinase (CISK)), membrane trafficking (i.e., Mvplp, Vps5p,
Vam7p, Bemlp, Grd19p, sorting nexins (SNXs)) and others. Phosphorylated derivatives of
phosphatidylinositol like phosphatidylinositol 3-phosphate (PI(3)P) and phosphatidylinositol
3.,4-bisphosphate (PI(3,4)P,) are their most common lipid binding partner of PX domains.[11,
18, 19]

Recent studies pointed out that Tks5-PX domain interacts with PI(3,4)P, lipid
molecules. In Src-transformed cell lines Tks5 is localized in the membranes during
invadopodium maturation phase, but not in initiation phase in breast carcinoma cells.[8]
P1(3,4)P,-dependent membrane recruitment of Tks5 protein through its PX domains is
essential for its Src-dependent invadosome localization and its biological activities.[1, 6]
Recruitment of Tks5 protein by both PI(3,4)P, lipid and Grb2 protein incite the actin
polymerization at the invadosome.[20] It is also mentioned that green fluorescent protein
fused-PX domain of Tks5 protein localized to discrete cytoplasmic punctate like structures in
normal fibroblast cells, which indicates its PI(3)P binding capabilities.[3, 12] Hence, PIP-
binding of the Tks5-PX domain plays an important role in cellular functions of Tks5 protein
in different cellular conditions or diseases states. PIP binding specificities of Tks5-PX
domain was earlier determined by protein-lipid overlay assay, this makes it difficult to
quantitatively measure its PIP-binding specificity and affinity and predict which PIP will
have stronger binding affinity for Tks5-PX domain under a certain condition. In spite of well
documented structural function relationship studies of Tks5-PX domain, a through membrane
recruitment mechanism has not been described yet. In general weak-nonspecific electrostatic
interactions between anionic lipids like phosphatidylserine and cationic groove of the protein
allow PX domains to interact with the membrane and then specific PIP binding and/or partial
membrane penetration allow them to reside at the membrane for activation of the host
proteins, signal transduction and other biological functions.[9] PIP binding protein modules
generally contain a large number of cationic residues. As a result PIP-binding to these
cationic grooves generates electrostatic potential alteration and/or neighbouring
conformational changes, which allow these protein modules like PX domain to penetrate the
membrane. The PX domain of p40°"™ and p47°™*, KIF16B and other proteins are known to
significantly penetrate the membrane in PIP-dependent manner due to the presence of

hydrophobic residues close to their PIP binding sites.[11, 18, 19, 21] For this reason
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membrane penetration measurement along with quantitative PIP-specificity determination is

essential to understand their membrane interaction mechanism.

2.2 Results and Discussion

PIP Binding Properties of the PX Domain of Tks5:

The PIP-binding capability of Tks5-PX domain was recently mentioned by a qualitative
protein-lipid overlay assay with higher binding affinity for PI(3,4)P, and PI(3)P lipids.
Further inspection of reported PIP-array data revealed that Tks5-PX domain also bind to
other PIPs but with less affinities.[12] However, the PIP binding affinity and specificity of
the PX domain of Tks5 has not been quantitatively determined to understand the detail
mechanism of PIP dependent-membrane binding properties of Tks5. This creates doubt in
describing definite PIP-binding partner of Tks5-PX domain, during different cellular
conditions/diseases states. In this regard, we quantitatively determined the binding properties
of Tks5-PX domain to liposomes containing different PIPs (PC/PE/PS/PIP (57:20:20:3)) by
fluorescence resonance energy transfer (FRET)-based competitive binding assay and surface

plasmon resonance (SPR) analysis.

Fluorescence Resonance Energy Transfer-Based Competitive Binding Assay— We used
a FRET-based competitive binding assay for quantitative measurement of PIPs binding
affinities and specificities of the Tks5-PX domain under liposomal environment
(PC/PE/PS/dAPE/PIP (57:19:20:1:3)). Phytic acid (IPs) was used as competitive inhibitor for
this assay.[23, 24] Surface exposed Trp-residue (W32) of the Tks5-PX domain act as the
FRET donor, and a low density of membrane-embedded dansyl probe of the dPE lipid serve
as the acceptors. Displacement of Tks5-PX domain from its PIP-specific membrane bound
state to the bulk phase by IPg, results in decrease in FRET signal in a concentration-
dependent manner. Figure 1A illustrates representative isotherms of the protein-to-membrane
FRET assay in the presence of IPs as competitive inhibitor. Apparent inhibitory constant

[Ki(IPs).pp] values calculated for different PIP containing liposomes are listed in Table 2.2.1.

Surface Plasmon Resonance Analysis— We also quantitatively measured the binding
affinities and specificities of the PX domain to the liposome containing P1(3,4)P, and PI(3)P
lipids (PC/PE/PS/PIP (57:20:20:3)) using real-time SPR analysis.[22] The protein was passed
over the liposome-coated L1 sensor chip at a flow rate of 30 pL/min and real-time

measurement of association and dissociation phase was used to measure the binding affinity
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values.[23] Figure 2.2.1B and 2.2.1C describes representative SPR sensorgrams for binding
of Tks5-PX domain to PC/PE/PS/PI(3,4)P, (57:20:20:3) and PC/PE/PS/PI(3)P (57:20:20:3)
liposomes. The association (k,) and dissociation (23) rate constants and binding affinities for
protein-membrane interaction can be easily determined and compared using 1:1 binding
model with one-step binding pattern (P + M — PM).(22) K; values calculated various PIP

containing liposomes are listed in Table 2.2.1.
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Figure 2.2.1. Competitive displacement assay for Tks5-PX domain (1 pM) bound to PC/PE/PS (60:20:20) and
PC/PE/PS/PIP (57:20:20:3) liposomes. The bound complex was titrated with the IP¢ as competitive inhibitor
(A). Kinetic SPR sensorgrams for Tks5-PX domain interacting with the PC/PE/PS/ P1(3,4)P, (57:20:20:3) (B)
and PC/PE/PS/PI(3)P (57:20:20:3) (C) liposomes immobilized of sensor chip L1. A 20 mM HEPES buffer at
pH 7.4 containing 160 mM KCI, was used for all measurements. The SPR sensorgrams are shown after
background correction for binding to the control surface coated with PC/PE/PS (60:20:20) liposome and BSA
(40 pL of 0.1 mg/mL in the running buffer). Flow rate was kept at 30 pL/min.

Calculated Ki(IPg)app and Ky values of the Tks5-PX domain showed that Tks5-PX
domain have stronger binding affinity for PI(3,4)P, and PI(3)P lipids and their binding
affinity difference is negligible. The Ki(IP¢)app values for PI1(3,4)P, and PI(3)P lipids are 470
and 422 pM, respectively. Results revealed a weak affinity for PI(4)P and PI(5)P but little or
no affinity for other PIPs. The measured K, values (from SPR analysis) of Tks5-PX domain
for PI(3,4)P, and PI(3)P lipids are 2.87 and 3.43 nM, respectively. Our FRET analysis with
PC/PE/PIP (77:20:3) liposomes also showed similar PIP-binding pattern, suggesting that
selective PIP-binding is crucial for membrane interaction of Tks5-PX domain. A similar
pattern of PI1(3,4)P, and PI(3)P binding affinity and specificity was observed for liposomes
with different PIP concentration. Therefore our FRET and SPR analysis quantitatively
measure the PIP binding affinity and specificity of Tks5-PX domain, which provide a new
insight into how this PX domain would respond to both P1(3,4)P, and PI(3)P more effectively

than other PIPs in different cellular conditions.
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Identification of the PIP-binding Site of the Tks5-PX Domain:

To understand how PI(3,4)P, and PI(3)P lipids interact with the PX domain of Tks5, we first
generated in silico model structure and designed mutated PX domains for further quantitative
binding analysis. A multiple sequence alignment of the Tks5-PX domain with p47-, p40 and
other PX domains was also performed to find the sequence conservation, structural
relationship and PIP binding properties. The model structure of PX domain of Tks5 was
generated using the maximum homologues sequence as template by Modeller 9v7 software.
Suitable templates were chosen by blasting the Tks5-PX protein sequence into protein data
bank of NCBI using PSI-blast and blast the same sequence into the structure prediction meta-
server. In both cases it was found that p47-PX (PDB code: 1kq6) showed highest amino acid
sequence homology with the Tks5-PX domain (Figure 2.2.2). To generate the energy
minimized suitable structure we followed the following path: two models were generated
using two different softwares to get maximum quality model. Initially the model quality was
verified using PROCHECK online server. Then all models were energy minimized by Swiss
PDB VIEWER 4.0.1 (Swiss Institute of Bioinformatics, Switzerland) and again checked the
structural quality of the model by the PROCHECK

Table 2.2.1. Apparent inhibitory constants [Ki(IPe)app]l for Tks5-PX domain binding to
PC/PE/PS (60:20:20) and PC/PE/PS/PI (57:20:20:3) liposomes determined membrane-to-

protein FRET analysis®
Liposome Ki(IP6)app (LM)
PX-WT PX-R42A/R93A
PC/PE/PS 61 £8 47 =11
PC/PE/PS/PI(3)P 422 £ 11 22+3
PC/PE/PS/P1(4)P 151 £9 >
PC/PE/PS/PI(5)P 142 +7 -

PC/PE/PS/P1(3,4)P, 470+ 19 677
PC/PE/PS/ PI(3,5)P, 745

PC/PE/PS/ P1(4,5)P, 795 -
PC/PE/PS/P1(3,4,5P; 90%5 -

*All measurements were performed in 20 mM HEPES buffer at pH 7.4 containing 160 mM KCI. IPs was used as
inhibitor of membrane-to-protein interactions. Protein, 1 uM. Values represent the mean = SD from triplicate

measurements.
program. To determine the location of PIP binding site, we inspected the surface electrostatic
potential distribution and homology sequence analysis of Tks5-PX domain and look for
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cationic groove on the surface of the protein. We identified a cationic groove comprising of
R42, R43, K78, R82, R83 and K93 residues, which may be directly involved in interaction
with the head group of anionic PIPs (Figure 2.2.2). The model structure also revealed the
presence of three hydrophobic residues (179, L80 and F81) on the membrane binding surface
of the PX domain surrounding the PIP binding site. Molecular docking analysis of PI(3,4)P,
and PI(3)P with Tks5-PX domain also suggested that the cationic groove could accommodate
the PIP molecule and the basic residues directly interact with the phosphate groups of PIPs
(Figure 2.2.3). Therefore, we mutated those residues to Ala-residue individually or in
combination and measured their effect on PIP binding properties under similar experimental
condition as of with wild type Tks5-PX domain. Calculated Ki(IP¢).,p and Ky values of the
mutants are summarized in Table 2.2.2 and Table 2.2.3, respectively. The binding parameters
obtained from SPR analyses shows that single mutants R42A, R43A, K78A and R93A
separately showed 1.7 to 11-fold lower binding affinity for both of these PIPs than WT-PX
domain. The results also showed that R42A and R93A mutations plays a significant role in
P1(3,4)P, and PI(3)P containing liposome binding. The double mutant, R42A/R93A shows
significantly lower binding affinity for both PI(3,4)P, and PI(3)P containing liposomes than
WT. Kinetic SPR analysis showed that R42A/R93A mutant

(A) ‘ 1T1 Tks5— (11140 AA)
0 SH3 SH3 | SH3 gl¢
{ 40YRRYSK.....”8KILFRRSHIRDVAVKRLK?®. . .. \ Tks5-WT

(B)

*** i
Tks5-PX HLAYCVQDA IINV'rws SQ. KFF I.MQLLDIFPI 62
p47-PX TFIRHIALLGF va L FHKTL FPI 62
p40-PX Dvusm ADIEE G s FVFVIE KYLI I.|SKL E’GPDS 62

sk kk l ¢¢ P H .t *%*
Tks5-PX GQKDPKQRIIPFLPGKILFRREHIRDV. AVK LKPID VRLPP.I QCPEVFRFF--- 121
p47-PX GAINPE IIP LPAPKWFDG - - - QGTLT, cs LPIKI RCPHLLDFFKVR 121
p40-PX KSSALAC.LP LPLIV.VGVK- - IPALN LPVWVLM‘D-VRIFFY- 121

Figure 2.2.2. A schematic representation of the full-length Tks5 structure (A). Amino-acid sequence alignment
of the Tks5, p47 and p40-PX domains are shown using Clustal X program. PX domain residues forming the

cationic patch and hydrophobic cluster at its base are labelled with red and blue arrows, respectively (B).
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have 51 and 67-fold lower binding affinity for PI(3,4)P, and PI(3)P lipids, respectively than
WT-PX domain under similar experimental conditions (Table 2.2.3). Another double mutant
R82A/R83A also showed only 2.7 to 7-fold lower PIPs binding affinities than WT-protein.
The other double and triple mutants R43A/R93A and R43A/K78A/R93A showed only 4-16
fold lower PIP binding affinity than WT-PX domain (Table 2.2.3). K{(IP¢).,p values also
showed that double mutant R42A/R93A have stronger effect on PI(3,4)P, and PI(3)P lipid
binding abilities (Table 2.2.2). This clearly indicates that both R42 and R93 strongly interact
with the head groups of PI(3,4)P, and PI(3)P lipids.

Table 2.2.2. Apparent inhibitory constants [K;(IPg)app] for Tks5-PX domain and mutants
binding to PC/PE/PS/PI (57:20:20:3) liposomes determined membrane-to-protein FRET

analysis”
Protein PC/PE/PS/PI(3)P  Fold change PC/PE/PS/PI(3,4)P, Fold change
Ki(IPe)upp (uM) 10 KiTP6)app  Ky(IPs),pp (uM) in KiIP6)app
PX-WT 422 £ 11 1 470 £ 14 1
PX-R42A 156 + 18 2.7 345 + 24 1.4
PX-R93A 142 + 15 2.9 147 £ 12 3.2
PX-R78A 150+ 12 2.8 282 £29 1.7
PX-R42A/R93A 22+3 19 67+7 7
PX-R82A/R83A 290 + 14 1.5 180 £ 20 2.6
PX-I79A 110 £33 3.8 144 = 14 £ e
PX-L.8OA/F81A 118 £17 3.6 50+11 9.4

*All measurements were performed in 20 mM HEPES buffer at pH 7.4 containing 160 mM KCI. IPs was used as
inhibitor of membrane-to-protein interactions. Protein, 1 pM. Values represent the mean + SD from triplicate

measurements.

(A)
C“@Q 2 re

|

Figure 2.2.3. Model structure of Tks5-PX domain. Model structure of Tks5-PX domain is shown in ribbon
diagram. Secondary structural units are shown in different colors and labeled. Probable membrane-penetrating

hydrophobic residues are shown in spheres and labeled (A). Surface representations of model structures of
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Tks5-PX-PI(3,4)P, (B) and Tks5-PX-PI(3)P (C) complexes. Red and blue colours indicate negative and positive

potentials, respectively calculated by PyMol software. P1(3,4)P, and PI(3)P are shown in stick representations.

We also determined the role of hydrophobic residues on PIP binding of the PX
domain. The binding parameters obtained from both SPR and FRET analyses show that [79A
and L80A/F81A mutants have significant effect on PIP binding. The mutants 179A and
L80OA/F81A showed 3.6 and 9.4-fold lower binding affinity (Ky values) for P1(3,4)P,, and 3.9
and 3.5-fold lower binding affinity (K4 values) for PI(3)P, respectively than WT-PX domain
under the similar experimental conditions. Ki(IPs).p, values for these hydrophobic mutants
also showed similar effect on PI(3,4)P, and PI(3)P lipids binding affinities (Table 2.2.2).
Collectively, these mutational analyses indicate that R42 and R93 constitute the main PIP
binding site of the protein, whereas other cationic residues, including R43, K78, R82 and R83
are involved in formation of a cationic groove. Therefore, a network of hydrogen bond
interaction between PIP-headgroup and the amino acid residues of the PX domain form a
membrane bound complex. The hydrophobic residues present on the membrane binding
surface also play a significant role in PIP-dependent membrane binding of the Tks5-PX

domain, probably due to their membrane penetration ability.

Effect of PIP Binding on Membrane Penetration of Tks5-PX Domain:

Several studies reported that few PX domains significantly penetrate into the cell membrane
in a PIP-dependent manner.[11, 28] The PIP-binding may induce a considerable change in
electrostatic potential and/or local conformation of the membrane binding surface to allow
PX domain to penetrate into the membrane. Cellular studies reported that TksS localize at the
plasma membrane in Src-transfored cells during invadosome formation in PI(3,4)P;
dependent manner.[3, 4, 29] Therefore, to verify if Tks5-PX domain has membrane
penetrating ability and how PIPs affect its membrane penetration, we determined its lipid-
monolayer (PC/PE/PS/PIP (57:20:20:3)) penetration ability in terms of surface pressure
change. To effectively penetrate a cell membrane the critical surface pressure (m.) of the
protein should be around 31-35 dynes/cm for lipid monolayer.[22] Figure 2.2.4A describes
the interaction properties of the PX domain monolayer composed of different phospholipids.
The results showed that Tks5-PX domain has low membrane penetration ability to PC/PE/PS
containing monolayer with . = 25-26 dyne/cm. However, inclusion of 3 mol% of PI(3,4)P,
and PI(3)P to PC/PE/PS containing monolayer increase the n. value of PX domain to 36-37
and 34-35 dyne/cm, respectively. This clearly suggest that the PX domain could penetrate the
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cell membrane in PI(3,4)P, and PI(3)P dependent manner. PIP-dependent monolayer
penetration ability of the PX domain is additionally supported by the result that the mutation
of indispensable PIP binding resides (R42A/R93A) overturned its PI(3,4)P, and PI(3)P-
dependent monolayer penetration properties. The m. value of R42A/R93A mutant for
PI(3,4)P, and PI(3)P containing monolayers were 27-28 and 25-26 dyne/cm, respectively,
indicates that membrane penetration of Tks5-PX domain significantly contribute to its PIP-
dependent membrane interaction properties. It is also important to mention that membrane
penetration ability of Tks5-PX domain is slightly stronger in the presence of PI(3,4)P, than
PI(3)P containing monolayer. We hypothesize that this differential membrane penetrating
abilities of the Tks5-PX domain could be due to its binding orientation with the PIP

molecules.

Table 2.2.3. Membrane binding parameters of Tks5-PX domain and mutants to PC/PE/PS/PI
(57:20:20:3) liposomes determined by SPR analysis®

Protein PC/PE/PS/P1(3)P Fold PC/PE/PS/P1(3,4)P, Fold
Kq (M) change in K4 (M) change in
K, K,
PX-WT (3.43+0.7)x 10” 1 (2.87+0.3)x 107 1
PX-R42A (9.15 £ 0.4) x 107 2.7 (4.82 +0.6) x 107 1.7
PX-R93A (3.87 +0.9) x 107 11 (1.68 +0.7) x 107 5.8
PX-R78A (3.28 £0.6) x 10 3 (5.10 £ 0.5) x 10” 1.8
PX-R42A/R93A (1.77 £0.9) x 10”7 51.6 (1.93+0.8) x 10”7 67
PX-R43A/R93A - - (1.23+0.6) x 10 4
PX-R82A/R83A (9.22 +£0.5) x 10” 2.7 (1.99 £0.5) x 108 7
PX-R43A/R93A/R78A (543 £0.7) x 10°® 15.8 (1.74 £0.6) x 10 6
PX-I179A (1.34 +0.8) x 107 3.9 (1.05+0.4) x 10 3.6
PX-L80A/F81A (1.23+0.7) x 10 3.5 (2.71 £0.3) x 10 9.4

*All measurements were performed in 20 mM HEPES buffer at pH 7.4 containing 160 mM KCI. Values

represent the mean + SD from triplicate measurements.

Role of Hydrophobic Residues on PIP-dependent Membrane Penetration of Tks5-PX
Domain-

To investigate the role of hydrophobic residues present along the surface of the PIP-binding
site of the PX domain, we measured membrane binding kinetics by SPR analysis and
monolayer penetration properties of the hydrophobic-mutants. It is demonstrated that
membrane association of the peripheral proteins is first induced by nonspecific-electrostatic

interactions, and then short range specific interaction and membrane penetration.[22, 30]
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These results in a slow membrane dissociation rate of the membrane penetrating peripheral
proteins. The model structure suggests that Tks5-PX domain has three prominently
protruding hydrophobic residues, 179, L.80 and F81 residues in the loop region close the PIP-
binding site, suggesting their significant contribution in membrane penetration. It is important
to note that p47°"**-PX domain also has hydrophobic residues, W80 and F81 at the similar
region.[28] Therefore, Tks5-PX domain is expected to be as effective p47P"°*_PX domain in
terms of membrane penetration. To explore whether surface exposed hydrophobic residues
are crucial for membrane penetration and prolonged membrane residence of the PX domain,
monolayer penetration abilities and membrane interaction kinetics of the hydrophobic
mutants and WT-PX domain were compared under similar experimental conditions.
Monolayer penetration data showed that WT-PX domain significantly penetrate
PC/PE/PS/P1(3)P and PC/PE/PS/PI(3,4)P; containing lipid monolayers, but weakly penetrate
PC/PE/PS lipid monolayer (Figure 2.2.4A). The n, value of WT-PX domain for PI(3,4)P, and
PI(3)P containing monolayer were 36-37 and 34-35 dyne/cm, respectively. Figure 2.2.4B
and 2.2.4C clearly demonstrates that L.80OA/F81A mutant lost its monolayer penetration
capability. The =m, value of L80OA/F81A mutant for PI(3,4)P, and PI(3)P containing
monolayer were 26-27 and 28-29 dyne/cm, respectively. This indicates that the LSOA/F81A
mutant has some degree of PIP-dependent membrane penetrating ability, but that may not be
sufficient enough to penetrate membrane-bilayers under physiological conditions. The other
hydrophobic mutant I79A also showed lower membrane penetration abilities. To check
whether these monolayer penetration abilities of the Tks5-PX domain have any effect on
membrane residence, SPR binding isotherms were reanalyzed. To compare membrane
association and dissociation kinetics same concentration of proteins were injected to the L1

sensor chip
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Figure 2.2.4. Interactions of Tks5-PX domain and mutants with monolayers of lipids. Interaction of Tks5-PX

domain with PC/PE/PS (60:20:20), PC/PE/PS/PI(3,4)P, (57:20:20:3), PC/PE/PS/PI(3)P (57:20:20:3) and
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PC/PE/PS/PI(4)P (57:20:20:3) monolayers (A). Interaction of Tks5-PX, R42A/R93A, 179A and LS8OA/F81A
with PC/PE/PS/PI1(3,4)P, (57:20:20:3) (B) and PC/PE/PS/PI(3)P (57:20:20:3) (C) monolayers.

coated with PIP-containing liposomes (PC/PE/PS/PIP (57:20:20:3)). The association rate
constant (k,) values of the proteins showed almost no difference. However, there are
noticeable differences in dissociation rates of I79A and L8OA/F81A mutants in comparison
with the WT-PX domain (Figure 2.2.5). Membrane dissociation kinetics of the WT and
mutants followed 1:1 binding model, hence the k4 values were calculated quantitatively. The
ks values of WT, I79A and L80A/F81A proteins are 1.14 x 10, 3.75 x 10™* and 9.48 x 10"
(M), respectively (Figure 2.2.5). These results suggest that WT-PX domain resides in the
membrane for longer time in comparison with the hydrophobic mutants, which is in
accordance with their monolayer penetration abilities. Partial membrane dissociation of the
hydrophobic mutants could be due to the PIP-induced membrane penetration of the other
hydrophobic residues localized on their membrane-binding surface of the PX domain or their
PIP binding properties. Monolayer penetration measurements also showed that PIP-mutant,
R42A/R93A significantly lost its membrane penetration capabilities. This implies that both
specific PIP-binding residues and membrane penetrating hydrophobic residues present on the
membrane binding surface are necessary for its PIP-dependent membrane binding and
neighbouring-hydrophobic residues containing loop region essentially participate in

membrane binding.

