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Abstract

Potent and selective inhibitors for phospholipases A, (PLA,) are useful for studying their
intracellular functions. PLA, enzymes liberate arachidonic acid from phospholipids activating
eicosanoid pathways that involve cyclooxygenases (COX) and lipoxygenases (LOX) leading to
inflammation. Anti-inflammatory drugs target COX and LOX; thus, PLA; can also be targeted to
diminish inflammation. This paper describes the employment of enzymatic assays, hydrogen/
deuterium exchange mass spectrometry (DXMS) and computational chemistry to develop PLA,
inhibitors. Beta-thioether trifluoromethylketones (TFKs) were screened against human GVIA
calcium-independent, GIVA cytosolic and GV secreted PLAJs. These compounds exhibited
inhibition towards Group VIA calcium-independent PLA, (GVIA iPLA)), with the most potent
and selective inhibitor 3 (OTFP) obtaining an X;(50) of 0.0002 mole fraction (ICgg of 110 nM).
DXMS binding experiments in the presence of OTFP revealed the peptide regions of GVIA
iPLA, that interact with the inhibitor. Molecular docking and dynamics simulations in the
presence of a membrane were guided by the DXMS data in order to identify the binding mode of
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OTFP. Clustering analysis showed the binding mode of OTFP that occurred 70% during the
simulation. The resulted 3D complex was used for docking studies and a structure-activity
relationship (SAR) was established. This paper describes a novel multidisciplinary approach in
which a 3D complex of GVIA iPLA; with an inhibitor is reported and validated by experimental
data. The SAR showed that the sulfur atom is vital for the potency of beta-thioether analogues,
while the hydrophobic chain is important for selectivity. This work constitutes the foundation for
further design, synthesis and inhibition studies in order to develop new beta-thioether analogues
that are potent and selective for GVIA iPLA; exclusively.

Graphical Abstract

Keywords

Phospholipase Ay; trifluoromethylketones; thioether; DXMS; docking; MD simulations; structure-
activity relationship

1. Introduction

Phospholipase A, (PLA,) constitutes a superfamily of enzymes that is implicated in many
biological pathways because of its unique ability to catalyze the hydrolysis of the ester bond
at the sm-2 position of membrane phospholipid molecules [1, 2]. The products of their
catalytic action include arachidonic acid (AA) and other free fatty acids as well as
lysophospholipids (LP). AA and LP are metabolic precursors of numerous metabolites
involved in inflammatory conditions including prostaglandins (PG), leukotrienes (LT), and
platelet-activating factor (PAF) [3-5]. The PLA, family includes six main types: cytosolic
(cPLA,), secreted (sPLA,), calcium-independent (iPLA,), platelet-activating factor
acetylhydrolase (PAF-AH) also referred to as lipoprotein-associated phospholipase A, (Lp-
PLAZ2), lysosomal phospholipase A; (L-PLAZ2), and adipose-PLA, (AdPLA) [1]. During the