Both basic and hydrophobic residues are important for subcellular co localization of
TksS- To investigate if the cellular membrane targeting activities of Tks5-PX domain are
administered by their membrane binding properties under cellular environment, we examined
PIP-mediated subcellular localization of GFP-fused Tks5-PX domain. Most of the PX
domain, are localized in endosome and/or plasma membrane due its high binding specificity
and affinity to PI(3)P and PI(3,4)P; lipids.[19, 28, 31, 32] It has been reported that PX
domain of Tks5 localized to the punctuate structures in normal NIH3T3 cells, whereas in Src-
transformed cells Tks5-PX domain co-localized with F-actin and assist in forming semi circle
or dot like structure known as podosome.[3, 12] To examine the localization of wild type
Tks5-PX in non-Src-transformed A549 cells, we transiently co-transfected GFP-fused PX
domain along with RFP-fused tandem FYVE domain of Hrs protein, a specific cellular
marker of PI(3)P lipid.[27] Tandem FYVE domain of Hrs protein generally showed a

punctuate distribution pattern a typical of early endosome localization.[27, 33, 34] The cells
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expressing both GFP-fused PX domain and RFP-fused FYVE domain were selected by visual
inspection. All confocal images of the cells were collected after serum starvation to avoid any
pre-localization at the plasma membrane of quiescent cells. In general more than 70% of cell
population showed the expression of both PX domain and marker. We observed that, in most
of the observed cells (90%) Tks5-PX domain localized to the punctuate structures along with
PI(3)P marker RFP-FY VE protein which is in accordance with previous report (Figure 2.2.6).
[12] This punctuate distribution pattern was not observed for EGFP alone in A549 cells (data
not shown). This clearly suggest that the isolated PX domain strongly interact with the PI(3)P
lipid. We also examine the localization pattern of EGFP-fused Tks5 full length protein in
fixed A549 cells. However, Tks5 full length protein showed predominantly cytoplasmic
distribution which is in good agreement with previous reports (Figure 2.2.6A).[12] This
localization pattern of Tks5 full length protein clearly suggests that its PX domain is not

accessible for interaction with PI(3)P lipid.
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Figure 2.2.5. Kinetic SPR sensorgrams for Tks5-PX and mutants, L8OA/F81A, I79A and R42A/R93A
interacting with PC/PE/PS/P1(3,4)P, (57:20:20:3) (A) and PC/PE/PS/PI(3)P (57:20:20:3) (B) liposome. A 20
mM HEPES buffer solution, pH 7.4, with 0.16 M KCl, was used for all measurements.

Then, to examine the importance of PI(3)P-binding basic residues and membrane
binding hydrophobic residues on its cellular localization pattern, we co-transfected GFP-
fused PX domain mutants and RFP-fused tandem FYVE domain of Hrs protein in normal
A549 cells.[8] It was observed that colocalization or the enrichment of PX domain mutants in
subsequent membrane is greatly affected. The R42A/R93A mutant, which showed much
reduced PIP-affinity exhibited predominantly cytosolic distribution under the similar

conditions (Figure 2.2.6F) and expression of R42A/R93A mutant in A549 cells did not
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change the cellular distribution pattern of tandem FYVE domain. However, the effects of
other PIP-binding mutants on cellular localization pattern were not that obvious. The mutants
R42A, R93A and K78A showed both early endosome and cytoplasmic localization but with
different extents. This clearly suggest that the R42 and R93 residues of the isolated PX
domain strongly interact with the PI(3)P lipid, whereas other positively charged present with
the binding site assist PX domain to interact with the PI(3)P lipid. To understand the
physiological significance of hydrophobic residues the PX domain in membrane binding and

penetration, A549 cells were transfected with GFP-fused hydrophobic mutants I79A and

A.EGFP-Tks5-FL and FYVE-RFP colocalization E. EGFP-Tks5-PX-R78A and FY VE-RFP colocalization
B.EGFP-Tks5-PX and FYVE-RFP colocalization F. EGFP-Tks5-PX-R42A/R93A and FY VE-RFP colocalization
C. EGFP-Tks5-PX-R42A and FY VE-RFP colocalization G. EGFP-Tks5-PX-I79A and FYVE-RFP colocalization

D. EGFP-Tks5-PX-R93A and FY VE-RFP colocalization H. EGFP-Tks5-PX-L80A/F81A and FY VE-RFP colocalization

- " . .
P
10um

Figure 2.2.6. Subcellular localization of GFP-fused Tks5-PX domain and its mutants in A549 cells. Confocal
images of fixed A549 cells transfected with RFP-fused tandom FYVE domain of Hrs protein and GFP-fused

Tks5-full length (A), PX domain (B) and mutants of PX domain (C-H). Subcellular localization patterns in
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A549 cells represents > 70% of cell populations that express similar levels both RFP-fused tandom FYVE

domain of Hrs protein and GFP-fused Tks5-PX domain or mutants. Scale bars indicate 10 pm.

L80OA/F81A, which showed significantly reduced membrane penetrating capability with
moderate PIP-binding affinity. The cellular localization pattern clearly showed that the
hydrophobic mutants predominantly localize at the cytoplasm. This support the findings that
surface exposed hydrophobic residues of Tks5-PX domain are critical structural determinant
of its endosomal localization.

Since PI(3,4)P; is reported as a lipid binding partner of the Tks5-PX domain in Src-
transformed cells [3, 4] and essential for invadosome formation, we investigated P1(3,4)P,
mediated subcellular translocation of PX domain and mutants upon platelet-derived growth
factor (PDGF) stimulation in non-Src-transformed A549 cells. PDGF is reported to generate
P1(3,4)P, at the plasma membrane.[22] Cells were fixed 5 min after PDGF (50 ng/mL)
treatment. The confocal images showed that PX domain is localized to early endosomes in
serum starved cells and localized to plasma membrane upon stimulation with PDGF (Figure
2.2.77B). The PIP-binding mutant R42A/R93A showed predominantly cytoplasmic
distribution even after PDGF treatment (Figure 2.2.7C). The hydrophobic mutant

L80OA/F81A showed partial membrane localization after PDGF stimulation which is

A. EGFP-Tks5-PX before PDGF addition

B. EGFP-Tks5-PX after PDGF addition (5 min)

C. EGFP-Tks5-PX-R42A/R93 after PDGF addition (5 min)

D. EGFP-Tks5-PX-L80A/F81after PDGF addition (5 min)

Figure 2.2.7. Membrane translocation of GFP-fused Tks5-PX domain and mutants in response to PDGF
treatment in A549 cells. Confocal images of A549 cells transfected with Tks5-PX domain and mutants (A-D).

Cells were first serum starved for 4 hours and then fixed 5 min after stimulation with 50 ng/mL of human
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PDGF-BB. Subcellular localization patterns represents > 75% of cell populations that express similar levels of

GFP-fused Tks5-PX domain or mutants.

consistent with their liposome binding patterns (Figure 2.2.7D). Overall, our results show that
cellular localization patterns of the wild type and mutant PX domain of Tks5 are in
accordance with their binding affinity for PI(3)P and PI(3,4)P, containing liposomes and
more importantly PIP-dependent membrane penetration is crucial for its cellular localization

patterns.

Discussion

It 1s well documented that Tks5 localizes at the cytoplasm of the normal fibroblasts cells and
at the invadosomes in Src-transformed and cancer cells.[3, 8] The mechanism by which Tks5
regulates invasiveness of cancer cells also has been thoroughly investigated. The interaction
of PX domain of Tks5 with PIPs is crucial for its cellular activities and localization.
Evidences suggest that PI(3,4)P; is crucial for the co-localization of Tks5 protein with its
protein binding partners at the invadosomes.[3] It is also mentioned that isolated Tks5-PX
domain may be able to bind to PI(3)P at the endosomal membranes.[12] However, it is still
remain unclear how the Tks5-PX domain is recruited to the cellular membranes. Reported
PIP specificity and selectivity of Tks5-PX domain were also qualitative.[12] In this regard,
present study describes quantitative PIP-binding parameters and a through cellular membrane
binding mechanism of isolated Tks5-PX domain. It also provides strong evidences for
PI(3)P-dependent endosomal localization of isolated Tks5-PX domain.

Our FRET-based competitive binding assay and SPR analyses clearly showed that the
isolated Tks5-PX-WT domain strongly interacts with PI(3,4)P, and PI(3)P lipids with almost
similar binding affinities through the same binding pocket. The binding specificities of Tks5-
PX domain are in good agreement with the reported one.[12] Although, most of the PX
domains prefer to interact to PI(3)P, whereas interaction of PI(3,4)P, is very rare.[11, 21]
This anomaly may be due to the presence of different cationic residues within the PIP-
binding site of the Tks5-PX domain. Homology sequence alignment showed that Tks5-PX
domain is closely related to the p47 "*-PX domain, which shows strong PI(3,4)P, binding
properties.[18, 28] Slight preference of the PX domain for P1(3,4)P, over PI(3)P lipid may be
due to the additional interaction of basic residues with D4-phosphate group. Model structure
and homology sequence alignment identified that the R42, R43, K78, R82, R83 and R93

residues are probable PIP-binding residues of the PX domain. Our molecular docking
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analysis predicted that R93 directly interacts with the D3-phosphate whereas D4-phosphate
involves in interaction with R42 followed by K78 interaction with DI1-phosphate of the
inositol ring. Mutations of these residues significantly lower the PIP-binding affinities of the
PX domain. SPR based binding affinity calculation showed that R93A mutation showed 11-
and 5.8-fold binding affinity difference for PI(3)P and PI(3,4)P, lipids, where as R42A
mutation showed 2.7- and 1.7-fold binding affinity difference for PI(3)P and PI(3,4)P, lipids,
respectively. Whereas double mutant R42A/R93A showed 51.6- and 67-fold binding affinity
difference for PI(3)P and PI(3,4)P, lipids, respectively. In addition, other basic residues like
K78, R43, R82 and R83 are also responsible for such stronger PI(3)P and PI(3,4)P,-binding
properties of the PX domain. This strongly suggested that R93 and R4?2 preferentially interact
with the D3- and D4-phosphate group, respectively, which is in accordance with the
molecular docking analysis results.

Consistent with these findings, a significant portion of GFP-fused Tks5-PX-WT is co-
localized with RFP-fused tandem FYVE domain in A549 cells. Hrs-FYVE domain is known
as cellular marker of PI(3)P lipid. A punctuate distribution of PX and FYVE domains
associated with early endosomal membranes was observed.[12] This co-localization is
disrupted by mutation of PIP-binding residues. The double mutant R42A/R93A showed
predominantly cytoplasmic distribution of PX domain. Therefore, PI(3)P binding is primarily
responsible for the endosomal localization of isolated PX domain of Tks5 in A549 cells. On
the contrary, full-length Tks5 protein showed predominantly cytoplasmic distribution pattern.
This could be due to the non availability of the surface exposed PIP-binding site of the PX
domain or the entire PX domain for membrane interaction. It is also demonstrated that the PX
domain of Tks5 strongly interacts with its third SH3 domain and Src-dependent
phosphorylation release this intramolecular interaction.[29] The importance of PI(3,4)P,
binding and invadosomal localization of the PX domain of Tks5 in Src-transformed cells has
been already demonstrated.[3, 4, 35] In this regard, rearrangement of the cellular localization
pattern of the PX domain was also investigated upon PDGF treatment, which is known to
produce PI(3,4,5)P3/P1(3,4)P, at the plasma membrane.[22, 36] Isolated PX domain
translocates to plasma membrane of A549 cells upon stimulation with PDGF. Our studies
showed that Tks5-PX domain preferentially bind to PI(3,4)P, over PI(3,4,5)Ps. Hence, PDGF
dependent PI(3,4)P, generation at the plasma membrane could be the driving force for the
plasma membrane translocation. Whereas PIP-binding mutant, R42A/R93A failed to

translocate to plasma membrane even after PDGF stimulation. Hence, PI(3,4)P, binding is
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primarily responsible for the plasma membrane translocation of the isolated Tks5-PX domain
in A549 cells.

Another important finding in this study is the PIP-induced membrane penetration of
Tks5-PX domain, which has not been so far reported. Depending on the extent of membrane
penetration p40P"**- or p47°"*-PX domains are termed as H- or I-type of proteins, whereas
PLD-PX domain is described as S-type of protein.[11] Measurements with low PIP
concentration (3% of the total lipid) showed that both PI(3)P and PI(3,4)P, significantly
enhance the monolayer penetration ability of the Tks5-PX domain and allows only partial
dissociation of Tks5-PX domain from bilayer surface coated on SPR sensor chip. However, a
very weak membrane penetration was observed in the absence of PIP lipids. The n. values of
the PX domain for PI(3)P and PI(3,4)P, containing monolayer penetrations were 34 and 37
dyne/cm respectively. For membrane penetrating proteins the m. values for monolayer
penetration are within the range of 30-35 dyne/cm. PIP-binding mutants, in particular
R42A/R93A showed significantly reduced membrane penetration capabilities. Therefore,
both PI(3)P and PI(3,4)P; lipid would seem to induce the penetration of Tks5-PX domain into
the cell membrane. Monolayer penetration measurements of p47”"*-PX and p40""*-PX and
other domains proteins showed that hydrophobic residues present at the membrane binding
surface allow the PX domain to penetrate into the densely packed lipid monolayer.
Monolayer penetration ability of the Tks5-PX domain was substantially reduced by
hydrophobic mutants I79A and L8OA/F81A. Kinetic-SPR measurements also showed faster
membrane dissociation rate of I79A and L80A/F81A mutants than the Tks5-PX domain,
which is in good agreement with the membrane penetration observation. Therefore, presence
of hydrophobic residues close to the PIP-binding site allows the PX domain to interact
strongly with the membrane. Similar membrane penetration properties were observed for
p47ph°x—PX domain.[28] Thus, Tks5-PX domain would be termed as H-type of protein like
p47ph°x—PX domain.[11] The results also point out that presence of a cluster of hydrophobic
residues (179, L80 and F81) near the PIP-binding site is crucial for adequately strong
membrane penetration capability, as replacement of any of these residues considerably lower
monolayer penetration. However, model structure of the PX domain didn’t show fully surface
exposed hydrophobic residues present at the circumference of PIP-binding site. We
hypothesize that PIP-binding to the cationic groove of the Tks5-PX domain causes a local
conformation change by reducing positive electrostatic potential and allow the hydrophobic
residues to penetrate into the membrane without substantial dehydration penalty. A similar

membrane penetration mechanism was also observed for p47°"*- and p40P"*-PX domains. It
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is important to note that cellular localization pattern of the hydrophobic mutants also show
significant differences with the WT-PX domain. This could be due to PIP-induced membrane
penetration of the PX domain or binding to other proteins under cellular environment.

It is important to note that monolayer penetration data is not in complete agreement
with cellular localization or translocation pattern. The n. values of the L80A/F81A and
R42A/R93A domain for PI(3,4)P, containing lipid monolayer penetration were similar, 27
dyne/cm. However, their binding affinities and cellular translocation patterns are quite
different. This could be due to the different membrane-bound topology of the mutant under
the experimental conditions. The SPR based binding affinity of the WT-PX domain for
PI(3)P and PI(3,4)P, lipids are comparable but monolayer data showed stronger penetration
capability for PI(3,4)P; containing membrane. This could be due to real preference of the
WT-PX domain for PI(3,4)P, over PI(3)P lipid and/or different binding orientation under
monolayer and bilayer environment.

It has been demonstrated that prolonged membrane residence of Tks5 protein is
essential for podosome formation in Src-transfored cells and the presence of PX domain is
critical for its invadosome localization.[3, 4] SPR sensorgrams and monolayer data revealed
that membrane penetration of PX domain mediated by hydrophobic residues present close to
the PIP-binding pocket plays a critical role in membrane residence of Tks5 protein from
liposome and cell membranes. Therefore, PIP-binding and PIP-dependent membrane
penetration through 179, 180 and F81 residues of the PX domain would be essential for Tks5-
dependent invadosome formation. In addition, measurement of the depth of membrane
penetration by the PX domain would provide more details about its membrane penetration
and cellular activity; however, it is beyond the scope of this study. Due to the presence of
number of basic and hydrophobic residues at the membrane binding surface the membrane
docking mechanism of Tks-PX domain is little bit complex. We hypothesize that positively
charges residues would allow the PX domain to bind to the membrane non-specifically and
then specific PIP binding and subsequent membrane penetration would allow the PX domain
to interact the membrane strongly. Tks5-PX domain is reported to interact with the SH3
domain [12]; hence protein-protein interaction may also play a significant role in PI(3)P and

P1(3,4)P,-mediated subcellular localization and cellular functions of Tks5 protein.

Conclusion
Overall, present study establishes that both PI(3)P and PI(3,4)P; lipids play a crucial role in

membrane localization and/or translocation of the PX domain of Tks5. SPR and FRET based
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studies systematically compared the PIP-specificity of the PX domain with slight preference
for PI(3,4)P, over PI(3)P lipid. Monolayer penetration measurements revealed PIP-dependent
membrane penetration ability of the PX domain. Mutational analyses describe detail
mechanistic insights of the PIP-dependent membrane recruitment of the PX domain, which
depends on PIP-binding affinity and hydrophobic interactions through a cluster of
hydrophobic residues present close to the PIP-binding site. The membrane binding and
penetrating properties are in good correlation with physiological functions of isolated PX
domain that not only binds to early endosomal membrane but also translocate to plasma
membrane in response to PDGF. The membrane localization of the Tks5-PX domain is

crucial for its cellular activities.

2.3. Experimental Section

Materials- Phosphatidylinositol-3,4-bisphosphate (P1(3,4)P,), Phosphatidylinositol-3,5-
bisphosphate (PI(3,5)P») phosphatidylinositol-4,5-bisphosphate(P1(4,5)P,), and
phosphatidylinositol-3,4,5-triphosphate (PI(3,4,5)P3), phosphatidylinositol-3-
phosphate(PI(3)P), phosphatidylinositol-4-phosphate  (PI(4)P), phosphatidylinositol-5-
phosphate(PI(5)P), phosphatidylinositol (PIP) were purchased from Cayman Chemicals (Ann
Arbor, MI). 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC), 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine (PE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(5-dimethylamino-1-naphthalenesulfonyl) (dPE) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoserine (PS) were purchased from Avanti Polar Lipids. Octyl glucoside was purchased
from Fisher. The Pioneer L1 sensor chip was purchased from Biacore AB (Piscataway, NJ).
Ultrapure water (Milli-Q system, Millipore, Billerica, MA) was used for the preparation of
buffers.

Vector Construction and Mutagenesis— For bacterial expression, the cDNA of human
Tks5-PX domain, and mutants, R42A, R43A, K78A, I79A, R93A, R42A/R93A,
R43A/R93A, R82A/R83A, L8OA/F81A and R43/K78A/R93A were subcloned into the
pGEX-4T1 vector between the restriction sites EcoRI and Xhol with N-terminal glutathione
S-transferase (GST) fusion. The cDNA of EGFP-fused full length Tks5, Tks5-PX was a
generous gift of Professor Sara A. Courtneidge (Burnham Medical Research Institute). For
mammalian expression, Tks5-PX domain mutants were generated by the overlap extension

PCR using forward and reverse primers (appendix Table A4) and subcloned into pEGFP-N1
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vector between the Xhol and Kpnl restriction sites with N-terminus enhanced green
fluorescence protein (EGFP). All constructs were transformed into DH5a cells for plasmid
isolation. All plasmid DNA sequences were verified. GST constructs were transformed into
E. coli BL21 (DE3) cells for protein expression. The cDNA of RFP-fused FYVE domain of
Hrs protein was a generous gift of Professor Junying Yuan (Harvard Medical School).

(A) :

— C )
VNV NN
PCR1
Primer a+b, c+d
AB
—_— CD
+
\ PCR2
Primer a+d
Lu P —
mN_—.—.—_ —r +. AN
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vo mammalian expression vector
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473 kb

%,

—

Figure 2.3.1. Schematic diagram of overlap PCR and subsequent digestion and ligation (A). Representative

agarose gel image of Tks5-PX-R42A mutant.

Protein expression and purification— For protein expression in bacterial system, the GST-
fused wild type Tks5-PX and mutants were individually transformed into BL21(DE3)
bacterial cells, grown into lliter Luria broth containing 100 pug/mL ampicillin at 37 °C with
120 rpm shaking until the absorbance reached approximately 0.7 at 600 nm.[12, 22] Cells
growth was stopped keeping on ice for 10 minutes and added 500 uM isopropyl 1-thio-B-D
galactopyranoside (IPTG) for induction of protein expression. After 14 hr incubation at 24°C,
cells were pelleted down by centrifugation at 5000 X g and 4 °C. Finally the cells were
resuspended by adding 20 mL buffer containing 20 mM Tris, 160 mM Nacl, pH-8, 50 uM
phenylmethylsulfonyl fluoride (PMSF), 2 mM dithiothreitol (DTT) and 0.1% Triton X-100.
The resulting solution was sonicated and centrifuged for 30 min at 4 °C, 48000 X g. Then
supernatant was collected in a falcon tube and incubated 45 min at 80 rpm with 300 ul of
glutathione s-transferase Tag'™ resin (GenScript). The solution was then passed through a

pre-rinsed column. After three times washing with wash buffer (20 mM Tris,160 mM KClI,
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pH 8), 20 mM 1mL reduced glutathione was added. Finally protein was eluted in five
fractions using same composition wash buffer with reduced glutathione. Purity of the proteins
was checked by SDS-PAGE gel electrophoresis (Figure 2.3.2). Buffer of the eluted proteins
were exchanged to 20 mM Tris, 160 mM KCl, pH 8 using a HiTrap desalting column (GE

Healthcare), and protein aliquots were kept at —80 °C until use.

Figure 2.3.2. Representative SDS-PAGE gel of Tks5-PX domain and mutants. Left panel gel image indicates
optimized condition of protein expression in different IPTG concentration. Right panel gel image indicates

purified protein of Tks5 and mutants.

Forster resonance energy transfer-based competitive binding assay- Protein-to-
membrane fluorescence resonance energy transfer (FRET)-based competitive binding assay
was carried out using Fluoromax-4 spectrofluorometer at room temperature.[23, 24] The
qualitative binding affinity and specificity of Tks5-PX domain and mutants to the PIP lipid
was determined by this assay under liposomal environment. Membrane bound PX domain
and mutants were displaced from liposomes by the addition of the competitive inhibitor
inositol hexaphosphate (IPs). The liposomes composed of PC/PE/PS/dPE (59:20:20:1 mol
%)) and PC/PE/PS/dPE/PIP (57:19:20:1:3 mol %)) were used as control and for PIP,
respectively. FRET signals were monitored at Ax = 284 nm and Aep, = 505 nm. The FRET
signal due to PIP-dependent protein binding to the liposomes was corrected with non-specific
fluorescence signal originated from control liposome (PC/PE/PS/dPE) and protein
interactions. The stock solution of IP¢ was titrated into the sample containing protein (1 uM)
and excess liposome (100 uM total lipid) in a buffer solution (20 mM Tris—HCI buffer, pH
7.4, containing 0.16 M NaCl) at room temperature. Plots of protein-to-membrane FRET as a

function of IP¢ concentration were subjected to nonlinear least-squares-fit analysis using eq
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(1) to calculate apparent equilibrium competitive inhibition constants (Ki(IPs).pp) for IPs.
Where, [x] represents the total IP¢ concentration and AF,,, represents the calculated maximal
fluorescence change.[23, 24]

[x]

[x]+ K1(IP6)app

F = AF, ., <1 - ) +C (1)

Kinetic SPR measurements— To measure the PX domain binding affinity and specificity to
the PIPs, we performed a real time surface plasmon resonance (SPR) measurements were
performed (at 25 °C, in 20 mM HEPES buffer, pH 7.4, containing 0.16 M KClI, flow rate of
30 pL/min) using a two channel system. Lipid-coated L1 sensor chip was used in the
Biacore-X 100 (GE Healthcare) systems.[22] Vesicles for SPR analysis were prepared at a
concentration of 0.5 mg/mL in 20 mM HEPES buffer, pH 7.4, containing 0.16 M KCl, and
were vortexed vigorously and passed through a 100-nm polycarbonate filter using an Avanti
Mini-Extruder (Avanti Polar Lipids, Alabaster, AL) according to the manufacturer's protocol.
After washing the sensor chip surface with the running buffer (20 mM HEPES, pH 7.4,
containing 0.16 M KCl), PC/PE/PS/PIP (57/20/20/3) and PC/PE/PS (60/20/20) vesicles were
injected at 5 ul/min to the active surface and the control surface, respectively, to achieve
similar resonance unit values (3500-4500 response units). The levels of vesicle coating for
both surfaces were kept at the minimum that is necessary for preventing the nonspecific
adsorption to the sensor chips.[25] Non-specific adsorption of liposomes was washed out
with 50 mM NaOH, until or unless the RU of the sensorgrams was observed constant. To
minimize nonspecific adsorption the control surface was also coated with 40 uL of BSA (0.1
mg/mL in the running buffer) at a flow rate of 5 uL./min, and equilibrated for 20 min, before
the injection of protein. For kinetic SPR measurements, the sensorgrams were obtained using
five different concentration of each protein, monitoring association and dissociation phase for
180 sec. and 400 sec. respectively. After each experiment, lipid coated surface was
regenerated using 50 mM NaOH. Data were analyzed with BIAevalution 3.0 software to
determine the association (k,) and dissociation (k;) assuming 1:1 Langmuir binding model:
protein (P) + protein binding site (M) on vesicle <> complex (PM).[22, 25] The dissociation
constant [23] value was calculated using the following equation, K4 = k4/k,. Each fitting was
checked their validation by residual plot and x* value. All datas were reproduced three times

to get more accurate means * S.D.
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Monolayer measurements— Ability of Tks5-PX domain and mutants to penetrate the
phospholipid monolayer was measured by using Wilhelmy plate method.[22, 26] All
measurements were performed using a 10 mL circular Teflon trough and Wilhelmy plate
connected to a Langmuir—Blodgett trough (KSV NIMA). A lipid monolayer (prepared in
hexane/ethanol (9:1, v/v)) consisting of desire lipid composition (PC/PE/PS with or without
PI(3) or PI(3,4)P,) was spread onto the subphase of buffer (containing 20mM HEPES, 160
mM KCI, pH-7.4) until the desired initial surface pressure (m,) was obtained. Then it was
allowed to stabilize the signal (for 15 min) and 100 pug of protein was injected into the
subphase through the small hole on Teflon trough. The change in surface pressure (An) at a
constant surface area was monitored for 60 min (with stirring the subphase at 60 rpm). An

was plotted versus 7wy and extra plotted to x -axis, yielding the critical surface pressure (7).

Subcellular localization study— Non-small cell lung cancer A549 cell lines were grown in
RPMI-1640 (Gibco) containing 10% heat inactivated FBS along with penicillin and
streptomycin at 37 °C with 5% CO, under humid condition. The sub-confluent cells (0.5 x 10°
cells/35 mm plate) were seeded on cover-slip one day prior the transfection. For
colocalization sudy, EGFP-fused full length Tks5, Tks5-PX-WT, mutants and RFP-fused
FYVE domain of Hrs protein (PI(3)P marker [27] were transfected in A549 cell line using
polyethylenimin transfection reagent in Opt-MEM media. Media was changed at 24 hours
post-transfection and then cells were fixed after 48 hours of transfection.[12] For PDGF-
mediated stimulation studies of Tks5-PX-WT and mutants were also transfected using similar
methods. Before the treatment with PDGF transfected cells were starved with serum free
medium for 10 hours. Then media was replaced with fresh serum free medium followed by
addition of human PDGF-BB (50 ng/mL) and incubated for 5 minutes. Then cells were fixed
and prepared for immunofluorescence study.[22] Before confocal imaging all transfected
cells were washed three times with phosphate-buffered saline (PBS) and then fixed by using
4% paraformaldehyde at room temperature for 15 min. Then cells were permeabilized with
0.1% Triton X-100 for 10 min. The permeabilized cells were again washed three times with
PBS and then coverslips were mounted with mounting media containing DAPI (Santa cruz
mounting medium) on a glass slide (Blue star). The subcellular localization of the proteins
were observed with a Zeiss LSM 510 confocal microscope with an Axiovert 100 M inverted

microscope operating with a 25 milliwatt argon laser tuned to 488 nm.
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Mechanistic Insights into the Phosphatidyl Inositol Binding Properties of
Pleckstrin Homology (PH) Domain of Lamellipodin (Lpd)

This chapter determines the phosphoinositides binding properties of pleckstrin homology
(PH) domain of lamellipodin (Lpd). To understand their interaction properties we
quantitatively determined the binding parameters of Lpd-PH domain employing a number of
biophysical studies including surface plasmon resonance (SPR), fluorescence resonance
energy transfer (FRET)-based competitive binding assay, monolayer penetration
measurements and cellular translocation study. Overall, these studies demonstrate an insight

into how Lpd-PH domain regulates cellular signals in P1(3,4)P, dependent manner.

Membrane

M _ Locallze at the membrane

5

Lpd-PH domain

Dislodge from the membrane
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3.1. Background and Focus of the Present Work

Perturbation of actin-dependent cell migration and adhesion is associated with malignant cell
metastasis and other diseases. Lamellipodin (Lpd) plays crucial role in actin-dependent cell
migration and adhesion.[1, 2] Recently, cell motility and actin dynamics have been found to
be associated with a group of adapter signaling proteins designated as MRL family (based on
family members MIG-10/RIAM/Lpd), demonstrated to promote lamellipodia protrusion in
fibroblasts.[3, 4] These proteins are recognized as a key convergence point that links
upstream signaling with actin dynamics. It is well documented that Lpd acts as a junction
point between upstream signaling pathways and cytoskeletal remodeling through its
phosphotidylinositols (PIP) binding PH domain and Ras-superfamily proteins binding RA
domain at the plasma membrane.[1, 8] High expression level of Lpd is observed in nerve,
heart, brain, and ovary.[8] Lpd over expression augments lamellipodial projection velocity, a
consequence detected when Ena/ vasodilator-stimulated phosphoproteins (VASP) are over
expressed or stimulated at the plasma membrane. Ena/ VASP proteins also play crucial role in
cytoskeleton rearrangement including migration, adhesion, cell-cell interaction and shape
change. Lpd directly interacts with Ena/VASP via clusters of putative EVH1 binding site and
recruits at lamellipodia and the tips of the filopodia. Pathogens like vaccinia and
enteropathogenic E. coli (EPEC) use Ena/VASP molecules and Lpd as a tool to move them
throughout inter or intra cells.[10, 16, 17] Reduced Lamellipodia formation efficiency was
observed in Lpd knock-down cells but not in Ena/Vasp knock-down cells. This suggests the
importance of Lpd in actin-cytoskelone dynamics. Like other FP4 motif containing proteins,
Lpd also localize and recruits Ena/VASP proteins to the focal adhesion sites. Although, over
expreesion of Lpd is dependent on Ena/VASP proteins but functional localization at the
leading edge is completely independent.[3, 9, 15-18] Lpd is also considered as a potent
therapeutic target for the treatment of cocaine abuse and toxicity for its catalytic activity of
butylcholinesterase.[11, 19, 20] The Lpd is reported to localize at the ruffles in
phosphoinositide 3-kinase (PI3-K) activated cells. The activation of PI3-K in response to
growth factors and insulin stimulation leads to the generation of phosphatidylinositol 3-
phosphate  PI(3)P,  phosphatidylinositol ~ 3,4,5-trisphosphate  [PI(3,4,5)P;] and
phosphatidylinositol 3,4-bisphosphate [P1(3,4)P,].[21] These PIPs also play an important role
in cell motility, signal transduction, membrane trafficking and cytoskeletal dynamics.[22]
Crystal structures of Lpd demonstrate the similar structural building block as MRL

family protein. Like the analogues protein RIAM, Lpd also contain highly charged N-
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terminus Ras-association (RA), pleckstrin homology (PH) domain, coil-coil region and a
number of poly-proline motifs.[3, 5, 8] Furthermore, the C-terminus of Lpd consist proline
rich eight possible SH3 binding sites followed by three profiling and six EVH1 binding sites.
In mammalian system, RA and PH domains cooperatively regulates in both Ras-GTPase
signaling and membrane translocation via RA and PH domain respectively.[6] Further
structural analysis also revealed that Lpd oligomerize through intermolecular coil-coil
interaction. This interaction is important for the recruit of Ena/VASP proteins; thereby
leading to the binding of actin-filaments forming bundles.[5]

Structural analysis showed that like other PH domains, the Lpd-PH domain also
contain a conserved structure comprising of seven B-sheets strands with variable loops,
followed by one a-helix.[10, 12] Characteristically, PH domains exhibit high to-low
specificity for the PIPs containing membrane. Sequence alignment and structure analysis
revealed that Lpd-PH domain contains several positively charged residues on its membrane
binding surface, which might be primarily responsible for its interaction with the anionic
lipids like PIPs. Recent studies demonstrated that the PH domain of Lpd protein moderately
interacts with the PI(3,4)P, and GFP-fused Lpd-PH domain localized at the ruffles in PDGF-
stimulated cells. However, PIP-binding specificities were not measured quantitatively and
PIP-dependent membrane binding mechanism is also known. Therefore, in this study we
present a thorough understanding of the PIP-binding mechanism and PIP-dependent cellular

localization of the Lpd-PH domain.

3.2. Results and Discussion

Phosphatidylinositol specificities of Lpd-PH Domain:

PH domains are one the common membrane binding modules with varying (weak to strong)
affinities for PIP lipids and also involved in regulation of PIP level in different cellular
compartments. PIP-dependent membrane binding of the PH domains serves as a common
membrane translocalization function of the host proteins. RA-PH domain containing proteins
like Grb and others also get anchored into the membrane in a PIP-dependent manner and
facilitate the interactions of RA domain with Ras GTPases, which augments the signaling
events.[6] Few studies already mentioned that Lpd-PH domain weakly interacts with PIPs.
However, conflicting results have been reported regarding its PIP-specificities and binding

affinities. Using various fluorescently labeled PIPs in a fluorescence-polarization assay
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Jinhua Wu and coworkers recently reported that Lpd-cc-RA-PH domain have only lower
affinities for PI(5)P, P1(3,4)P,, P1(4,5)P, and PI(3,4,5)P; lipids (Kj in the range of 29-69 uM).
Whereas Frank B. Gertler and coworkers performed protein-lipid overlay assay and showed
that Lpd-PH domain specifically interacts with PI(3,4)P,.[8, 5] In this regard, we
quantitatively measured the PIP binding affinities and specificity of the isolated Lpd-PH
domain using real time surface plasmon resonance (SPR) measurement and fluorescence
resonance energy transfer (FRET)-based competitive binding analysis under liposomal

environment.

Fluorescence Resonance Energy Transfer-Based Competitive Binding Assay— To
determine the PIP-binding affinities and specificity of Lpd-PH domain, we employed FRET-
based competitive binding assay under the liposomal environment (PC/PE/PS/dPE/PIP
(57:19:20:1:3)). First Lpd-PH domain was equilibrated with liposomes and FRET signal was
collected and then this lipid-protein interaction was perturbed by using competitive inhibitor,
Phytic acid (IP¢) in a concentration dependent manner. The decrease in FRET signal at 505
nm was monitored to measure the apparent inhibitory constant [Ki(IPg).pp] values. Surface
exposed Trp-residue (W22, W31) of the Lpd-PH domain act as the FRET donor, and a low
density of membrane-embedded, dansyl-PE (dPE) lipid serve as the acceptors. Figure 3.2.1A
illustrates representative isotherms of protein-to-membrane FRET-assay. Calculated

Ki(IPs).pp values for different PIP containing liposomes are listed in Table 3.2.1.
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Figure 3.2.1. Competitive displacement assay for Lpd-PH domain (1 uM) bound to PC/PE/PS (60:20:20) and
PC/PE/PS/PIP (57:20:20:3) liposomes. The bound complex was titrated with the P as competitive inhibitor
(A). Representative kinetics SPR sensograms Lpd-PH domain interacting with the PC/PE/PS/PIP (57:20:20:3)
liposomes (B).
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Surface Plasmon Resonance Analysis— For further understanding of the Lpd-PH domain
interactions with different PIPs and measurements of quantitative binding parameters, we
also performed real-time SPR analysis using PIP-containing liposomes (PC/PE/PS/PIPy
(57:20:20:3)). The PIP binding affinities were calculated using both equilibrium- and kinetic-
SPR analyses. For equilibrium-SPR measurements different concentrations of wild type
(WT)-Lpd-PH domain was passed over the liposome-coated L1 sensor chip at a flow rate of
10 pL/min and real-time measurement of association phase was monitored for longer time
(500 sec). Figure 3.2.2B describes representative binding isotherms of equilibrium-SPR
measurements. Protein concentration dependent maximum SPR responses (after 500 sec) are
plotted to calculate the binding affinities (K,;;) and are listed in Table 3.2.1. Figure 3.2.2A

illustrates representative SPR sensorgrams for the binding of Lpd-PH domain to
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Figure 3.2.2. Representative equilibrium SPR sensorgrams for Lpd-PH domain interacting with the
PC/PE/PS/PIP (57:20:20:3) liposomes immobilized on L1 sensor chip (A). PIPs binding isotherms were

generated from the R4 values after 500 sec in a concentration dependent manner (B).

PC/PE/PS/P1(3,4)P;, (57:20:20:3) liposomes. We also performed kinetic-SPR analyses using
PIP-containing liposomes (PC/PE/PS/PIP, (57:20:20:3)). For kinetic-SPR analyses different
concentrations of WT-Lpd-PH domain was passed over the liposome-coated L1 sensor chip
at a flow rate of 30 pL/min and real-time measurement of both association and dissociation
phase was monitored (Figure 3.2.1B). Calculated binding affinities (K;;) and are listed in
Table 3.2.1.

Calculated K;; and K values obtained from the SPR analyses are in good agreement

with the Ki(IPg)., values measured from the competitive-FRET analyses. The binding
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parameters showed that the WT-Lpd-PH domain have sufficiently stronger binding affinity
for PI(3,4)P; lipid. The K,;; and K, values of WT-Lpd-PH domain for PI(3,4)P; lipid are 388
nM and 3.80 x 10-9 M, whereas, the Ki(IP6)app value for PI(3,4)P2 lipid is 460 uM.
However, the binding affinity of Lpd-PH domain for P1(3,4)P, is much weaker that the

Table 3.2.1. Binding parameters of Lpd-PH domain interaction with PC/PE/PS/PIP
(57:20:20:3) liposomes were determined membrane-to-protein FRET analysis and SPR

analyses”
Liposome Lpd-PH WT
Ki(1Pg)app (M) K (nM) K» (M)

PC/PE/PI 37 +8 4886 + 141 -
PC/PE/PS/PI(3)P 74 £7 5716 £ 365 -
PC/PE/PS/P1(4)P 101 = 14 4035 £ 169 -
PC/PE/PS/PI(5)P 46 7 2452 + 115 -
PC/PE/PS/ PI(3,4)P, 460 =32 388 £ 26 3.80 x 10”
PC/PE/PS/ P1(3,5)P, 88+ 14 3309 £ 152 -
PC/PE/PS/ P1(4,5)P, 85 +23 1557 £ 148 2.08x10°
PC/PE/PS/ P1(3,4,5)P; 171 £ 20 1390 £ 143 1.16 x 10

*All FRET measurements were performed in 20 mM Tris buffer at pH 7.4 containing 160 mM NaCl. IP¢ was
used as inhibitor of membrane-to-protein interactions. Protein, | uM was used for FRET analysis. All SPR
measurements were performed in 20 mM HEPES buffer at pH 7.4 containing 160 mM KCI at 25 °C. Protein
concentrations were varied for SPR analysis. Values represent the mean + SD from triplicate measurements. Ky
values were calculated by nonlinear least squares fit analysis of the isotherm using Req = Ry, /(1 + Kqi/P). All
SPR sensorgrams are shown after background correction for binding to the control surface coated with
PC/PE/PS (60:20:20) liposome. Flow rate was kept at 10 and 30 pL/min for equilibrium and kinetic SPR

analyses, respectively.

Tappl-PH domain under the similar experimental conditions. The K;; and K, values for
Tappl-PH domain under similar experimental conditions were 82 nM and 1.31 X 10° M,
respectively. Tappl-PH domain is considered as a cellular marker for PI(3,4)P; lipid. The
Lpd-PH domain also exhibited a moderate binding affinities for PI(3,4,5)P; (~3 fold less),
P1(4,5)P, (~5 fold less) lipids but weaker affinities for other PIPs. However, WT-Lpd-PH
showed dissimilar kinetic patterns. Rate constants (k, and k;) could not be straightforwardly
calculated and directly compared among the PIPs, because the sensograms for kinetic-SPR
analyses for followed complex patterns of either one-step or two-step 1:1 binding models.
The sensograms of WT-Lpd-PH binding to the PI(3,4)P,, P1(4,5)P, and PI(3,4,5)P; lipids
could be fitted using one-step 1:1 binding model. For this purpose, only the qualitative

comparison of kinetic patterns was made for other PIP containing liposomes (Figure 3.2.1B).
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Similar, we also measured the PIP-binding properties of Lpd-RA-PH domain. The Ki(IP¢)app
values showed that like isolated PH domain, RA-PH domain also preferentially bind with the
PI(3,4)P, containing liposome ( 805 uM) but with 1.75-fold stronger affinity (Table 3.2.2).
Therefore, our FRET and SPR analyses clearly showed that Lpd-PH domain have higher
specificity for PI(3,4)P, over

Table 3.2.2. Apparent competitive inhibition constants [Ki(IP¢)app] of Lpd-RA-PH domain

for IPg"
Pl PI(3)P PI(4)P PI(5)P PI(3,4)P, | PI(3,5)P, | PI(4,5)P, | PI(3,4,5)P;
LPD-RA- | 76 £9 122+11 | 105+12 | 119+ 805+36 | 111+27 | 160+24 | 261 £33
PH 11

*All FRET measurements were performed in 20 mM Tris buffer at pH 7.4 containing 160 mM NaCl. IPs was

used as inhibitor of membrane-to-protein interactions. Protein, 1 uM was used for FRET analysis.

other PIPs (Table 3.2.1). Collectively these quantitative binding parameters re-assess the PIP
specificity and affinities of isolated Lpd-PH domain and provide a new insight into how Lpd-
PH domain would respond to PI(3,4)P, formation more effectively than other PIPs under

different cellular conditions.

Identification of the PIP-binding Site of the PH Domain: To identify the amino acids
residues primarily involved in interactions with the PI(3,4)P, lipid, we analyzed the crystal
structure of the Lpd-PH domain (4GN1) and amino acid sequences of the homologous PH
domain (Figure 3.2.3). Surface electrostatic potential distribution calculation showed a
cationic groove near the putative membrane binding surface. Interestingly, we identified a
cationic groove comprising K24, K29, K79 and K96 as a non-canonical PIP binding site like
B-spectrin-PH domain. Whereas another cationic groove comprising K28, K32 and R34
present at the regular canonical PIP-binding site of PH domains (Figure 3.2.4). Therefore,
Lpd-PH domain may interacts with the PIP through the non-canonical binding site like -
spectrin-PH domain, or through regular canonical binding mode (Figure 3.2.4). Detailed
structural analysis of Lpd-PH domain and B-spectrin-PH domain (1BTN) showed that L23
and D25 residues could prevent the PIP-head groups to interact with the Lpd-PH domain
through its canonical binding site. To get initial information about the probable PIP-binding
site, we performed molecular docking analyses with both short chain PI(3,4)P, lipid and

Ins(1,3,4)P; molecule. However, the model structures revealed that both PI(3,4)P, and
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Ins(1,3,4)P5 have almost no preference for either canonical or non-canonical PIP-binding site.
In this regards, we prepared a set of mutants for both the binding sites based on the crystal
structure of the Lpd-PH domain. Cationic residues were mutated to Ala-residue either
individually or in combination and their PI(3,4)P, binding affinities were measured by
competitive-FRET and SPR analyses under the similar experimental conditions. Calculated
binding parameters of the mutants are summarized in Table 3.2.3 and 3.2.4. The K, values

obtained from the SPR analyses show that single mutants K24A, K28A, R79A

VI J,J/ W
LPD-PH VLLEECFC GVLWLKD K.KR FLL PKGK LVCFL LD GQDY¥R 75
RIAM-PH ELLEESFC IIVP L GAL LKE| KRRYFLL PKGKTKT R LACFI FENVNIYYGIQCK 75
MIG-10-PH GFL LKS KKH FVLRP PKSKKPT K. LICLMNL SNQ' GIGWE 62
TAPP1-PH PKPPQDI---AVIKAG.CVK.GAVMKNWKRR FQLDENTI FKSELEKEPLRVIPL KVQECKQSDIM 72
b-SPECTRIN-PH MEGFLNRK-WEAINKKASSR.WH CVINNQEMGF KDAKS AASGIP- PVSLKEAICEVA 66

¥
LPD-PH CI.VL PQI -KK C R GIRIAKYGKI-— 126
RIAM-PH CFVLKHPQI GIRIAKYGKTL- 127
MIG- 10 PH E: HCI IKL IM](R an AIZ MIFKKWLVALRIAKNGAILL 116
TAPP1- RTFYVQADSPEEMHSWIKAVSGAIVAGRGPGRSASSEHPP-- 124
b- SPECTRIN PH LDIKK ------- KKIVFKLRLSDGNEYLFQAKIDEEMNTWIQAIS.A ------- 106
ceeB0.iea80 ... 100....... 10...u... 1200 ceee..

Figure 3.2.3. Amino-acid sequence alignment of PH domains of MRL protein family along with Tappl and p—
spectrin are shown using Clustal-X program. Arrow indicates positions of the mutation.

(A) (B) Canonical

N.on—_can(.anlcal ‘ binding site
bindingsitey & e
€ _“ ) "ﬁ

Canonical
Non-canonical  pindingsite

bindingsite

55

TH -1460_10612207



Chapter 3

Figure 3.2.4. Model structure of ligand-bound Lpd-PH domain based on the crystal structure of mouse LPD-
RAPH domain (4GN1). Surface representations of model structures of Lpd-PH domain docked with Ins(1,3,4)P;

and PI(3,4)P, ligands. The modeled structures were generated using Molegro Virtual Docker, version 4.3.0.

separately showed 2.3-7 fold lower binding affinities for PI1(3,4)P; lipid than WT-PH domain
of Lpd protein. Whereas, double mutants K29/W31A and K32/R34A showed 2- and 24-fold

Table 2.3.3: Apparent inhibitory constants [Kj(IPs)app] for Lpd-PH domain and mutants
binding to PC/PE/PS/PI(3,4)P, (57:20:20:3) liposomes were determined from protein-to-

membrane FRET analysis®

Protein KI(IP6)ElplD (UM) Fold change
PH (WT) 460 = 32 1
PH-K24A 307 £ 20 1.5
PH-K29A/W31A 242 + 31 1.7
PH-K79A 157 =23 2.9
PH-K96A 183 =12 2.5
PH-K28A 120 £ 27 3.8
PH-K32A/R34A 71 £12 5.7
PH-L23R/D25G 539 +39 -
PH-L23R/D25G/K29A | 312 +25 -

*All measurements were performed in 20 mM Tris buffer at pH 7.4 containing 160 mM NaCl. IPs was used as
inhibitor of membrane-to-protein interactions. Protein, 1 pM. Values represent the mean + SD from triplicate

measurements.

Table 2.3.4. Membrane binding affinity (K;>) measurements by kinetic SPR analyses.

Protein k, M'S™ k, (ST Ky (M) Fold change
PH (WT) 430 x 10° 1.62x10* |3.80x 107 1
PH-K24A 1.85x 10" 1.62x10* |8.76 x 107 2.3
PH-K29A/W31A 1.17 x 10* 413 x10* |3.53x10® 8.7
PH-K79A 2.27 x 10* 6.11 x 10" |2.69x 108 7
PH-K96A 3.58 x 10* 484x10° | 1.35%x10” 2.8
PH-K28A 4.30 x 10* 730x10* | 1.70x 108 4.5
PH-K32A/R34A 470 % 10° 440x10"* [9.30x10® 24.5
PH-L23R/D25G 1.15x 10* 2.17%10-5 | 1.89 x 10~ -
PH- 2.03 x 10* 2.14x 10" | 1.06x 108 -
L23R/D25G/K29A

*All measurements were performed in 20 mM HEPES buffer at pH 7.4 containing 160 mM KCIl. Values

represent the mean = SD from triplicate measurements.

lower binding affinities for PI(3,4)P, lipid, respectively that WT-PH domain. Similarly
FRET-analyses also showed that double mutants K29/W31A and K32/R34A have 1.7- and
5.7-fold lower binding affinities for PI(3,4)P, lipid, respectively, than WT-PH domain. Other
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mutants show moderately reduced affinity for PC/PE/PS/PI(3,4)P, liposomes. Collectively,
these mutational data indicate that both K32 and R34 residues strongly interact with the

headgroup of PI(3,4)P; lipid and cationic Lys28, Lys32 and Arg34 constitute the PIP-binding
site of the Lpd-PH domain.

Membrane Penetration of Lpd-PH Domain- PIP-dependent membrane interactions of the
FYVE, PH, PX, and ENTH-domains are associated with frequent membrane penetration due
to adjustment in electrostatic surface potential and/or local conformational changes of the
proteins. However, most of the reported PH domains have no significant membrane

penetration ability. To date, only the PLCd1, Tappl and Dappl-PH domains have been
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Figure 3.2.5. Interaction of WT-Lpd-PH domain with PC/PE/PS (60:20:20), PC/PE/PS/P1(3,4)P, (57:20:20:3)
containing monolayer were measured by Langmuir trough technique (A). Kinetic SPR sensorgrams for WT-
Lpd-PH interacting with PC/PE/PS/PI1(3,4)P, (57:20:20:3) liposome (B). All measurements were carried out in
20 mM HEPES buffer at pH 7.4 containing 160 mM KCl at at 25 °C temperature.

reported to have a significant membrane penetrating activity.[23-25] Cellular studies reported
that PIP-binding of the PH domain and protein binding of the RA at the plasma membrane
plays a significant role in Lpd-dependent upstream cell signalling and cytoskeleton
remodeling. However, it is unclear whether PIP-dependent membrane binding of the PH or
RA-PH domains of Lpd protein is supported by membrane bilayer penetration. Therefore, to
understand the membrane penetration ability of Lpd-PH domain, we measured the surface
pressure of the above wild type Lpd-PH and Lpd-RA-PH domains into the lipid monolayers.
Protein was injected at the sub-phase and the change of surface pressure (Ar) was monitored
against a given initial surface pressure (mp). In general, Az is inversely proportional to my of
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the phospholipid monolayer, and an extrapolation of A vs m yields m,, which specifies an
upper limit of mj that a protein can penetrate. The surface pressure of cell membranes and
large unilamellar vesicles has been estimated to be 31-35 dynes/cm to be able to penetrate
into the cellular membranes. Thus, for a protein to effectively penetrate a particular cell
membrane (or large vesicles), it should have the m, value above this range for the monolayer
whose lipid composition mimics that of the cell membrane. Figure 3.2.5A shows that the =,
values of the Lpd-PH domain for PC/PE/PS (60:20:20 in mol %) and PC/PE/PS/P1(3,4)P,
(57:20:20:3 in mol%) lipid monolayers are 2627 and 29-30 dynes/cm, respectively. This 7,
value indicates that Lpd-PH domain weakly penetrates into the lipid monolayer and this
penetration ability could not be sufficient enough to penetrate into densely packed lipid
bilayers or cell membranes. The inability of Lpd-PH domain to penetrate cell membrane is
further supported by the kinetic SPR analysis (Figure 3.2.5B). The kinetic SPR analyses
indicates that the interaction of Lpd-PH domain with PI(3,4)P, containing liposome follows a
two step dissociation phases with certain conformational changes or other complex

dissociation pathways.

Cellular Translocation of the Isolated PH Domain and Mutants- To explore the
significance of PIP-dependent membrane binding properties of the PH domain and mutants
under cellular environment, we monitored PDGF-mediated translocations of GFP-fused LPD-
full length, LPD-RAPH, LPD-PH and mutants in A549 cells. PDGF is reported to produce
PI(3,4)P, and PI(3,4,5)P5 transiently at the plasma membrane. The cells expressing similar
levels of GFP-fused PH domain/mutants were selected by visual inspections and used for
PDGF-dependent translocation measurements. Serum-starvation was carried out to reduce the
pre-localization of PH domain or mutants at the plasma membrane. Then the serum-starved
cells were treated with 50 ng/mL of PDGF-BB and the confocal images of the fixed cells
were collected (Figure 3.2.6). In general >70% of cell population showed similar behaviours
with respect to membrane translocation of PH domains. Cellular images showed that a
significant fraction of LPD-full length protein or LPD-RAPH and LPD-PH domain proteins
translocated to the plasma membrane in a PDGF-dependent manner in A549 cells (Figure
3.2.6).

To further explore the significance between in vitro membrane binding properties of
LPD-PH domain and their cellular membrane translocation, we measured the cellular
localization pattern of the mutants after PDGF stimulation (Figure 3.2.6). Interestingly, the

membrane translocation property of the PH-K32A/R34A mutant was almost abolished under
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the similar experimental conditions. However, the membrane translocation efficiencies of the
other mutants are not that significant. Although, K29A/W31A, K79A and K28A mutants
showed 3 to 7-fold differences in PI(3,4)P, binding affinities under liposomal environment,
but cellular translocation patterns are not that significantly different under cellular
environment. This also suggest that the PI1(3,4)P,-lipid preferentially interact with the Lpd-
PH domain through its canonical binding site. Overall plasma membrane translocation
behaviours of the PH domain and mutants are in good agreement with our in vitro binding

parameters.

A. EGFP-Lpd-Fulllength before PDGF treatment

B. EGFP-Lpd-Full length after PDGF treatment (5 min)
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Figure 3.2.6. Translocation measurements of GFP-fused Lpd-PH domain and mutants in response to PDGF
treatment.  Translocation of GFP-fused Lpd-full length, Lpd-RAPH and Lpd-PH domain and mutants
individually transfected into A549 cells were measured before (A, C, E, G, I, K, M and O) and 5 min after (B,
D,F, H, J, L, N and P) the PDGF-BB treatments (50 ng/mL).

Discussion- It is well documented that PIPs divergently mediate signalling pathways in a
spatially and temporarily specific manner. Several reports described that most of the PIPs
specifically recruits a number of effectors proteins to respective cellular membranes and play
crucial role in several cellular functions. But there are insufficient studies to understand the
binding nature of signalling molecules that are specifically recruited by PIPs under specific
conditions. The present study describes the in vitro PIP-binding affinity and specificity of
Lpd-PH domain and determines its significance under cellular environment. It also
demonstrates the PIP-dependent membrane binding mechanism of the isolated PH domain.
Our initial measurements of protein-to-membrane FRET-based competitive binding assay
showed that Lpd-PH domain strongly interact with the PI(3,4)P, containing membrane.
However, this PH showed only 2.7 and 5-fold weaker affinities for PI(3,4,5)P; and P1(4,5)P,
lipids containing membranes, respectively. Using SPR analyses, we also found that Lpd-PH
domain has significantly stronger affinity for PI(3,4)P, containing liposomes. Both
equilibrium- and kinetic-SPR analyses showed that PI(3,4)P; binding affinities are 3 to 5-fold
stronger than P1(3,4,5)P; and PI(4,5)P; lipids under the similar experimental conditions. This
binding preference for P1(3,4)P; lipid could be due to the proper fitting of the headgroup into
the cationic groove with preferential interactions for D3- and D4-phosphate groups of the
myo-inositol ring. In order to understand the significance of this invitro PI(3,4)P, lipid
binding preference, we performed cellular translocation studies of the GFP-fused Lpd-full
length, Lpd-RA-PH and Lpd-PH domain proteins in A549 cells in the absence and presence
of PDGF. Confocal measurements clearly showed that GFP-fused Lpd-PH domain
predominantly translocated to the plasma membrane of the A549 cells upon stimulation with
PDGF. PDGF is known to transiently produce PI(3,4)P,/PI(3,4,5)P5 at the plasma membrane.
This supports our binding parameters measured by both FRET and SPR analyses.

For further understanding of the P1(3,4)P, binding mechanism of the Lpd-PH
domain mutational analysis of the cationic residues were performed. Homology sequence

alignment and the reported crystal structure (PDB code: 4GN1) identified that K24, K28,
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K29, K32, R34, K79, and K96 cationic residues could be the probable PIP-binding residues
of Lpd-PH domain. However, further detailed analysis of Lpd-PH domain crystal structure
revealed that K28, K32 and K34 forms a canonical PIP-binding site of the PH domain,
whereas K24, K29, K79 and K96 residues constitute a non-canonical PIP-binding site for the
Lpd-PH domain like that of B—spectrin protein.[26] Our molecular docking analyses with
short chain (n = 4) PI(3,4)P, and Ins(1,3,4)P5; showed that the PH domain can interact with
both the cationic grooves. Mutational studies of the cationic residues showed their significant
role in PIP-dependent membrane interactions. Kinetics-SPR based binding affinity
calculation showed that K32A/R34A mutation showed over 25-fold binding affinity
difference where as K28 A mutation showed ~5-fold binding affinity difference with the WT-
Lpd-PH domain for PI(3,4)P; lipid binding. Whereas other mutants showed only 2-7-fold
binding affinity difference for PI(3,4)P, lipids. This clearly suggests that K32/R34
preferentially interact with the headgroup of PI1(3,4)P; lipid. Based on our molecular docking
results we presume that D3-phosphate and D4-phosphate preferentially interacts with K32
and R34 whereas K28 could be responsible for its interaction with D1-phosphate of the
P1(3,4)P; lipid. Membrane translocation studies with the mutants showed that the double
mutant K32A/R34A predominantly localize at the cytoplasm in the PDGF stimulated A549
cells. The other mutants showed partial membrane localization under the similar experimental
conditions.

Another significant observation from our PIP-dependent membrane binding studies is
the partial membrane penetration of the Lpd-PH domain in a PI(3,4)P,-dependent manner.
Although our monolayer penetration measurements shows that the monolayer penetration
ability of the Lpd-PH domain get enhanced in the presence of PI(3,4)P; lipid, but the extent
of penetration might not be significant enough to penetrate biological membranes. It is
reported that only few PH domain like DAPP1-PH domain could penetrate into the biological
membrane significantly.[25] Therefore, membrane interaction of Lpd-PH domain takes place
primarily due to specific interactions with the headgroup of P1(3,4)P; lipid.

It is important to mention that there is some considerable discrepancy between our in
vitro PIP-binding affinity data and reported data. Recently, Professor Jinhua Wu and
coworkers determined the PIP-binding specificity and affinity of Lpd-cc-RA-PH domain
using fluorescent polarization (FP) assay and found no specificity. But our biophysical
studies suggest that isolated Lpd-PH domain strongly interacts with PI(3,4)P, lipid which is
in accordance with previously reported PIP-binding speficity measured by protein-lipid

overlay assay. Professor Frank B. Gertler and coworkers also showed that Lpd-PH domain
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localize at the ruffles in PDGF-stimulated Rat2 fibroblasts. Very often this kind of
discrepancy arises due to the binding parameters measured using different experimental
design (e.g fluorometric, lipid dot blot, vesicle-pelleting, SPR and others) and conditions.
Therefore, it is difficult to directly compare with reported affinities data. Our quantitative
measurements of binding affinities and cellular localization studies are well correlated and
were measured thoroughly and systematically. Our in vitro binding studies showed that Lpd-
PH domain preferentially interact with the PI(3,4)P, lipid, over other PI3-kinase products
like PI(3,4,5)P; and PI(3)P lipids. However, both FRET and SPR analyses showed that
PI(3,4)P, had only ~3-fold stronger binding preference over PI(3,4,5)P; lipid. PDGF is also
reported to produce both (3,4)P, and PI(3,4,5)P; lipid at the plasma membrane. Therefore, in
addition to PI(3,4)P,, PI(3,4,5)P; can also assist in membrane translocation of Lpd protein

under different cellular conditions.

Conclusion: Taken together all results in the present study establishes that Lpd-PH domain
strongly interacts with PI(3,4)P; lipid containing membrane without membrane penetration
and is sufficient for membrane localization. In vitro binding studies systematically
determined the PIP-specificity of the PH domain for PI(3,4)P, over other lipids. Mutational
based PIP-binding affinity and specificity measurements demonstrate detail membrane
docking properties of Lpd-PH domain. Our in vitro binding measurements are in good
correlation with the cellular localization of the isolated Lpd-PH domain. This indicates that
the kinetics of PI-mediated cellular membrane recruitment of this PH domain is governed, to
a large extent, by their membrane binding properties. This would also help in account for
different cellular functions and regulation of this protein. Furthermore, our results should
form the foundation of systematic and quantitative assessment of different cellular membrane

translocation properties of a large number of PH domains and their host proteins.

3.3. Experimental procedure-
Materials- As described in chapter 2, section 2.3.

Vector Construction and Mutagenesis- For bacterial expression, the cDNA of Lpd-PH ,
Lpd-RA-PH, Lpd-PH domain mutants, D25G/ L23R, D25G/L23R/K29A, K29A/ W31A,
K79A, K24A, K32A/ R34A. K96A were subcloned into the vector pGEX-6P-1 between the
EcoRI and BamHI restriction sites with N-terminal glutathione S-transferase (GST) fusion.
The cDNA of full length Lpd-PH-GFP and Lpd-RAPH-GFP were the kind gift from Dr.
Matthias Krause (King's College London). Lpd-PH domain mutants were generated by the
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overlap extension PCR using forward and reverse primers (appendix Table AS5)and subcloned
into pEGFP-N1 vector between the Kpnl and Xhol restriction sites with N-terminus enhanced
green fluorescence protein (EGFP). All constructs were transformed into DH5a cells for
plasmid isolation. All plasmid DNA sequences were verified. All GST constructs were

transformed into E. coli BL21(DE3) cells for protein expression.

Protein expression and purification- As described in chapter 2, section 2.3.

FRET measurements- As described in chapter 2, section 2.3.

SPR measurements- As described in chapter 2, section 2.3.

Monolayer penetration measurement- As described in chapter 2, section 2.3.

Cellular translocation measurements- As described in chapter 2, section 2.3.

Molecular docking analysis- Molecular docking was performed using the model structure of
LPD-PH domain using Modeller 9v7. The model structure was generated using the crystal
structure of LPD-RAPH domain (Protein Data Bank code: 4GN1). The energy minimized
three-dimensional structure of ligands was prepared by using the GlycoBioChem PRODRG?2
Server (http://davapcl.bioch.dundee.ac.uk/prodrg/). The GROningen MAchine for Chemical
Simulations (GROMACS) library of three-atom combination geometries employing a
combination of short molecular dynamics simulations and energy minimizations was utilized
for the conversion of 2D molecular structures to 3D structures. Ligand-protein docking was
performed with using the Molegro Virtual Docker software, version 4.3.0 (Molegro ApS,
Aarhus, Denmark). The binding site was automatically detected by the docking software and
restricted within spheres with radius of 15 A. During virtual screening, the following
parameters were fixed: number of runs 10, population size 50, crossover rate 0.9, scaling
factor 0.5, maximum iteration 2,000 and grid resolution 0.30. The docked results were
evaluated on the basis of moledock and re-rank score. The poses were exported and examined

with PyMOL software.
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Inhibition of Phosphatidylinositol-3,4,5-trisphosphate Binding to AKT

Pleckstrin Homology Domain by 4-Amino-1,2,5-oxadiazole Derivatives

In this study, we describe the development of 4-Amino-1,2,5-oxadiazole-based antagonists,
GPIs for PI(3,4,5)P3-PH-domain binding. We determined their inhibitory effect by using
competitive-surface plasmon resonance (SPR) analysis (ICsp ranges from 1.85 to 16.35 uM
for PI(3,4,5)P3/AKT1 PH-domain binding assay). Our studies also demonstrate that the
potent compounds do not show significant cytotoxicity and induce reduction of

phosphorylated AKT expression level in MDA-MB-231 cancer cell lines.
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4.1 Background and Focus of the Present Work

The phosphatidylinositol-3-kinases (PI3K) dependent cell signalling pathway is directly
linked with several human diseases. Upregulation of PI3K-pathway plays an important role in
carcinogenesis, whereas down-regulation is linked with type-II diabetes. In this regard, PI3K-
signalling pathway is considered as potential therapeutic target for the treatment of these
diseases.[1-4] In responses to growth factor and hormone stimulation the PI3K enzyme
phosphorylate phosphtidylinositol-4,5-bisphosphate (PI(4,5)P,) to generate
phosphtidylinositol-3,4,5-trisphosphate  (PI(3,4,5)P3) at the plasma membrane. The
PI(3,4,5)P; generation recruits several proteins to the plasma membrane through their
interaction with lipid-binding modules. The PI(3,4,5)P; signalling is terminated due to the
dephosphorylation of PI(3,4,5)P; by the phosphatase and tensin homolog (PTEN) protein.
P1(3,4,5)P;-dependent membrane association of the lipid binding modules are necessary and
sufficient for activation and proper functioning of the effector proteins, including AKT.
These PI(3,4,5)P; binding proteins are generally cytosolic in unstimulated cells and recruited
to the cellular membranes through PIP-binding module mediated binding to newly generated
PI(3,4,5)P; lipid.[2-6]

To date there are a number of PIP-binding modules, including phox homology (PX),
pleckstrin homology (PH) domain and others that have been reported as binding partners of
P1(3,4,5)P;.[7, 8] PH-domains are one of the systematically characterized PIP-binding
modules and exhibit a broad range of binding specificities. Interestingly, majority of the PH-
domains of the effector proteins bind to the membrane containing PI(3,4,5)Ps, P1(3,4)P, and
PI1(4,5)P, lipids with high affinity. PI(3,4,5)Ps selectively regulates several PH-domain
containing proteins including AKT, GRP and BTK that mediate a wide verity of cellular
process.[9, 10] In particular, the AKT protein plays an important role in cell proliferation,
survival, metabolism and others. Activation of AKT is achieved through PI(3,4,5)Ps-binding
to its PH domain followed by PDK dependent phosphorylation at the membrane.
Intramolecular interaction between lipid binding domain and kinase domain is also important
in maintaining cellular level of the effector protein in its inactive state. For an example, AKT
activation proceeds after PIP-binding at the inner plasma membrane that dislodges the PH-
domain from kinase domain.[11-13]

In general direct inhibition/activation of enzyme through its catalytic domain is
considered as potential approach for drug development. However, the activities of the
enzymes should be systematically regulated in the cells, since direct activation/inhibition

could also incite side-effects by perturbing the other up/down-stream pathways.[14, 15] As
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an example the development of AKT kinase inhibitors (for catalytic domain) to target and
treat cancers are effective but experience selectivity problems resulting in an unwanted side
effects, including myelosuppression, skin rash and stomatitis and others.[15, 16] In the mean
time mechanistic studies described that highly specific PIP/PH-domain interactions can
regulate activities of the effector proteins.[2, 14, 15, 7] It is also described that small
molecules can alter the protein-lipid interactions, because of the presence of well defined
binding pocket of most of the lipid binding modules of the effector proteins. It is also
reported that small molecule inhibitors for protein-lipid interactions are advantageous over
usual approaches due to lower side-effects and rational design with comparatively simple
structures and functions. In this regard, selective PH domains with true lipid specificity

regarded as an alternate approach in designing selective inhibitors for enzymes.[2, 15, 18-20]

Regulations of enzyme activities by inhibiting the PIP/PH domain interactions have
not been considerably described yet. We have recently demonstrated that development of
regulators for diacylglycerol/C1-domain interactions can be considered as an alternative
target to regulate the activities of the PKC enzymes.[21-23] PH-domain targeting lipid-based
drug, 3-deoxy phosphatidylinositol ether lipid (DPIEL) and PHT-427 showed usefulness for
the treatment of cancer.[16-19] PITENINs inhibit the PI(3,4,5)P; binding of AKT1/PDK1-
PH-domains and down-regulate PI3K-PDKI1-AKT1 pathways. PITENINs also inhibit the
membrane localization and PI(3,4,5)P; binding of the ARNO/GRP1 PH-domain due to its
inhibition of ARF6 activation, an important mediator of cytoskeleton and cell motility. The
PITENINs also suppressed tumour growth in a mouse cancer model.[2, 24] Therefore,
inhibition of PIP/PH domain interactions is considered as a potential approach to regulate the

target protein activates.

Design of Oxadiazole Based Small Molecule Inhibitors- In this study, we describe the
development of 4-Amino-1,2,5-oxadiazole-based antagonists, GPIs for PI(3,4,5)Ps;-PH-
domain binding. 1,2,5-Oxadiazole substituents have been used as a building block for several
biologically active small molecules for the treatment of cancer, arthritis and others disorders.
The GPIs are water soluble non-lipid compounds with polyamine functionalities. Our studies
demonstrate that GPIs strongly interact with PH-domain and inhibit the PI(3,4,5)Ps-protein
binding under liposomal environment. These compounds at lower concentrations showed
certain degree of selective inhibitory effect towards different PH-domains used for the current

study. The hydroxyl group and oxadiazole moiety of the compounds play a crucial role in
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Figure 4.1.1: Structures of the compounds (GPIs) used in the present study.

distinguishing the PH-domains. Our studies also demonstrate that the potent compounds do
not show significant cytotoxicity and induce reduction of phosphorylated AKT expression
level in MDA-MB-231 cancer cell lines. Therefore, we developed a new class of nonlipid
antagonist for PI(3,4,5)P;/AKT-PH domain interactions. These results give us strong

encouragement for this PH-domain directed drug discovery strategy.

4.2 Results and Discussion

surface plasmon resonance (SPR)-based competitive binding assay — To screen the
efficiency of the synthesized compounds (Figure 4.1.1) in inhibiting the PI(3,4,5)Ps;/PH-
domain interaction, we used surface plasmon resonance (SPR)-based competitive binding
assay, an practical method for quantitative measurement of binding or inhibition
parameters.[4, 15, 25, 26] SPR measurements were carried out using parallel two-flow-
channel systems and proteins were passed over control channel to active channels (at a rate of
30 pL/min) coated with PC/PE/PS (60:20:20) and PC/PE/PS/PIP (57:20:20:3) liposome,
respectively. Control experiments were performed to remove the effect of non-specific
binding of proteins on the sensor surface and effect of only compound binding on the
liposome surface. PI(3,4,5)P; selectivity of the PH domains were tested using these
experimental conditions. The efficacy of the compounds in inhibiting P1(3,4,5)P;/AKT1-PH
domain interactions was first determined by calculating their percent of inhibition. The
compounds GPI-1 and GPI-4 with 50 uM concentration showed 95% and 92% inhibitory
effect, respectively. The results suggest that compounds GPI-1 and GPI-4 strongly inhibit
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Figure 4.2.1. Screening of PI(3,4,5)P;/AKT1-PH domain (500 nM) interaction selectivity by compounds (50
uM) (A). Surface plasmon resonance sensorgrams of PI(3,4,5)P; binding AKT1-PH domain in the presence of
increasing concentration of compounds GPI-1 (B) and GPI-4 (C). Selectivity analysis (% of inhibition) of the
compounds for PI(3,4,5)P;/AKT1-PH domain inhibition (D). PC/PE/PS/PI(3,4,5)P; (57:20:20:3) and PC/PE/PS
(60:20:20) vesicles were used as active and the control surface, respectively. Values represent the mean = SD

from triplicate measurements

the interaction of AKT1 PH-domain with the PI(3,4,5)Ps containing liposome (Table 4.2.1

and Figure 4.2.1). Whereas, other compounds show moderate competitive inhibitory effect
for P1(3,4,5)P3/AKT1 PH-domain interaction (Figure 4.2.2). For better understanding of their
inhibition efficacies, the SPR-based competitive binding analyses were also performed in a
concentration (0-200 uM) dependent manner (Figure 4.2.1). Relative response unit (RU) of
the sensorgrams for AKT1 PH-domain decreases in the presence of increasing concentration
of the compounds. Calculated ICsy values of GPI-1 (1.85 uM) and GPI-4 (3.23 uM)

suggested strong interaction phenomenon of the compounds with AKT1 PH-domain.
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Table 4.2.1. Relative Inhibitory Activity of the Compounds Measured by Competitive-Surface Plasmon
Resonance Analysis

Compound Relative inhibitory activity (%) 1Cs, values (uM)
AKTI1-PH GRPI-PH BTK-PH AKTI1-PH GRP1-PH BTK-PH
GPI-1 95+3 56+3 40+3 1.85+0.12 2492+1.02 1091 £0.89
GPI-2 54+£2 55£3 - 7.19+£0.26 11.51 £0.69 -
GPI-3 74+£3 595 79+5 8.61+0.21 16.63%0.58 3.18+0.29
GPI4 92 +4 67+3 11£2 323+0.16 11.54+031 46.51+1.59
GPI-5 80£2 - - 16.35 £0.35 - -

Protein, 500 nM; % of inhibition was calculated using 50 uM compound concentration; measurements were
performed in 20 mM HEPES buffer at pH 7.4 containing 160 mM KCl; NM, not measured. Values represent the

mean + SD from triplicate measurements.
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Figure 4.2.2. The inhibitory effects of compounds on the interaction between AKTI-PH domain and
P1(3,4,5)P;. Representative SPR sensorgrams of AKTI-PH domain binding to the PI(3,4,5)P; containing
liposomes in the presence of increasing concentrations of the compounds GPI-2 (A), GPI-3 (B) and GPI-5 (C).
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To determine the selectivity of the compounds in inhibiting PI(3,4,5)P3/AKT1 PH-domain
interaction, we also measured their inhibitory effect on BTK and GRP1 PH-domains, which
are known to interact specifically with the PI(3,4,5)P5 lipids.[9] We also determined the
inhibitory effects of compounds on Tappl and PLCS1-PH domains, which selectively interact
with the PI(3,4)P, and PI(4,5)P; lipids respectively.[9, 11] The ICsy values of GPI-1 and
GPI-4 for Tappl-(28 and 5 puM, respectively) and PLCo1-PH domains (54 and 28 pM,
respectively) were relatively much higher (Table 4.2.2). Therefore, the competitive SPR
analysis suggest that compounds GPI-1 and GPI-4 have certain degree of selectivity towards
PI(3,4,5)P; binding AKT1 PH-domain over other PI(3,4)P, and PI(4,5)P, binding PH-

domains.

Table 4.2.2. Relative Inhibitory Activity of the Compounds Measured by Competitive-
Surface Plasmon Resonance Analysis

Compound Relative inhibitory activity (%) I1Csy values (uM)
Tappl-PH PLC61-PH Tappl-PH PLC61-PH
GPI-1 28 +3 54+6 8.5+0.99 9.6+1.71
GPI-3 18 +2 46 +3 22.1 £2.49 34041
GPI-4 5+2 28 +3 286 + 19.6 34 £3.39

Competitive protein-to-membrane Forster resonance energy transfer analyses-
Competitive protein-to-membrane Forster resonance energy transfer (FRET) analyses were
also performed for further understanding of the selectivity of these compounds GPI-1 and
GPI-4 in inhibiting the PI(3,4,5)Ps/AKT1 PH-domain interactions. Trp-residue (W80)
present at the membrane binding surface of the AKT1 PH-domain can act as FRET donor,
and membrane-embedded dansyl-PE (dPE) serve as the FRET acceptor for this assay. The
FRET-signal at 505 nm wavelength decreased with an increase in compound concentrations.
However, detailed spectral analysis revealed an associated reduction of Trp-fluorescence
signal at 340 nm wavelength (Figure 4.2.3). Control experiment for the change in Trp-
fluorescence signal and dPE fluorescence signal demonstrated that both the compounds
interact with AKT1-PH domain in solution and reduce fluorescence signal at 340 nm
wavelength. Therefore, the reduction in FRET-signal could be primarily due to compound
dependent Trp-fluorescence quenching of the protein and subsequent dislocation of protein
from bilayer surface. Further detail analyses are required to distinguish their respective
contribution in altering the FRET-signal. However, this assay supports that at least a portion

of the compounds in solution specifically interact with the AKT1 PH-domain.
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Figure 4.2.3. Representative protein-to-membrane FRET experiment under liposomal environment. Addition of
increased concentration of compounds, GPI-1 (A) and GPI-4 (B) to AKT1-PH domain (2 pM) bound to the
active liposome (PC/PE/PS/dPE/PI(3,4,5)P; (56/20/20/1/3)) decreases the FRET signal at 509 nm. All the
measurements were performed in 20 mM Tris, pH 7.4 containing 160 mM NaCl. Compound concentrations

were varied from 0 to 70 pM.

Liposome pull-down assay- Liposome pull-down assay was also used for qualitative
determination of the effect of potent compounds on PI(3,4,5)P3;/AKT1 PH-domain
interactions. The binding of GST-tagged AKTI1-PH domain (50 uM) to
(PC/PE/PS/PI(3,4,5)P3 (57:20:20:3)) liposome was determined in the absence or presence of
compounds (50 uM), GPI-1 and GPI-4. The SDS-PAGE gel image showed that the binding
of AKT1-PH domain to PI(3,4,5)P5 containing liposomes was almost completely diminished
by both the compounds, GPI-1 and GPI-4 and AKTI1-PH domain got displaced from

PI(3,4,5)P; containing liposomes under the experimental conditions (Figure 4.2.4).

Compound - - GPI-1 GPI-1 GPI-4 GPI-4
AKT1-PH + + + + + +
PF SF PF SF PF SF

Lane 1 2 3 4 5 6

Figure 4.2.4. Coomassie blue stained SDS-PAGE gel images of liposome binding assay. PC/PE/PS/P1(3,4,5)P;
(57:20:20:3) liposome was used for AKT1-PH domain binding study. Lanes 1, 3 and 5 were liposome bound
fraction and 2, 4 and 6 were unbound fraction of AKT1-PH domain. Compound GPI-1 and GPI-4 were used as
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inhibitor. Liposome concentration 100 pM; Protein concentration 8 pM; Compound concentration, 50 uM; PF,

palate fraction; SF, soluble fraction.

Isothermal titration calorimetric (ITC) measurements- Additionally, isothermal titration
calorimetric (ITC) measurements were performed to understand the direct binding
mechanism and thermodynamic parameters of the compounds GPI-1 and GPI-4 with the
AKT1 PH-domain. Titration plots of the compounds with AKT1 PH-domain revealed an
exothermic reaction with two-step binding mechanism (Figure 4.2.5). The higher negative
value of the enthalpy change than the entropy change for this GPI/AKT1 PH domain
interaction could be due to the hydrogen bond formation and Van der Waals interactions
between the compounds and cationic groove of the PIP- and PS-binding sites of the AKT1
PH-domain. Hee-Yong Kim and co-workers recently described that AKT1 PH-domain also
contains a phosphatidylserine (PS) binding site next to the IP4 binding site.[27] Therefore,
ITC analysis clearly suggests that the compounds in solution can probably interact with the

AKT1 PH-domain through both of its PIP and PS-binding sites.
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Figure 4.2.5. Representative isothermal titration calorimetric plots of AKT1 PH-domain with potent

compounds. Original titration and integrated peak areas of AKT1 PH-domain with GPI-1 (A) and GPI-4 (B).

Molecular Docking Analysis—The competitive inhibition and binding assays clearly
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revealed that the compounds differentially perturb the PI(3,4,5)Ps/AKT1 PH-domain
interaction, suggesting their divergent strength of interaction with the AKT1 PH domain.

However, structural analysis showed that all these compounds have 4-amino-N'-hydroxy-

Figure 4.2.6. Structure of AKT1-PH domain (1H10) in complex with IP4 (A). Model structures of ligands GPI-
1 (B) and GPI-4 (C) docked into the PI-binding site of the AKT1-PH domain. Residues involved in interactions

through hydrogen bond formation are shown using dashed lines (yellow).

PIbinding Site PIbinding Site

-

-~ PS-bi ~
PS-bindi ] site r}m#
site ) ) . ‘_,.

r

PI binding Site

PIbinding Site

Figure 4.2.7. Surface representation of the docking complexes AKT1-PH/GPI-1 (A, B), AKT1-PH/GPI-4 (C,
D) and AKT1-PH/PIT-1 (E, F) both in IP4- (yellow circle) and PS- (pink square box) binding sites. Overall

surface of AKT1-PH domain was colored according to the electrostatic potential (blue, positively charged; red,

negatively charged; white, neutral) using PyMOL software.
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1,2,5-oxadiazole-3-carboximidamide moiety, consequently to understand their interaction
properties with the PH-domains and clarify the probable binding mechanism for different
inhibitory effects, we performed molecular docking analysis. The reported co-crystal
structure of AKT1-PH domain (1H10) in complex with inositol 1,3,4,5-tetrakisphosphate
(IP4) presents a detail insight of the ligand interaction modes.[28] Structure-activity
relationship studies of the AKT enzyme and isolated PH domain described that the phosphate
groups of IP4 preferably interact with the K14, E17, Y18, 119, R23, R25, N53 and R86
residues through hydrogen bond formation. Molecular docking analysis revealed that the 4-
amino-N'-hydroxy-1,2,5-oxadiazole-3-carboximidamide derivatives preferably interact with
the IP, binding site of the AKT1 PH-domain. The oxadiazole ring and N'-hydroxy moiety of
the compounds could be responsible for their interaction with the cationic groove of the
AKT1 PH-domain (Figure 4.2.6 and 4.2.7). Calculated in-silico interaction energies between
the ligands and AKT1 PH-domain protein are of high negative values, suggesting acceptable
docking poses for further analysis (Table 4.2.3). Further detail analysis of the docking results
revealed that the probable binding sites of the ligands are not that specific, as that of IP4 to
AKT1 PH-domain. Blind-docking analysis data showed that the 60-70% of the docked poses
of the ligands preferentially interact with the AKT1 PH-domain through its IP4 binding site
(Figure 4.2.7). The docking results showed that the compounds can also interact with the
AKT1 PH-domain through its PS-binding site, which is consistent with the two-step binding

mechanism determined by the ITC measurements.

Table 4.2.3. Theoretically calculated Interaction Energy between Ligand and PH-domains

Interaction energy between Hydrogen bonding energy
Protein Ligand ligand and Protein (kcal/mol) (kcal/mol)
PIP-binding Non PIP- PIP-binding Non PIP-
site binding site site binding site

GPI-1 -096.413 -086.471 -18.895 -14.628

-094.055 -086.289 -17.347 -15.559

-092.162 -083.097 -18.140 -13.026

GPI-2 -118.573 -108.961 -23.223 -27.636

-111.341 -108.642 -20.653 -16.525

-110.922 -103.784 -19.252 -18.999

GPI-3 -127.659 -118.369 -24.080 -27.361

AKTI1- -126.770 -112.789 -28.646 -15.482
PH -125.818 -120.384 -23.513 -23.033
Domain  GPI-4 -118.527 -115.097 -25.753 -15.362
-119.380 -116.788 -18.622 -21.403

-117.506 -111.003 -16.348 -14.046
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GPI-5 -122.965 -114.062 -24.391 -12.146
-115.767 -109.465 -19.299 -15.455
-115.395 -109.266 -23.840 -08.255
GPI-1 -92.8201 - -21.959 -
-90.6866 - -19.842 -
-89.9794 - -22.223 -
GPI-2 -113.564 - -24.156 -
-112.836 - -22.030 -
-112.737 - -25.896 -
GPI-3 -131.210 - -28.362 -
Grpl-PH -129.856 - -28.363 -
Domain -122.495 - -29.276 -
GPI-4 -126.288 - -23.785 -
-124.609 - -18.588 -
-124.401 - -22.979 -
GPI-5 -131.210 - -28.362 -
-129.856 - -28.363 -
-122.495 - -29.276 -
GPI-1 -112.621 -140.259 -23.995 -20.284
-110.963 -138.152 -23.616 -23.426
BTK-PH -101.816 -136.625 -10.688 -20.842
Domain GPI-4 -127.118 -152.321 -21.303 -20.958
-126.359 -141.947 -23.870 -23.407
-125.421 -141.484 -25.414 -25.204

Structural Change Measurement- To understand the effect of compounds on the structural
integrity of the isolated AKTI1-PH domain, circular dichroism (CD) spectral analysis was
performed. The CD spectra of the protein in the absence/presence of GPI-1 and GPI-4 are
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Figure 4.2.8. Effect of compounds on the secondary structural content of the AKT1-PH domain. Far-UV CD
spectra of AKT1-PH domain in the absence and presence of compounds (20 puM) in 10 mM phosphate—
containing 10 mM NacCl buffer (pH 7.2) (A). Size distribution of AKT1-PH domain in the absence or presence
of compounds (20 pM, at t = 5 min) in aqueous solution (20 mM Tris—HCI buffer, pH 7.4, containing 0.16 M
NaCl) at 25 °C (B).
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shown in Figure 4.2.8A. The spectral analysis revealed that in the presence of compounds
there is a weak change in their secondary structural pattern of AKT1 PH-domain in the far-
UV CD region. The change in B-sheet contents is little bit higher in the presence of both
GPI-1 and GPI-4, indicating direct interactions of the compounds with AKT1 PH-domain.
The PIP and/or PS-binding site of AKTI-PH domain is composed of seven B-sheets and
connecting loop regions. Analysis of the crystal structure reveals that AKT1-PH domain is
enriched with B-sheet, indicating any change in helical content of AKT1-PH domain would
be small and change in CD-signal in the range of 225-200 nm might be suppressed by the
change in -sheet content. Therefore, our CD analysis clearly showed that the ligand binding
partially alter the secondary structure of the AKT1 PH-domain. In order to ascertain that
ligand binding does not induce any significant structural change (such as oligomerization) of
the AKT1 PH-domain protein, we also performed dynamic light scattering (DLS)
measurements in aqueous solution (at 25 °C, in 20 mM Tris—HCI buffer, pH 7.4, containing
0.16 M NaCl). The results showed a monomodal (PDI = 0.158 -0.186) size distribution of
AKT1 PH-domain around a mean hydrodynamic diameter (dy) of 190-240 nm in the
presence of varying compound concentrations (Figure 4.2.8). The DLS measurements clearly
indicate that compounds GPI-1 and GPI-4 do not induce protein aggregation under the

experimental conditions.

Membrane Interaction Measurement- The effects of compounds on dynamics and fluidity
of the lipid bilayer were measured by fluorescence anisotropy of 1,6-diphenyl-1,3,5-
hexatriene (DPH) and 1,2-diphytanoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl) (NBD-PE) under liposomal environment.[29, 30] The DPH and NBD
probes are generally localized within the hydrophobic core and at the membrane interface of
the lipid bilayers, respectively. Therefore, changes in fluorescence anisotropy values of DPH
and NBD probe would be useful in monitoring the alteration of membrane fluidity influenced
by membrane-active compounds. The variations in DPH anisotropy values affected by the
compounds are not that significant (Table 4.2.4). However, the anisotropy of NBD was
affected in the presence of compounds, indicating a weak effect on membrane dynamics and
fluidity (Figure 4.2.9A). NBD probe of the NBD-PE lipid preferentially localize at the
membrane-water interface, hence the change in anisotropy values in the presence of
compounds indicate that the compounds weakly interact with the lipid headgroups. Zeta-
potential measurements in the absence and presence of the potent compounds indicate that

the compounds have a very weak effect on the surface charge of the liposome in aqueous
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solution (Figure 4.2.9B). Therefore, stronger protein binding of the compounds is the

predominant factor for their higher inhibitory effect for PI(3,4,5)P3/AKT1-PH domain

interaction.
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Figure 4.2.9. Fluorescence anisotropy of DPH and NBD-PE embedded in PC/PE/PS (60:20:20) and
PC/PE/PS/NBD-PE (59:20:20:1) liposomes for compounds (A). Control: no ligand was added to the liposomes.
Zeta potential of the PC/PE/PS/P1(3,4,5)P; (57:20:20:3) liposomes in the presence of compounds with different
concentrations (B). 100 pL of liposomes from 0.5 mg/mL of total lipid was used for all measurements. Values

represent the mean = SD from triplicate measurements.

Table 4.2.4. Anisotropy Values of the Membrane Sensitive Probes in the Presence and
Absence of the compounds

Compound Anisotropy of DPH Anisotropy of NBD-PE
liposome 0.2704 £ 0.0128 0.2117 +£0.0128
GPI-1 0.2599 £ 0.0286 0.1744 £ 0.0262
GPI-2 0.2625 £ 0.0122 0.1855 £ 0.0248
GPI-3 0.2595 £0.0135 0.1909 £ 0.0011
GPI-4 0.2536 £ 0.0025 0.1614 £ 0.0026
GPI-5 0.2574 £0.0116 0.1704 £0.0125

Values in parentheses indicate standard deviations.

Biological Activity Studies — To measure cellular activities of the compounds, we first
tested their cytotoxic effects using standard MTT assay. Results showed that all the
compounds had minimal toxic effect on MDA-MB-231 cells (Figure 4.2.10A). For example,
100 uM of GPI-1 inhibited the cell proliferation of MDA-MB-231 only by 10% respectively.
All other compounds showed the maximum inhibition of cell proliferation approximately

20% for both the cell lines (Figure 4.2.10A). Therefore, the compounds showed minimal
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cytotoxic effect on MDA-MB-231 cells. We also examined the effect of these compounds on
PI3K-AKT signalling pathway. The potent compounds showed preferential binding to the
AKT-PH domain, which may alter the activity of AKT enzyme. In this regard, the kinase
activity of AKT enzyme was studied by measuring the phosphorylation level and expression
level of AKT enzyme in MDA-MB-231 cells. The inhibition in growth of cells by the

compounds were less than 25% and almost constant within the concentration range of 0.1 to
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Figure 4.2.10. In vitro cytotoxicity of the compounds in human breast (MDA-MB-231) cancer cell line (A).
Compounds inhibit AKT signalling pathway in MDA-MB-231 cells. MDA-MB-231 cells were treated with the
compounds (25 pM) for 48 h, and the indicated PI(3,4,5)P;-dependent phosphorylation events were evaluated
by immunoblot analysis (B). MDA-MB-231 cells were treated with the GPI-1 and GPI-4 with different
concentrations (5, 10 and 25 uM) for 48 h, and the indicated PI(3,4,5)P;-dependent phosphorylation events were
evaluated by immunoblot analysis (C and D). All the immunoblot images were presented in grey scale for better

clarity.

100 uM. The kinase activity of the AKT enzyme was initially performed with 25 uM
compounds (Figure 4.2.10B) and then GPI-1 and GPI-4 were tested in a concentration
dependent manner. Figure 4.2.10C and D showed that compound GPI-4 has moderate effect
on expression level of phospho threonine-308 of AKT enzyme. The changes in the expression
level of phospho threonine-308 of AKT enzyme in the absence and presence of the
compounds were semi-quantized by using ImageJ software. These data support that GPI-4
has moderate effect on PI3K-AKT signaling pathway without inducing too much cytotoxic
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side effects.

Discussion
PI3K-AKT signalling pathway is described as one of the most frequently deregulated
pathways and associated with several human diseases including cancer and diabetes. In this
regards, AKT has emerged as an attractive therapeutic target.[4, 6, 15, 31, 32] Recent reports
showed that, development of specific inhibitors targeting the catalytic domain of the kinase
enzymes is considered as quite challenging. There are several protein kinases and their
catalytic domain is highly homologous. Several potent inhibitors of AKT enzyme turn out to
be relatively toxic, probably due to the uncontrolled inhibition of other ser/threonine
kinases.[15, 33] On the contrary, developed inhibitors for the PIP/PH domain interaction of
AKT enzyme are comparatively nontoxic and present an improved therapeutic strategy. It is
demonstrated that AKT enzyme get fully activated at the membrane interface through its
binding with PI(3,4,5)P5 lipid.[2, 4, 5, 16, 19] In this regard, inhibition of PI(3,4,5)Ps/AKT
PH domain interactions could offer an alternate and improved therapeutic strategy for several
diseases associated with PI3K-signaliing pathways. In recent years few research groups have
already identified phosphate or non-phosphate containing small molecules as being potent
inhibitors for PIP-interacting AKT1 PH domain. Selective inhibition of PI(3,4,5)Ps;/AKT PH-
domains interactions by small molecules like PITENINS, tirucallic acids, TCN-P,
NSC348900 and others down regulate PI3K-PDK1-AKT pathways, suppress tumour growth,
inhibits AKT-dependent phosphorylation, induce apoptosis in cancer cells.[2, 4, 15, 17, 34]
In this report we describe 4-amino-1,2,5-oxadiazole analogues as a new class of small
molecule antagonist for P1(3,4,5)P; binding PH-domains. All molecules were designed such a
way, that there must be 1,2,5-oxadiazole ring and N’-hydroxy moiety which are critical in
forming more hydrogen bond with their binding partners and can be fitted inside the shallow
binding pocket of the AKT1 PH-domain. The guanidine/biguanide/benzimidamide moieties
were installed to understand their impact in hydrogen bond formation with the amino acid
residues within the PH-domain binding pocket. Thus, the impact of this study is to elucidate
the inhibitory mechanism of PI(3,4,5)P3/PH domain interaction by 4-amino-1,2,5-oxadiazole
analogues. The guanidine/biguanide/ benzimidamide moieties are present in several bioactive
molecules including metformin which is used as drug for type 2 diabetes. Recent studies
identified that metformin also acts as an anticancer agent.[35-37] The 4-amino-1,2,5-
oxadiazole moiety containing compounds are potent inhibitor of immunosuppressive enzyme

indoleamine 2,3-dioxygenase which are currently in clinical trials.[38]
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SPR-based competitive binding study clearly indicates that the potent compounds
strongly interacts with the PH-domains through its PIPs binding site. Compound GPI-1 and
GPI-4 showed relatively stronger inhibition capabilities for PI1(3,4,5)Ps/AKT1 PH domain
interactions. SPR-based competitive binding analyses of the compounds with other PIP
binding PH domain like Tappl, PLC31, BTK and GRP1 clearly showed that GPI-1 and GPI-
4 selectively interact with the AKT1-PH domain. We hypothesize that interaction pattern of
the compounds with the amino acid residues present inside and/or outside the binding site,
stability of the protein-compound complexes, effect of compound on membrane or their
cooperative effect could be accountable for this differential inhibitory effect. These
compounds can also differentially influence the in vitro PI(3,4,5)P; interaction properties of
the AKT1, BTK and GRP1 proteins under the similar experimental conditions. The higher
binding affinity of GPI-1 and GPI-4 for AKT1 PH-domain over the other PH- domains
including GRP1, BTK, PLCos1 and Tappl proteins could be due to its true selectivity for
proper orientation of oxadiazole ring within the PIP-binding pocket of the AKT1 PH-domain,
although its B1/B2 loop region contains fewer basic residues than the BTK and GRP1 PH-
domains.

Molecular docking analyses suggest no clear differences in number of hydrogen bond
formation between the compounds and AKT1 PH domain. However, SPR and FRET-based
competitive binding study, ITC measurements and liposme pull down assay of the potent
compounds clearly showed that these ligands strongly interact with the AKT1 PH-domain.
We therefore presume that in addition to the 4-amino-N'-hydroxy-1,2,5-oxadiazole-3-
carboximidamide moiety the guanidine/biguanide/ benzimidamide moiety of the ligands
might be involved in interaction with the amino acid residues of the AKT1 PH-domain
through bridging water molecule, which was not considered during the molecular docking
analysis. Hence, the difference in their binding affinity values could be due to the strength of
direct hydrogen bonding through oxadiazole ring and N'-hydroxy moiety and also due to the
hydrogen bonding through the bridging water molecules.

The ITC measurements, which were used to understand the binding parameters for
direct protein-ligand interactions, pointed out that compounds GPI-1 and GPI-4 followed a
two-step binding mechanism for their interactions with AKT1-PH domain. We hypothesizes
that, the ligands are interacting with AKT1 PH domain through its IP4 and PS-binding sites.
In-silico interaction energies for ligands with the PIP-binding site of AKT1 PH-domain
protein are of higher negative values than that of with the PS-binding site. However, this non-

specific ligand binding to the AKT1 PH-domain could also change the protein-conformation
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allowing it to show stronger competitive inhibition of the PI(3,4,5)Ps/AKT1 PH-domain
interaction than the expected ones. Molecular docking analysis of PIT-1 (PITenins), a
reported strong antagonist of PI(3,4,5)P;/AKT1 PH-domain interactions also showed
probable interaction through both IP4 and PS-binding sites.[2] Therefore, GPI-1 and GPI-4
could bind to both IP4- and PS-binding sites of the AKT1 PH-domain but with preference for
IP4- binding site at lower compound concentrations. Recent studies demonstrated that AKT
activation require not only PI(3,4,5)P; but also membrane localized PS lipid. The PS lipid
supports PI(3,4,5)P; binding of AKT PH-domain and involved in PI(3,4,5)P;-dependent
interdomain conformational change for Thr-308 and Ser-473 phosphorylation. Perturbation of
PS binding to the PH-domain alters the AKT signalling pathways.[27] Therefore we presume
that binding of these compounds to the PS-binding site of the AKT1-PH domain could alter
its PI(3,4,5)P; binding and AKT-phosphorylation activities. However, further detailed
analyses including mutational studies are required to understand the exact binding site of
these compounds.

Stronger binding of the compounds to protein can also alter the structure of AKT1
PH-domain, which could forbid the protein to interact with the PI(3,4,5)P; containing
membranes.[39] CD and DLS measurements showed that stronger binding of the potent
compounds have a very weak effect on the secondary structure of AKT1 PH domain and
there was no protein aggregation under the experimental conditions. It is important to note
that the inhibition/binding properties of the compounds were measured under liposomal
environments. Stronger binding affinity values of the compounds could be also as a result of
their direct interaction with the liposomes, which can alter the membrane dynamics and
inhibit the PH-domains to interact with the membranes. The membrane composition used to
measure the efficacy of the compounds in inhibiting respective PIP/PH domain interactions
contains  anionic lipids PS and PIP. There is a  possibility that
guanidine/biguanide/benzimidamide moiety of the compounds could interact with the anionic
lipids present in the membrane. This interaction could block the protein binding to the
membrane and allow the in vitro measurements to show high inhibitory effect by the
compounds in a concentration dependent manner. Anisotropy and surface potential
measurements demonstrate that theses water soluble compounds weakly interact with the
interfacial region of the liposome and preferably localize in the bulk phase of the solution and
its pharmacophores are accessible for PH-domain binding under the experimental conditions.
Therefore, stronger binding of the potent compounds with the AKT1 PH domain perturbs its

P1(3,4,5)P;-dependent membrane association, which is essential for it activity in initiating a
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range of local responses, like accumulating signalling complexes, initiating protein kinase
cascades and others.

Cytotoxicity measurements of the compounds in breast cancer cells (MDA-MB-231)
showed that the compounds have low toxicity, which is one of the key requirements in
developing selective PIP/protein interactions in controlling the activities of the target
enzymes. The kinase activity of the AKT enzyme was moderately altered in the presence of
GPI-4 in MDA-MB-231 cells. The change in kinase activity of the enzyme in the presence of
compound GPI-4, correlates well with its PH domain binding or inhibition of
P1(3,4,5)P3;/AKT-PH domain interaction abilities. However, in vitro inhibition efficiency of
the compounds is not in the same order with their cellular kinase activities. Additional
biological studies are required to understand their potency in inhibiting AKT kinase activity.
The 4-amino-1,2,5-oxadiazole moiety provide a good template to develop more potent AKT

enzyme inhibitor.

Conclusion

Targeting the specific enzymes of PI3K-signalling pathway, which would show limited side
effects, is considered as future direction of anticancer drug discovery. To this end, this study
demonstrate the identification of non-lipid based compounds with 4-amino-N'-hydroxy-1,2,5-
oxadiazole-3-carboximidamide moiety that strongly interact with the PI(3,4,5)P; binding of
AKT1 PH-domain, but weakly interact with the PI(3,4)P, and PI(4,5)P, binding PH domains.
The potent compounds also weakly interact with the liposome through its interfacial region.
Cellular measurements showed that the potent compounds have weak cytotoxicity and
moderate inhibition effect on AKT-kinase activity. These results suggest the inhibition of
P1(3,4,5)P; dependent membrane recruitment and AKT enzyme activity by these potent
compounds. Our findings imply that the 4-amino-N'-hydroxy-1,2,5-oxadiazole-3-
carboximidamide moiety can be used as a template in developing non-phosphate-based

potential inhibitors for PIP-binding proteins.

4.3 Experimental Section

Materials: As described in chapter 2.

Protein Purification: The AKT1 (homo sapiens; 1-121 amino acid), BTK (homo sapiens; 2-
170 amino acid), GRP1 (mus musculus, 1-127 amino acid), Tappl (homo sapiens; 180-305

amino acid) and PLC31 (rattus norvegicus, 1-131 amino acid) PH-domains were expressed in
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E. coli cells (BL21-DE3) and purified using methods similar to those reported earlier.[9,40]
The plasmids were generous gift from Prof. Wonhwa Cho (University of Illinois at Chicago,

IL, USA).

Surface Plasmon Resonance (SPR) Assay: All surface plasmon resonance (SPR)
measurements were performed (at 25 °C, in 20 mM HEPES buffer, pH 7.4, containing 0.16
M KCI, flow rate of 30 pL/min) using a lipid-coated L1 sensorchip in the Biacore-X100 (GE
Healthcare) system as described earlier.[9, 25, 26, 40] Vesicles for SPR analysis were
prepared at a concentration of 0.5 mg/mL in 20 mM HEPES buffer, pH 7.4, containing 0.16
M KCIl, and were vortexed vigorously and passed through a 100-nm polycarbonate filter
using an Avanti MiniExtruder (Avanti Polar Lipids, Alabaster, AL) according to the
manufacturer's protocol. After washing the sensor chip surface with the running buffer (20
mM HEPES, pH 7.4, containing 0.16 M KCl), PC/PE/PS/PIP (57:20:20:3) and PC/PE/PS
(60:20:20) vesicles were injected at 5 pL/min to the active surface and the control surface,
respectively, to achieve similar response unit (RU) values (3500-4000 RU). To minimize
nonspecific adsorption the control surface was also coated with 40 uL of BSA (0.1 mg/ml in
the running buffer) at a flow rate of 5 pul/min, and equilibrated for 20 min, before the
injection of protein. The competitive inhibitory effects of each compound were determined
by measuring the change in response unit (RU) of the SPR sensorgrams of PH-domains (500
nM) in the absence/presence of compounds (0-200 uM). The compounds were equilibrated
with respective PH-domain for 30 minutes before any SPR measurements. The decrease in
RU value of each sensorgram with various compound concentrations was measured to
calculate % of inhibition efficiency. The inhibition potencies were calculated as (1-(RU of
protein mixed with compounds/ RU of protein only)) X 100%. The RU value after 180 sec of

injection was considered for % of inhibition efficiency calculations.

In-silico Molecular Docking Analysis: Computational docking and scoring studies of the
interaction of the compounds with PH-domains were performed using AutoDock 4 (The
Scripps Research Institute, La Jolla, USA) and Molegro Virtual Docker software, version
4.3.0 (Molegro ApS, Aarhus, Denmark) with essentially the same results.[21-23] The crystal
structure of AKT1 PH (1-116 amino acids, PDB code: 1H10), [28] BTK PH (1-169 amino
acids, PDB code: 1B55) [41] and GRP1 (261-386 amino acids, PDB code: 1FGY) [42] were
utilized for docking experiment. To generate apo-protein, the ligands were removed from the

co-crystal structures and then they were processed by energy minimization. The energy
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minimized three-dimensional structure of ligands was prepared by using the GlycoBioChem
PRODRG?2 Server (http://davapcl.bioch.dundee.ac.uk/prodrg/). The GROningen MAchine
for Chemical Simulations (GROMACS) library of three-atom combination geometries
employing a combination of short molecular dynamics simulations and energy minimizations
were utilized for the conversion of 2D molecular structures to 3D structures. The original
blind docking parameters were used in combination with an evaluation scheme based on
Gibbs free energy change (AG). In each docking run, one hundred docked structures were
generated for individual ligand. Energetically favoured docked conformations were evaluated
on the basis of moledock and re-rank score. The docking poses were exported and examined
with PyMOL software (The PyMol Molecular Graphics System, Version 1.0rl, Schrodinger,
LLC.). The residues surrounding the compounds were also analyzed using LigPlot provided

by the European Bioinformatics Institute.

Circular Dichroism Studies: The circular dichroism (CD) spectra of the protein samples
were measured using JASCO J-815 CD spectropolarimeter at room temperature. CD spectra
of AKT1 PH-domain in the absence and presence of complexes (1 : 3 molar ratio of the
AKT1 PH-domain to the compounds) were obtained in the wavelength range of 190245 nm
in 10 mM phosphate—containing 10 mM NacCl buffer (pH 7.2).[39, 40]

Anisotropy Measurement: Fluorescence anisotropy measurements were performed on a
Fluoromax-4 spectrofluorometer at 25 °C. The anisotropies of DPH and NBD-PE under
liposomal environment were measured according to the reported procedure. [21, 43] The
fluorescence probe DPH was incorporated into the PC/PE/PS (60/20/20) liposome (100 pL of
0.5 mg/mL of total lipid) by adding the dye dissolved in THF (1 mM) to vesicles up to a final
concentration of 1.25 pM. The NBD-PE probe was incorporated to the PC/PE/PS/NBD-PE
(59/20/20/1) liposome using our earlier mentioned procedure.[22] After 30 min of incubation
at room temperature, DPH (Aex = 355 nm; Aepy = 430 nm) and NBD (Aex = 460 nm; Aep, = 535
nm) fluorescence anisotropies were measured. The concentration of compounds was 15 uM.
The degree of anisotropy in the DPH/NBD fluorescence of the probes were calculated using
equation 1, at the peak of the fluorescence spectrum, where Iyy and Iyy are the fluorescence
intensities of the emitted light polarized parallel and perpendicular to the excited light,

respectively, and G = Iyy/Iyy is the instrumental grating factor.
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_ (lyv-Glyy) (1)

(yv + 2Glyy)

Dynamic Light Scattering Measurement: The dynamic light scattering (DLS) experiment
was carried out to determine the degree of aggregation of AKT1 PH-domain protein with
varying concentration of compounds in aqueous medium (at 25 °C, in 20 mM Tris—HCl
buffer, pH 7.4, containing 0.16 M NaCl) using a Zetasizer Nano ZS90 (Malvern,
Westborough, MA) light scattering spectrometer equipped with a He—Ne laser working at 4
mW (Ap = 632.8 nm).[40, 44] The reduced glutathione content in protein samples were
removed using a PD-10 desalting column (Sigma, St. Louis MO). Before performing any
measurements dust or other particles were removed from sample solutions through syringe
filtration technique (0.22 pum) and equilibrated for 10 min before performing any
measurement (at least 11 runs were performed for each sample, all measurements were
performed in triplicates). The scattering intensity was measured at 90° (right angle) to the

incident beam.

Zeta-Potential Measurement: The zeta-potential measurements of the liposomes in the
absence and presence of the compounds were carried out in aqueous medium (at 25 °C, in 20
mM Tris—HCI buffer, pH 7.4, containing 0.16 M NaCl) using a Zetasizer Nano ZS90
(Malvern, Westborough, MA) light scattering spectrometer equipped with a He—Ne laser
working at 4 mW (A = 632.8 nm).[45, 46] Unilamellar vesicles composed of
PC/PE/PS/P1(3,4,5)P3 (57:20:20:3) lipids were prepared in 20 mM Tris—HCI buffer, pH 7.4,
containing 0.16 M NaCl by vigorous vortexing and extruding through a polycarbonate filter
(100-nm) using an Avanti Mini-Extruder. 100 pL of liposomes from 0.5 mg/mL of total lipid
was used for zeta-potential measurements. All the measurements were performed three times

per sample and averaged to give the final value.

Forster Resonance Energy Transfer (FRET) Measurements: Analysis of protein-to-
membrane Forster resonance energy transfer (FRET) based binding assay was used to detect
the specificity of the compounds for PH-domain binding through PIP-binding site. In this
assay, membrane-bound AKT1 PH-domain was displaced from liposomes by the addition of
the compound. The vesicles composed of PC/PE/PS/dPE (55/20/20/5) and
PC/PE/PS/dPE/PIP (52/20/20/5/3) was used as control and for ligands, respectively. The

FRET-signal due to PIP-dependent protein binding to the liposomes was corrected with non-

88
TH -1460_10612207



Chapter 4

specific fluorescence signal originated from control liposome (PC/PE/PS/dPE) and protein
interactions. Control experiments were also performed to test the effect of only compounds
on the fluorescence of dPE. The stock solution of compounds was titrated into the sample
containing AKT1 PH-domain (1 uM) and excess liposome (100 uM total lipid) in a buffer
solution (20 mM Tris—HCI buffer, pH 7.4, containing 0.16 M NaCl) at room temperature.
The competitive displacement of protein from the membrane was monitored using protein-to-
membrane FRET-signal (Ax = 280 nm and A, = 505 nm). Control experiments were
performed to measure the dilution effect under similar experimental condition and the

increasing background emission arising from direct dPE excitation.[21, 22]

Isothermal Titration Calorimetry (ITC) Measurements: Thermodynamic parameters of
protein-ligand interactions were measured using ITC-200 microcalorimeter from Microcal
(Northampton, MA, USA). AKT1 PH-domain (200 pM), after dialysis with 20 mM HEPES
buffer, pH 7.4, containing 0.16 M NaCl, was titrated against compounds (2 mM) dissolved in
the final dialysate. A typical titration involved injecting 20 injection volumes (2 pL) of
compound into the sample cell containing AKT1 PH-domain (201.6 pL) at 2.0 min intervals
with continuous stirring (at 25 °C with stirring speed of 500 rpm). The heat of dilution data
corresponding to individual injections were analyzed using a sequential binding model with
two binding sites considering both PIP and PS-binding sites per AKT1 PH-domain monomer
with the system running Microcal Origin 7.0 software. The data points obtained from the ITC
measurements were first fitted with different models and the best fit was obtained using
sequential binding model with two binding sites. The AH and AS values were obtained using
a nonlinear least-square fit of the data. Gibbs free energy (AG) was calculated by using Gibbs
equation: AG = AH — TAS.

Liposome Binding Assay: Inhibition of PI(3,4,5)P3/AKTI1-PH domain interaction by the
compounds was further determined by liposome pull-down assay according to the reported
procedures.[40, 45, 47] Liposomes of PC/PE/PS/PI(3,4,5)P5 (57:20:20:3) in 20 mM Tris
buffer, pH 7.4, containing 150 mM NaCl, 170 mM sucrose, pH 7.4 buffer solution were
prepared by sonication, followed by extrusion through 0.1mm pore size polycarbonate filters.
The suspension was pelleted down at 100000g, 4 'C, for 20 minutes and resuspended in
binding buffer (20 mM Tris buffer, pH 7.4, containing 100 mM KCI, 5 mM MgCl,). Purified
AKT1-PH domain (8 uM) was incubated with sucrose-loaded vesicles (40 pg in 100 uL) for

30 min in the presence of binding buffer containing 0.3 mg mL" BSA. Membrane-bound
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protein was separated from free protein by centrifugation at 100000g for 30 min at 4 C.

Protein of supernatant and pellet fractions was analyzed by SDS-PAGE gel.

In vitro Cytotoxicity Assay: The in vitro toxicity of the compounds was determined in
human breast cancer cell line (MDA-MB-231). Cells were cultured according to the
American Type Culture Collection (ATCC) instructions. MDA-MB-231 cells were grown in
RPMI1640 media supplemented with 10% Fetal Bovine Serum, 100 U/mL penicillin and 100
pug/mL streptomycin at 37°C and 5% CO, atmosphere under humid condition. Cytotoxic
effect of the compounds (GPI-1 to 5) were determined by 3-(4, 5 dimethylthiazol-2-yl)-2-5
diphenyl tetrazolium bromide (MTT) assay as described previously.[48] Briefly, cells (3 X
10%/per well) were seeded one day prior the treatment of the compounds. Then cells were
treated with different concentrations (1 — 100 uM) of compounds for 48 hours. At the end of
incubation, MTT solution (20 pl of 5 mg/ml of stock) was added to the media and incubated
for 4 hours in the CO; incubator. Finally media containing MTT solution was replaced with
100 pul of MTT solvent (5 mM HCI and 0.1% Triton X-100 in iso-propanol) and incubated at
room temperature for 15 minutes with gentle rocking. Then absorbance was measured at 590
nm using a Thermo pierce plate reader. The percentage of viable cells was calculated as the
mean with respect to the vehicle treated cells and considered to be 100%. All the compounds
were dissolved in DMSO and maximum 0.01% DMSO was used for the experiments. This
experiment was repeated three times. The data from cancer cell lines were acquired from
three independent cell passages and the ICsy values were calculated from the plot of cell

viability vs. concentration of compounds.

Immunoblot analysis: Cells were collected at the end of treatment and washed with ice cold
PBS. Then, whole cell extracts were prepared using lysis buffer (50 mM Tris buffer of pH
7.4, 250 mM NaCl, 50 mM NaF, 0.5 mM Na3zVO,, 5 mM EDTA and 0.5% Triton-X 100
contain protease inhibitor cocktail). Cells were lysed in ice for 30 minutes and then lysates
were clarified by centrifugation at 13000 rpm for 15 minutes at 4 °C. The supernatants were
transferred to the fresh tubes and protein concentration was measured by using Bradford
reagent as described previously.[2] Then equal amount of whole cell lysates were resolved by

SDS-PAGE and transferred to PVDF membrane and probed with indicated antibodies.
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CHAPTER 5

Insights into the Inhibitory mechanism of Triazole-Based Small Molecules
on Phosphatidylinositol-4,5-bisphosphate Binding Pleckstrin Homology

Domain

This chapter describes rational design, synthesis and biophysical study of Triazole-based
small molecules are novel inhibitors of phosphatidylinositol-4,5-bisphosphate binding
pleckstrin homology domain. The SPR based competitive binding, FRET, lipid pull-down
assay and cellular localization studies confirm the inhibition of PH domain of PLCS to
membrane targeting. In-sillico docking study gives us total binding mode of these synthesised

small molecules to PLC61-PH domain.

&

CIPs

PLCs1-PH
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5.1. Background and Focus of the Present Work

In response to specific stimuli, various cytosolic proteins are reversibly recruited to the
cellular membranes and form dynamic signalling complexes with specific lipid molecules,
including phosphatidylinositols (PIPs). The PIPs lipids have drawn much attention due to its
various cellular functions through a plethora of effector proteins.[1-4] A number of human
diseases which are directly or indirectly linked with PIP-binding/metabolism have been
identified and become an exciting therapeutic target in biomedical research.[2, 3, 5-8]
Phosphatidylinositol-4,5-bisphosphate (P1(4,5)P,) is the most abundant PIP in the plasma
membrane (PM). Hydrolysis of PI(4,5)P, to diacylglycerol (DAG) and inositol-1,4,5-
trisphosphate (I(1,4,5)P3) by activated phospholipase C (PLC) enzymes is one of the crucial
cellular signaling pathways that regulates Ca®" release from endoplasmic reticulum (ER) and
protein kinase C (PKC) activator DAG. Various membrane receptors including G-protein-
coupled receptors (GPCRs) strongly interact with PLC enzyme and regulate PI(4,5)P;
turnover and consequent downstream cell signaling pathways. PI(4,5)P, regulates several
proteins including PLCS, Ras GTPase activating protein (RasGAP) and pleckstrin, which
mediate a wide verity of cellular process.[9-12] Improper cellular functions of these effectors
proteins are associated with disorder such as neurodegenerative, cardiovascular diseases and
others.[13, 14] The Pl-kinase I/Il and SH2-containing Inositol-5’-Phosphatase (SHIP),
phosphatase and tensin homolog (PTEN) enzymes phosphorylate phosphatidylinositol-4-
phosphate  (PI(4)P)/phosphatidylinositol-5-phosphate  (PI(5)P) and dephosphorylate
phosphatidylinositol-3,4,5-trisphosphate (PI(3,4,5)P3), respectively to generate PI(4,5)P, at
the inner PM in responses to various stimuli.[15, 16] PI(4,5)P, is phosphorylated by class I
PI-3-kinase to form PI(3,4,5)Ps, which regulates cellular functions of several crucial signaling
proteins including AKT.

The PI(4,5)P, generation recruits several proteins to the PM through their interaction
with pleckstrin homology (PH)- or other PIP-binding modules. This PI(4,5)P,-dependent
membrane association of the lipid binding modules are necessary and sufficient for activation
and proper functioning of the effector proteins including PLC6. PLCS activation proceeds
after PI(4,5)P,-binding of the PH domain at the inner PM that reorient the EF-hands—C2
domain—TIM barrel unit so that the catalytic domain is in a productive orientation relative to
the membrane. Recent studies reported that in addition to PH domain, C2 domain of PLCS

also interacts with the membrane and plays an important role in PLCS activation.[17-19] .

95
TH -1460_10612207



Chapter 5

Design of Triazole Based Small Molecule Inhibitors- However, development of inhibitors
for PIP/PH-domain interactions to regulate enzyme activities had not been substantially
described yet. Using the similar hypothesis, we recently demonstrated that development of
DAGe-responsive C1 domain based activator can be considered as an alternative target to
regulate the activities of the PKC enzymes.[26-28] Emmanuelle Meuillet and coworkers
demonstrated that PH-domain targeting lipid-based drug, 3-deoxy phosphatidylinositol ether
lipid (DPIEL) and PHT-427 can be useful for the treatment of cancer and other human
diseases.[22, 29] Alexei Degterev and co-workers demonstrated that small molecules like
PITENINs can inhibit the PI(3,4,5)P; binding of AKT1/PDK1-PH-domains resulting in
down-regulation of PI3-Kinase/PDK1/AKT1 pathways.[8] So far there are only a few PLC
regulators that play a significant role in understanding the PI(4,5)P, mediated cellular
signaling pathways.[18, 19] Neomycin is known as a regulator of PI(4,5)P,-PLC enzyme
interactions and PLC induced PI(4,5)P, hydrolysis at the cellular membranes. However
neomycin directly interacts with the PI(4,5)P, molecules present at the membrane through an
electrostatic interaction and blocks PLCo enzyme activity.[19] However, there is no report of

PH domain specific PLC regulator.

OJN/\@ HOL(/\N
NZN NO, NZN

CIP-1 CIP-2

.
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-

CIP-3 CiP4

Figure 5.1.1. Structure of synthesized triazole-based small molecules

In this regard our current study describes the development of 1,2,3-triazol-4-yl methanol-
based antagonists, CIPs for PI(4,5)P,/PLC61-PH domain binding. These compounds at lower
concentrations showed certain degree of selective inhibitory effect towards different PH-
domains used for the current study. The 1,2,3-triazol-4-yl methanol moiety and nitro group of

the compounds play a crucial role in distinguishing the PH-domains. Potent compound, CIP-
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4 can competitively interact with the PLC31-PH domain and displace it from PM to
cytoplasm. We believe that these non-lipid potent compounds would be able to inhibit
P1(4,5)P, targeted PIP-binding proteins/enzyme under cellular environment and regulate its

cellular signaling pathways.

5.2. RESULTS AND DISCUSSION

PIP signalling pathway is considered as one of the most commonly deregulated pathways in
several human diseases including cancer.[5, 21, 40, 41] For this reason development of potent
and specific inhibitors for the effector proteins associated with this PIP-kinase/phosphatase
pathway is highly demanding in the drug discovery and related research fields.[42] However,
targeting the catalytic domain of these enzymes to develop inhibitor remained quite
challenging. For example, several potent inhibitors of AKT1 enzyme turn out to be relatively
toxic, presumably due to the inhibition of other ser/threonine kinases.[21, 43] On the other
hand, small molecules such as DPIEL and perifosine, developed for the inhibition of PIP/PH-
domain interaction are comparatively nontoxic and offer a better therapeutic strategy than
inhibitors for ATP-site.[22, 41] In recent years, studies have been carried out to identify
phosphate or nonphosphate containing small molecules as being inhibitors for PIP-binding

domains.[8, 21, 44, 45]

so®2 it 7]
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Figure 5.2.1: Amino-acid sequence alignment of the AKT1, GRP1, TAPP1, PLC51-PH domains are shown
using Clustal X. Secondary structural elements of the PH domains are shown below the alignments with colored
pink (B-sheets) or blue (a-helices). PH domain residues forming the cationic patch at its base are labelled with

chocolate squares.

It is well documented that stimulated PLC31 enzyme hydrolyze P1(4,5)P, to DAG and

IP3, which acts as second messengers. Deregulation of PLC enzyme activity is related with
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diverse diseases including cancer, cardiovascular diseases.[46-48] Therefore, development of
small molecule-based inhibitors is considered as potential pharmacological tools to
investigate the roles PLC enzyme in diseases and can be used as candidates for drug
discovery. The interaction of PH domain with PI(4,5)P, at the inner PM is essential for PLCo
enzyme to hydrolyze PI(4,5)P,.[18, 19, 49] In this regard, we have synthesized 1,2,3-triazol-
4-yl methanol derivatives targeting the PI1(4,5)P, binding PH-domain of PLC51-PH domain
(Figure 5.1.1). The compounds were synthesized according to the reported procedure using
CuO nanoparticles as catalyst.[50-52] Typically, all molecules were designed such a way,
that there must be 1,2,3-triazol-4-yl methanol moiety, which are critical in forming more
hydrogen bond with their binding partners and can be fitted inside the shallow positively
charged binding pocket of the PLCS1-PH domain (Figure 5.2.1). The nitro group and an
additional triazole ring were installed to understand their impact in hydrogen bond formation
with the amino acid residues within the PH-domain binding pocket. Thus, the impact of this
study is not only inhibition constant measurement but also elucidate their binding

mechanism.

Surface Plasmon Resonance based-competitive Binding Assay—We first measured the
efficiency of the compounds in disrupting the PIP/PH domain interaction, by using SPR-
based competitive binding assay, an useful technique for quantitative determination of
binding and/or inhibition affinities in real-time.[21, 30] All SPR measurements were
performed using two parallel flow-channel systems (control and active channel). Liposomes
of PC/PE/PS (60/20/20) and PC/PE/PS/PIP (57/20/20/3) were coated on control and active
channel, respectively. For all measurements only protein or protein equilibrated with CIP
compounds were passed over control channel to active channels. To remove any non-specific
binding of protein on the liposomal surface, RU of control channel was subtracted from RU
of active channel. Control experiments with only compound binding on the liposome surfaces
showed almost no effect on RU of protein. PIP selectivity, of the respective PH domains was
also tested under similar experimental conditions. The calculated % of inhibition values from
SPR measurements showed that compounds CIP-1 and CIP-4 strongly interact with the
PLCS1-PH domain and inhibits its binding with the PI(4,5)P, lipid under liposomal
environment (Figure 5.2.2A). The compounds CIP-1 and CIP-4 with 5 uM concentration
showed 83% and 72% inhibitory effect for PI(4,5)P,/PLC61-PH domain interactions,
respectively (Table 5.2.1). For further understanding of this inhibitory effect of the
compounds on PI(4,5)P,/PLC61-PH domain interaction, we also carried out SPR
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measurements in a concentration dependent manner (Figure 5.2.2B,C). The analysis clearly
showed that the relative RU values of the SPR sensorgrams of PLC61-PH domain decrease as
a function of concentration of the compounds. These results clearly suggest that the
compounds, CIP-1 and CIP-4 could affect the PI(4,5)P, /PLCS1-PH domain interaction,

either by blocking the binding site or by altering the protein conformation.
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Figure 5.2.2. Screening of PI(4,5)P2/PLCd1-PH domain (500 nM) interaction selectivity by compounds (5 uM)
(A). Surface plasmon resonance sensorgrams of PI(4,5)P2 binding PLCS1-PH domain in the presence of
increasing concentration of compounds CIP-1 (B) and CIP-4 (C). Selectivity analysis (% of inhibition) of the
compounds for PI(4,5)P2/PLC51-PH domain inhibition (D). PC/PE/PS/PI(4,5)P2 (57/20/20/3) and PC/PE/PS
(60/20/20) vesicles were used as active and the control surface, respectively. Values represent the mean = SD

from triplicate measurements.
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Table 5.2.1. Relative Inhibitory Activity of the Compounds Measured by Competitive-

Surface Plasmon Resonance Analysis

Protein Relative inhibitory activity (%) ICsy values (nM)

CIp-1 CIP-2 CIP-3 CIP-4 CIP-1 CIP-2 CIpP-3 CIP-4

PLC81-PH 83+4 62%3 - 72 £3 1137 159+£11 - 53+9

TAPP1-PH 18+2 414 - 212 647+33 106 *38 - 1112 +78

AKTI1-PH 44+2 55+2 4 +1 33%3 175+21 315+£32 NM 3799 + 98

GRP1-PH 563 58+%£5 - 52+4 145+11 2169 - 789 + 35

Protein, 500 nM; % of inhibition was calculated using 5 uM compound concentration, measurements were
performed in 20 mM HEPES buffer at pH 7.4 containing 160 mM KCI; NM, not measured. Values represent the

mean + SD from triplicate measurements.

The calculated ICsy values for CIP-1 and CIP-4 compounds were 113 and 53 nM,
respectively for the PI(4,5)P,/PLC61-PH domain interaction, indicating their strong binding
pattern under experimental conditions. PLC31-PH domain is reported as cellular marker of
P1(4,5)P; lipid.[2, 9, 15, 19] To determine the selectivity of potent compounds in inhibiting
the PI(4,5)P,/PLC31-PH domain interaction, we also measured their inhibitory effect on other
PIPs binding PH-domains (Figure 5.2.3). It is well documented that AKT1-PH domain
strongly interact with both PI(3,4,5)P; and PI(3,4)P,, whereas GRP1 and TAPP1-PH domains
selectively interacts with P1(3,4,5)P; and PI(3,4)P; respectively.[23]

We measured the inhibitory effects of compounds CIP-1 and CIP-4 on
P1(3,4,5)P;/AKTI-PH domain (ICsy values were 175 and 3799 nM, respectively),
P1(3,4,5)P3;/GRP1- PH domain (ICsy values were 159 and 789 nM, respectively) and
P1(3,4)P,/TAPP1-PH domain (ICsy values were 647 and 1112 nM, respectively) interactions
(Table 5.2.2). Concentration dependent % of inhibition values of CIP-4 for different PIP/PH

domain interactions were shown in Table 5.2.2.
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Figure 5.2.3. The inhibitory effects of compound on the interaction between AKT1-PH domain and PI(3,4,5)P;.
Specificity screening of PI(3,4,5)Ps;/AKT1-PH domain (500 nM) inhibition by compounds (5 pM). Surface
plasmon resonance sensorgrams of PI(3.4,5)P; binding AKT1-PH domain in the presence of increasing
concentration of compounds CIP-1 and CIP-4. Specificity analysis (% of inhibition) of the compounds for

P1(3,4,5)P3/AKT1-PH domain inhibition. Values represent the mean + SD from triplicate measurements.

Table 5.2.2. Calculation of relative inhibitory effect of compound CIP-4

Compound, Relative inhibitory activity (%)

CIP-4 PLC61-PH  TAPP1-PH  AKTI1-PH GRPI1-PH

S5uM 72+3 21 £3 33+3 52+4
50 uM 82 %7 29+5 52+5 64 +8
200 uM 935 47 £ 8 64 +7 64 +11
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These results suggest that compound CIP-4 have certain degree of selectivity for PI(4,5)P,
binding PLC61-PH domain over PI(3,4)P, and PI(3,4,5)P; binding PH-domains. Therefore,
this competitive binding study suggests that at least a fraction of this potent compound
specifically interacts with the PH-domains through its PIPs binding site. However,
differential inhibitory effects of the compounds on PIP/PH-domain interactions could be due
to their interaction pattern with the amino acid residues within and/or outside the PIP-binding
pocket, stability of the compound-PH-domain complexes, effect of compound on membrane
bilayer or their synergistic effect. Hence, additional studies are required to determine the
specificities and understand their binding mechanism of these compounds for diverse PIP-

binding PH-domains.

Molecular Docking Analysis—The SPR-based competitive binding assay showed that the
compounds differentially inhibit the PI(4,5)P,/PLC61-PH domain interaction under the
similar experimental conditions. The relative inhibitory activity of compound CIP-4 for
PI(4,5)P,/PLC61-PH domain was much higher than other PIP-binding PH-domains, which
indicate that CIP-4 was able to distinguish different PH-domains tested under the similar
experimental conditions. Structural analysis revealed that all these tested compounds contain
1,2,3-triazol-4-yl methanol moiety, consequently to elucidate the probable binding mode for

different inhibitory efficacies, molecular docking analysis was performed.

Figure 5.2.4. Structure of PLC61-PH domain (IMAI) in complex with IP3 (A). Model structures of ligands
CIP-1 (B) and CIP-4 (C) docked into the PIP-binding site of the PLC51-PH domain (1MAI). Residues involved

in interactions through hydrogen bond formation are shown using dashed lines (pink).

The reported crystal structure of PLC51-PH domain (IMAI) in complex with inositol 1,4,5-

triphosphate (IP3) provides a detail insight into the mode of ligand interactions within the
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binding pocket.[32] Structural analysis and structure-activity studies showed that phosphate
groups attached to myo-inositol ring of IP; preferably interact with the K30, K32, W36, R40,
S55, R56 and RS57 residues through hydrogen bond formation.[10, 15, 19, 32] Blind
molecular docking analysis demonstrated that the 1,2,3-triazol-4-yl methanol derivatives

preferably interact with PLC61-PH domain through its the IP3 binding site. The triazol ring,

(B)

cA Arg40
N

can

Glul?7 .

Figure 5.2.5. Lig-plot analysis of CIP-1 and CIP-4 docked into PIP binding site of PLC51-PH (A, C) and

AKTI1-PH (B, D) domains, respectively. Residues involved in interactions through hydrogen bond formation are

shown using dashed lines.
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hydroxy and nitro groups of the compounds could be mainly responsible for their interaction
with the cationic groove of the PLC31-PH domain (Figure 5.2.4). For further analysis best
docking poses were selected based on the number of interactions with the protein, similarity
of docking orientation and position within the PIP-binding site of the protein. The calculated
in-silico interaction energies between the ligands and PLC61-PH domain protein are of high
negative values, suggesting acceptable docking poses for further analysis (Table 5.2.3). The
docking poses showed that the pharmacophores of compounds CIP-1 and CIP-4 could form
hydrogen bonds with the side chain or backbone carbonyls/amide protons of PLCS1-PH
domain through its IP; binding site (Figure 5.2.4 and Figure 5.2.5).

Table 5.2.3. Theoretically Calculated Interaction Energy between Ligand and PH-domains

Protein Ligand Interaction energy between Hydrogen bonding
ligand and Protein (kcal/mol) energy (kcal/mol)

CIP-1 -102.5011 -20.4174
-99.9215 -20.8066
PLCS1-PH -98.4244 -17.8983
Domain CIrP-4 -129.5161 -21.1872
-126.2811 -18.4781
-122.6232 -24.3443
CIP-1 -107.3021 -20.7979
-101.1464 -21.1471
AKTI1-PH -99.4748 -19.5755
Domian CIP-4 -133.9121 -20.2021
-131.4982 -20.0973
-129.3274 -19.1821

However, the docking results did not show any significant difference in their number
of interactions or interacting residues. CIP-1 and CIP-4 showed 5 and 6-hydrogen bond
formation with the PLC61-PH domain, respectively (Figure 5.2.4). Calculated ICsy values of
the compounds showed that CIP-4 has approximately 2-fold stronger binding affinity than
CIP-1. Therefore, strength of interactions and surface area of the compounds may be
important criterion in showing stronger binding properties. We also performed molecular
docking analysis of these ligands with AKT1-PH domain (1H10)[31]. The docking results
showed that the ligands specifically interact with the AKTI-PH domain through its PIP-
binding site in a similar pattern as with PLC61-PH domain. In particular, compound CIP-4

forms only 3-hydrogen bonding with AKT1-PH domain, which was also reflected in its ICsg
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values. Therefore, the molecular docking analysis predicts that these ligands interact with the

PH-domain preferably through their PIP-binding site.

Structural Change Measurement: Lower ICsy values of the compounds could be due to the
structural change of the PH-domains in the presence of the compounds that could prohibit the
PH-domains to interact with the PIP containing membranes. In this regard, we performed
circular dichroism (CD) spectral analysis to understand whether interactions of compounds
with the PH-domains alter the structural integrity or not. The CD spectra of the PLC31-PH
domain in the absence/presence of compounds CIP-1 and CIP-4 are shown in Figure 5.2.6A.

The negative ellipticity in the range of 225-200 nm and the positive ellipticity around 195 nm
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Figure 5.2.6. Effect of compounds on the secondary structural content of the PLCS1-PH domain. Far-UV CD
spectra of PLC31-PH domain in the absence and presence of compounds (20 pM) in 10 mM phosphate—
containing 10 mM NaCl buffer (pH 7.2) (A). Size distribution of PLC31-PH domain in the absence or presence
of compounds (20 uM, at t = 5 min) in aqueous solution (PBS buffer pH 7.0) at 25 °C (B).

are the characteristic of protein secondary structural features such as a-helix and B-sheet. The
spectral data showed that in the presence of compounds CIP-1 and CIP-4 there is almost no
change in their secondary structural pattern of PLC81-PH domain in the far UV-CD
spectrum. The change in beta sheet content is little bit higher in the presence of CIP-4 than
CIP-1, which is in correlation with the ICsy values. However, larger change in B-sheet
content of the PLCS1-PH domain indicates that the compounds interact with the PH-domain
though it’s PIP-binding site which is composed of seven B-sheets and connecting loop
regions. It is important to mention that any increase in helical content of the PLCo1-PH
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domain upon ligand binding would be small and that any increase in CD-signal in the range
of 225-200 nm might be obscured by the change in contribution from high B-sheet content of
the PH-domain structure. In addition our dynamic light scattering (DLS) measurements data
also pointed out that the compounds did not alter the hydrodynamic sphere of the protein
(Figure 5.2.6B). Therefore, our CD and DLS measurements clearly showed that the ligand
binding does not significantly alter the secondary structure of the PLC51-PH domain.

Membrane Interaction Measurement: Another possibility of the lower ICsy values of the
compounds could be also due to their interaction with the membrane as was seen in the case
of neomycin.[19] It can be assumed that direct interaction of the compounds with the PIP-
containing liposomes can alter the membrane dynamics and inhibit the PH-domains to

interact with the membranes. Therefore, to understand whether the compounds alter the
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Figure 5.2.7. Schematic representation of DPH and NBD-PE localization in the lipid membrane. The DPH (in
blue) localize in the hydrophobic core of the lipid bilayer. The NBD (in blue) group of NBD-PE lipid localize at

the interface of the lipid bilayer.
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membrane dynamics of lipids and fluidity of the lipid bilayer, we measured the fluorescence
anisotropy of 1,6-diphenyl-1,3,5-hexatriene (DPH) and 1,2-diphytanoyl-sn-glycero-3-
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-PE) under liposomal
environment.[28, 34] The membrane composition (PC/PE/PS/PIP) used for the SPR studies
contain anionic lipids like PS and PIP. We presume that the interaction of the triazole and

nitro groups of the compounds with the anionic lipids could alter the membrane organization
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Figure 5.2.8. Anisotropy values of NBD-PE in the absence and presence of the compounds with different

concentrations. Values represent the mean + SD from triplicate measurements.
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Figure 5.2.9. Fluorescence anisotropy of DPH and NBD-PE embedded in PC/PE/PS (60/20/20) and
PC/PE/PS/NBD-PE (59/20/20/1) liposomes for compounds (A). Control: no ligand was added to the liposomes.
Zeta potential of the PC/PE/PS/P1(4,5)P, (57/20/20/3) liposomes in the presence of compounds with different
concentrations (B). 100 uL of liposomes from 0.5 mg/mL of total lipid was used for all measurements. Values

represent the mean = SD from triplicate measurements.
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by blocking the protein binding under the liposomal environment and allowing the
competitive-SPR measurements to show high inhibitory effect by the compounds. The DPH
molecules generally embedded within the hydrophobic core of the lipid bilayer, NBD of
NBD-PE is presumed to be mainly localized at the membrane interface (Figure 5.2.7)
therefore changes in fluorescence anisotropy values can be useful in evaluating the
modulation of lipid-bilayer fluidity induced by membrane-active compounds. Figure 5.2.9

and Table 5.2.4 represent the change in anisotropy values of DPH and NBD-PE molecules in

Table 5.2.4. Anisotropy Values of the Membrane Sensitive Probes in the Absence and

Presence of the Compounds

Compound Anisotropy of DPH Anisotropy of NBD-PE
liposome 0.30706 £ 0.00829 0.22764 £ 0.05691
CIP-1 0.31004 £0.01141 0.19695 £ 0.02564
CIP-4 0.32135 £0.01148 0.18729 £ 0.06543

Values represent the mean *+ SD from triplicate measurements.

the presence of anionic hybrid lipids under liposomal environment. NBD fluorescence
anisotropy was also measured in the presence of different compound concentrations (Figure
5.2.8). The variations in DPH fluorescence anisotropy values affected by the compounds are
very small, indicating almost no change in ordering of the core of lipid bilayer. However,
NBD fluorescence anisotropy values get affected only at higher concentrations of the
compounds. This indicates that ordering of the interfacial region of the lipid bilayer get
affected by the compounds only at higher concentrations. The anisotropy measurements were
performed at 25 °C, which is much above the phase transition temperature of PC/PE/PS
(60/20/20) lipid bilayers. Therefore, the lipids are in liquid-crystal (LC) phase at 25 °C and
the partition coefficients of DPH/NBD-PE are expected to be higher than solid-gel (SG)
phase.[28, 53] We also measured the change in surface potential of the liposomes
(PC/PE/PS/PI(4,5)P,) in the absence and presence of the compounds, to determine whether
their interaction could alter the surface charge of the liposmes. The results clearly showed
that the compounds have weak effect on the surface potential values of the liposomes,
indicating their weak interaction pattern with membrane surface (Figure 5.2.9). Therefore, the
stronger inhibitory effects of the compounds are predominantly due to its stronger binding

with the respective PH-domains.

Forster Resonance Energy Transfer Analysis- The membrane binding surface, surrounding

the PIP-binding site of the PH domain allows PLCol to interact with the cellular
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membranes.[37] This PI1(4,5)P, dependent membrane interaction of the PLC61-PH domain
activates PLCo1 enzyme.[17] Therefore, for further understanding of the selectivity of these
compounds in inhibition of the PI(4,5)P,/PH-domain interactions, we performed competitive-
protein to membrane Forster resonance energy transfer (FRET) analysis. One of the Trp-
residues (W27) is localized close to the PI(4,5)P, binding site of the PLC61-PH domain and
provides as FRET donor, and a low density of membrane-embedded, dPE lipid serve as the
FRET acceptor. In this assay we first allowed the PH-domain to bind the dPE labeled
P1(4,5)P; containing liposomes, then the compounds were added to confirm that they interact
with the PH-domain through its PIP-binding site. The decrease in fluorescence signal at 505
nm wavelength, in the presence of compounds confirmed its binding to PLC51-PH domain
under liposomal environment (Figure 5.2.10). However, detailed spectral analysis showed a

concomitant decrease of Trp-fluorescence signal (at 340 nm). Our control experiment showed
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Figure 5.2.10. Representative protein-to-membrane FRET experiment under liposomal environment. Addition
of increased concentration of compounds, CIP-1 (A) and CIP-4 (B) to PLC51-PH domain (2 uM) bound to the
active liposome (PC/PE/PS/dPE/PI(4,5)P, (56/20/20/1/3)) decreases the FRET signal at 509 nm. All the
measurements were performed in 20 mM Tris, pH 7.4 containing 160 mM NaCl. Compound concentrations

were varied from 0 to 70 pM.

that the compounds directly interact with the PLC31-PH domain in solution. Therefore, the
decrease in protein-to-membrane FRET signal could be predominantly due to compound
dependent Trp-fluorescence quenching of the protein and subsequent displacement of protein
from bilayer surface to the bulk solution. Overall, this assay also confirms that the

compounds in solution specifically interact with the PH-domain.
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Isothermal Titration Calorimetric Measurements- To better understand the binding

mechanism of the compounds,

CIP-1 and CIP-4 with the PLC61-PH and AKTI1-PH

domains, we performed isothermal titration calorimetric (ITC) measurements. Representative

titration plots of both the compounds with PLC51-PH domain showed an exothermic reaction
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Figure 5.2.11. Isothermal calorimetric titration of PLC31-PH and AKT1-PH domains with compounds. Original
titration and integrated peak areas of PLCO1-PH and AKT1-PH domain with CIP-1 (A and B) and CIP-4 (C

and D), respectively.
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with one-step binding mechanism (Figure 5.2.11). This indicates that stronger hydrogen bond
formation and van der Waals interactions between the compounds and cationic groove
present inside the PIP- binding site of the PLC31-PH domain are predominant factors for
their interactions. The binding parameters are in accordance with spectroscopic and
molecular docking analysis results. Interactions of both the compounds with AKT1-PH
domain followed an exothermic reaction with two-step binding mechanism (Figure 5.2.11).
However, both the compounds have weaker binding affinity for AKT1-PH domain in
comparison with the PLC31-PH domain. Therefore, ITC analysis clearly suggests that the
compounds in solution interact with the PLC31-PH and AKT1-PH domain.

Lipid-Pull down Assay: The inhibition of PI(4,5)P,/PLC31-PH domain interaction under
liposomal environment was also qualitatively determined by lipid pull-down assay.[27, 38,
39] The binding of PLCS1-PH domain (50 uM) with PI(4,5)P, containing liposomes
(PC/PE/PS/PI(4,5)P, (57:20:20:3)) were measured in the absence or presence of compounds
(100 uM), CIP-1 and CIP-4 at physiological pH. The coomassie blue staining of the SDS-
PAGE gel clearly showed that the PLC31-PH domain binding to the PI(4,5)P, containing
liposomes was almost completely diminished by the compound CIP-4 (Figure 5.2.12A).

(A) Compound - - CIP-4 CIP-4 CIP-1 CIP-1
PLCo1 PH + + + + + +
PF SF  PF SF PF SF

1 2 3 4 5 6
(B) Compound - - CHP-4 CIP-4 CIP-1 CIP-1 (C) PLCSIPH + +
AKTI1 PH + + + + + + PF SF
PF SF PF SF PF SF
1 2 3 4 5 6 7 8

Figure 5.2.12. Coomassie blue stained SDS-PAGE gel images of liposome binding assay. PC/PE/PS/PI(4,5)P2
or PC/PE/PS/PI(3,4,5)P; (57/20/20/3) liposomes were used for PLC31-PH domain or AKT-PH domain binding
study respectively. Lanes 1, 3 and 5 were liposome bound fraction and 2, 4 and 6 were unbound fraction of
PLC81-PH domain in the presence of compound CIP-1 and CIP-4 (A). Lanes 1, 3 and 5 were liposome bound

fraction and 2, 4 and 6 were unbound fraction of AKT1-PH domain in the presence of compound CIP-1 and
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CIP-4 (B). PC/PE/PS (60/20/20) was used as control liposome. Lane 7 and 8 were liposome bound and
unbound fraction of PLC31-PH domain (C). Liposome concentration 100 uM; Protein concentration 50 pM;

Compound concentration, 100 uM; PF, palate fraction; SF, soluble fraction.

However, compound CIP-1 was not that efficient in displacing the PLC51-PH domain from
its liposome bound state. The inhibition of P1(3,4,5)P3/AKT1-PH domain interaction by the
potent compounds was also measured using similar methods. Visual inspection of coomassie
blue stained SDS-PAGE gel images revealed that compound CIP-1 inhibit the
P1(3,4,5)P3/AKT1-PH domain interaction more strongly than compound CIP-4, under similar
experimental conditions (Figure 5.2.12B). Control experiment showed that PLCo1-PH
domain has very weak binding affinity for PC/PE/PS liposome (Figure 5.2.12C). Hence, the
liposome-pull down assay results indicate that the PLC31-PH domain strongly interact with
PI(4,5)P, containing liposomes and CIP-4 strongly inhibit the P1(4,5)P,/PLCd1-PH domain

interaction.

Cellular Translocation of PLC61-PH domain: To demonstrate the physiological
significance of our in vitro inhibition/binding studies that show potent compounds strongly
interact with PLC31-PH domain and inhibits its specific interactions with PI(4,5)P, under
liposomal environment, we measured membrane displacement of GFP-tagged PLC61-PH
domain in A549 cells. As reported earlier PI(4,5)P, is mostly present at the inner PM of cells,
hence expression of cDNA of GFP-tagged PLC61-PH domain allow this protein to be
localized at the PM.[9, 15, 54] Freshly prepared compound solutions were added after 24
hours of transfection of cDNA. Cells were treated with compounds for 30 min and then fixed
with 4% paraformaldehyde for immunofluorescence study. All measurements were
performed for minimum three times with more than 10 cells were monitored for each
measurement. In general, more than 80% of cell population showed similar behaviors with
respect to PM displacement of PLC31-PH domain.The extent of displacement of PLC61-PH
domain from PM was monitored in the presence of compounds CIP-1 and CIP-4 (0 - 100
uM) in a concentration dependent manner (Figure 5.2.13). Confocal microscopic images
clearly showed that external addition of CIP-4 can efficiently displace localized PLC31-PH
domain from PM. Whereas, extent of displacement of PLC51-PH domain from PM is lower
by compound CIP-1, which is accordance with their in vitro binding affinities/ICsy values.
The results indicate that the PI(4,5)P,/PLCS1-PH domain interaction is indeed inhibited by

the potent compounds under cellular environment.
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GFP-PLCS1-PH + + + +
CIP-4; 0 pM 5 uM 10 uM 20 uM 100 pM

Figure 5.2.13. Effect of compound on cellular localization of GFP-tagged PLC31-PH domain in A549 cells.
Representative cellular localization pattern of GFP-tagged PLCS1-PH domain in the absence or presence of
compound CIP-4 with different concentrations, 0 (A), 5 (B), 10 (C), 20 (D) and 100 uM (E). The compound
was treated in A549 cells for 30 min and then cells were fixed with 4% paraformaldehyde for

immunofluorescence study.

Present study described that compounds with 1,2,3-triazol-4-yl methanol moiety had
moderate to strong inhibition of the PI(4,5)P; binding to the PLC31-PH domain. Through
biophysical analyses demonstrate that the interactions between the potent compounds and
lipid bilayer are very weak in nature. The compounds preferably localize in the bulk phase of
the solution and its pharmacophores are accessible for PH-domain binding under the
experimental conditions. The 1,2,3-triazol-4-yl methanol moiety and nitro group are crucial
for their interaction with the PH-domains. These compounds have stronger binding affinity
for several PH domains, but their affinity differences are negligible except for compound
CIP-4. The higher binding affinity of CIP-4 for PLC61-PH domain over the other PH-
domains including AKT1, TAPP1 and GRP1 proteins could be due to its true selectivity. We
hypothesize that stronger binding of the compounds with the PLC31-PH domain block its
membrane association and PI(4,5)P, binding, which is essential for its activity in hydrolyzing
P1(4,5)P; to IP; and DAG under cellular environment. However, the stronger binding affinity
and selectivity for PLC31-PH domain of compound CIP-4 over CIP-1 could be because of
the presence of additional triazole ring, which not only provide additional hydrogen bonding
with the amino acid residues within the PIP binding pocket but also the surface area of the

liagnd required for stronger inhibition of PI(4,5)P,/ PLC31-PH domain interactions.
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Recently, neomycin is reported as inhibitor of PI(4,5)P, binding PLC enzyme, which
regulates PI(4,5)P, hydrolysis at the cellular membranes, but the mechanism of its activity is
quite different than compound CIP-4.[19] Strong electrostatic interactions between neomycin
and PI(4,5)P, molecules present at the membranes regulate PLC enzyme activity. However,
direct binding of neomycin to PI(4,5)P, can alter biological activities of several other
proteins/enzymes including protein kinase C. U73122, ATA are among other reported
inhibitors of PLC enzyme, but these compounds targets catalytic site of the enzyme.[55, 56]
Whereas, our experimental results show that CIP-4 is selective and presumably interact with
the PH domain of PLC61 enzyme through its PIP/IP; binding site. In this regard, we
hypothesize that selective PLC enzyme activity can be also controlled by these types of
compounds, which directly interacts with the PIP-binding domains not with the PIPs.
However, further biological studies, including enzyme activity assay, are required to
understand the PI(4,5)P,/PH domain inhibition potency of compound CIP-4 and regulation of
PLC enzyme activity.

Conclusion

Taken together, our results show that 1,2,3-triazol-4-yl methanol derivatives strongly interact
with PH-domain of PLC61, AKT1 and GRP1 proteins but weakly interact with the model
membranes. Potent compound CIP-4 efficiently displaces PI(4,5)P, from its binding sites of
the PH-domains, but failed to displace PI(3,4)P, and PI(3,4,5)P; effectively from their
respective PH-domain binding pockets, indicating its selectivity for PI(4,5)P,/PH-domain
interactions. The interactions of the potent compounds with the PLC61-PH domain are
exothermic and preferentially interact through its PIP binding site without altering its
secondary structure content. The molecular docking analysis indicates that the presence of
two triazol moieties and nitro group are essential for their interaction with the PH-domains.
The results suggest that these small molecules seem to act principally by binding to the PH-
domain and preventing the recruitment to the cellular membranes, where these effector
proteins are primarily activated. Our findings also suggest that the 1,2,3-triazol-4-yl methanol
moiety can be used to develop nonphosphate-based potential regulators for PI(4,5)P, binding

PH and other lipid binding domains containing proteins.

5.3. Experimental Section

As described in chapter 4 section 4.3
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Conclusions and Scope for future work

Most of the phosphoinositides binding domains have been characterized as a specific PIP
interacting module and this interaction is necessary and sufficient for their membrane
targeting and localization. Among the large number of PIP interacting domains known so far,
only a small number of them have been successfully characterized. Therefore in this thesis,
we have determined the membrane binding properties of Tks5-PX and Lpd-PH domain and
also have developed PIP/PH domain interaction based small molecule inhibitors. Invitro
binding parameters have been measured using surface plasmon resonance, FRET-based
competitive binding assay and also role of the hydrophobic amino acid residues in membrane
binding have been determined by monolayer penetration measurements. The significance of
invitro binding parameters has been further elucidated by cellular colocalization and/or
translocation studies.

We have successfully investigated the phosphoinositide binding nature of Tks5-PX
and Lpd-PH domain. In chapter 2, we have determined the roles of cationic and hydrophobic
amino acid residues of Tks5-PX domain in membrane binding. FRET-based competitive
binding as well as SPR binding measurements demonstrates that Tks5-PX domain has dual
binding specificity to both PI(3)P and PI(3,4)P; lipids. Also our studies show that R42/R93
cationic residues are the main phosphoinositide binding partners. Monolayer measurements
suggest that the hydrophobic residues present at the binding surface of Tks5-PX also play
important role in membrane binding by partial membrane penetration. Cellular localization
patterns of the PX domain and its mutants in normal A549 cells are consistent with their in
vitro membrane binding properties. PX domain colocalizes with PI(3)P binding cellular
marker at the early endosomal membranes and translocate to the plasma membrane upon
stimulation with platelet-derived growth factor. In chapter 3, we have quantitatively
determined the binding parameters of Lpd-PH domain employing the similar biophysical
studies as performed in chapter 2. FRET analysis and SPR measurements showed that Lpd-
PH domain strongly interact with the PI1(3,4)P, lipid containing membranes but monolayer
penetration measurements exhibited its inability to penetrate significantly into the membrane
even in presence of the PI(3,4)P; lipid. From the in vitro binding measurements it has been
demonstrated that K32/R34 residues are the key PI(3,4)P, binding residues. Our cellular
studies showed that GFP-fused Lpd-PH domain localize at the plasma membrane in PDGF-
stimulated A549 cells. However, the mutation of main PI(3,4)P, binding residues, K32/R34
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completely abolished the membrane translocation. Overall, our combined theoretical and
experimental analyses showed that the cationic residues present at the membrane binding
surface of Lpd-PH domain predominantly regulates the PI(3,4)P,-dependent membrane
binding of Lpd protein.

This lipid-protein interaction is crucial for the activation of host protein and the
understanding of its binding property is the key step for the enzyme specific drug
development. In this regard, next two chapters focused on the development of PIP/PH-
domain interaction based small molecule inhibitors. In chapter 4, we have described the
development of 4-Amino-1,2,5-oxadiazole-based antagonists, GPIs for PI(3,4,5)P;-PH-
domain binding and determined their inhibitory effect by using competitive-surface plasmon
resonance (SPR) analysis (ICsy ranges from 1.85 to 16.35 uM for PI(3,4,5)Ps/AKT1-PH-
domain binding assay). Our study also demonstrated that these non-lipid based compounds
with 4-amino-N'-hydroxy-1,2,5-oxadiazole-3-carboximidamide moiety strongly interact with
the PI1(3,4,5)P; binding of AKTI1-PH-domain, but weakly interact with the PI(3,4)P, and
P1(4,5)P; binding PH domains. The potent compounds also interact weakly with the liposome
through its interfacial region. Cellular measurements showed that the potent compounds have
weak cytotoxicity and moderate inhibition effect on AKT-kinase activity. In chapter 5, we
have employed 1,2,3-triazol-4-yl methanol containing small molecule (CIPs) as antagonists
for PI(4,5)P,/PH-domain interaction and have determined their inhibitory effect by using
competitive-SPR analysis (ICsy ranges from 53 to 159 nM for PI1(4,5)P,/PLCd1-PH domain
binding assay). We have also used PI(3,4,5)Ps, P1(3,4)P,, PI(4,5)P, specific PH-domains to
determine binding selectivity of the compounds. Various physicochemical analyses showed
that the compounds have weak affect on fluidity of the model membrane but strongly interact
with the PLC61-PH domains preferably through its PIP binding site. The 1,2,3-triazol-4-yl
methanol moiety and nitro group of the compounds are found to be essential for their
exothermic interaction with the PH-domains. Potent compounds can efficiently displace
PLC&1-PH domain from PM to cytosol in A549 cells.

Therefore, this thesis demonstrated the membrane binding properties of PX and PH
domain containing proteins and has also led to the development of PIP/PH-domain
interaction based non-lipid small molecules with minimal side effects. It is noteworthy that
this is the first study to show that PH domain could be targeted for the development of
inhibitor for PLC61 enzyme. This is also the first work to successfully determine (both in
Invitro  and cellular environment) the membrane binding nature of Tks5-PX and Lpd-PH

domains. This PIP/PX and/or PH domain binding study is not only impotent for further
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understanding of their cellular activity but also for intervening the role of their interaction
based small molecule inhibitors. In addition, triazole and oxadiazole moieties are also found
to have a wide range of applications as bioactive molecules exhibiting antibacterial, antiviral
and anticancer properties. Therefore, this study suggest that the 4-amino-N'-hydroxy-1,2,5-
oxadiazole-3-carboximidamide and 1,2,3-triazol-4-yl methanol moiety can be used for the
development of nonphosphate-based potential regulators for PIP/PH and other lipid binding
domains containing proteins. It is noteworthy to mention that preliminary study performed
with one of our 4-amino-N'-hydroxy-1,2,5-oxadiazole-3-carboximidamide moiety containing
compound that exhibits potent inhibitory effect of the kinase activity of AKT in various

cancer cell lines which encouraged us for further in vivo (mice model) study.
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Appendix

General reagents- Acetic acid, Hydrochloric acid, methanol, ethanol, potassium acetate, di

sodium hydrogen phosphate, chloroform were purchased from SRL and Merck, India.

Molecular biology grade reagents/ enzymes- SDS, Tris-base, EDTA, Agarose, acrylamide,
APS, bis-acrylamide, TEMED, IPTG, triton x 100, dNTP, pfu enzyme, DMSO, sodium

chloride, potassium chloride, kanamycine, ampiciline, agar, LB broth, T4-DNA ligase, Xhol,
Kpnl, Ecorl, DNA and protein marker, Commassie brilliant blue (CBB) R250 and G250,

Bradford reagent,

Table A1l. Bacterial and Mammalian Cell culture medium

Media Constituents Concentration pH

Luria broth (LB) Bactotryptone 1.0%
Yeast extract 0.5% 7.2
NaCl 0.5%

DMEM DMEM powder with high - 7.4
glucose for 1 lit, 3.7g

DMEM with serum DMEM, 10% serum, 1x - 7.4
antibiotics

Table A2. List of buffers and solutions

Buffers / Solutions Compositions

Tris acetate EDTA (TAE) buffer, 50x
(100ml)

30% acrylamide-bisacrylamide solution
(100 ml)

Gel running buffer

Sample loading buffer (1X)

Staining solution

Destaining solution

24.2 g Tris base, 5.71 ml CH3;COOH, 10 ml
of 0.5 M EDTA

29.2 g acrylamide, 0.8 g bisacrylamide

250 mM Tris base, 250 mM glycine, 0.1%
SDS

50 mM Tris-HCI pH 6.8, 2 % SDS, 10 %
glycerol, 1% B-mercaptoethanol, 0.02 %
bromophenol blue

50 % methanol, 10 % acetic acid, 0.25 %
CBB R250

30 % methanol, 10 % acetic acid, 60 % water
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Table A3. Buffer solutions for plasmid isolation

Buffer Compositions

Solution I (P1 buffer) 50 mM glucose, 25 mM Tris Hel, 10 mM
EDTA (pH 8.0)

Solution II (P2 buffer) 0.2 N NaOH, 1 % SDS

Solution II (P3 buffer) 5 M potassium acetate, pH adjusted to 4.8

with acetic acid

Table A4. List of primers for Tks5-PX domain mutations

Name Sequence Annealing
Temp. (°C)
Tks5-PX Xhol-Forward:
5'- ATT CTC GAG ATT ATG GAT ATG CTC GCC TAC TGC
GTG-3' 60
Kpnl-Reverse:
5'- ATT CGG TAC CGT GAA GAA CCG GAA GACTTC GTC -3
TKS5-PX- Forward:
R42A 5'-CAG ACT ATC TAC CGG GCT TAC AGC AAG TTC-3' 56.4
Reverse:
5'- GTC GAA CTT GCT GTA AGC CCG GTA GAT AGT -3'
TKSS5- Forwar:
PX-R43A 5'- CAG ACT ATC TAC CGG GCC TAC AGC AAG TTCTTC -3'
Reverse: 58
5'- GAA GAA CTT GCT GTA GGC CCG GTA GAT AGT CTG -3'
TKS5- Forward:
PX-K78A 5'-TTT CTT CCA GGC GCT ATC CTC TTC CGG AGA -3'
Reverse: 60
5'-TCT CCG GAA GAG GAT AGC GCC TGG AAG AAA -3'
TKS5- Forward:
PX-I79A 5'-TTT CTT CCA GGC AAG GCT CTC TTC CGG AGA AGC -3' 61.7
Reverse:
5'- GCT TCT CCG GAA GAG AGC CTT GCC TGG AAG AAA -3
TKS5-PX- Forward:
L80A/F81A 5'-TT CCA GGC AAG ATC GCT GCA CGG AGA AGC CAC AT -
3
Reverse: 64
5'- AT GTG GCT TCT CCG TGC AGC GAT CTT GCC TGG AA —
3
TKS5-PX- Forward:
R82A/R83A 5'- AAG ATC CTC TTC GCT GCT AGC CAC ATC -3
Reverse: 63

5'- GAT GTG GCT AGC AGC GAA GAG GAT CTT -3'
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TKSS5- Forward:
PX-R93A 5'- GAC GTG GCT GTG AAG GCT CTA AAG CCC ATC GAT -3' 59.5
Reverse:
5'- ATC GAT GGG CTT TAG AGC CTT CAC AGC CAC GTC -3'
Table AS. List of primers for Lpd-PH domain mutations
Name Sequence Annealing
Temp (°C)
Lpd-PH Xhol-Forward:
5'- ATT CTC GAG ATT ATG GAT ATG GTC CTC TTG GAG-3' 55
Kpnl-Reverse-
5'- ATT CGG TAC CGT CTG AGA CTC TGG -3'
Lpd-PH- Forward:
K28A 5-TTG AAG GAT GAT GGC GCT AAG TCC TGG AAA AAG-3' 58
Reverse:
5'-AAC TTC CTA CTA CCG CGA TTC AGG ACC GGG GGC-3'
Lpd-PH- Forward:
K24A 5'- GTC CTT TGG TTG GCA GAT GAT GGC AAG AAG -3'
Reverse: 58
5'- CTT CTT GCC ATC ATC TGC CAA CCA AAG GAC -3'
Lpd-PH- Forward:
L23R /D25G 5'- A GTC CTT TGG CGT AAG GGA GAT GGC AAG AA -3
Reverse: 594
5-TT CTT GCC ATC TCC CTT ACG CCA AAG GACT -3'
Lpd-PH- Forward:
K29A/W31A  5-GAT GAT GGC AAG GCA TCC GCA AAA AAG CGT TAT -
3 59
Reverse:
5'- ATA ACG CTT TTT TGC GGA TGC CTT GCC ATC ATC -3'
Lpd-PH- Forward:
K32A /R34A 5'- AAG AAG TCC TGG GCA AAG GCA TAT TTT CTC TTG -
3 57
Reverse:
5'- CAA GAG AAA ATA TGC CTT TGC CCA GGA CTT CTT -
3!
Lpd-PH- Forward:
K96A 5'-CCA CAA ATC CAG AAG AAA GCA CAA TAT ATC AAA-3' 53
Reverse:
5'- GGT GTT TAG GTC TTC TTT CGT GTT ATA TAG TTT-3'
Lpd-PH- Forward:
K79A 5'- CGG AAC AAA TAC GCA GCA CCT ACA GAC -3 56

Reverse:
5'- GTC TGT AGG TGC TGC GTA TTT GTT CCG -3'
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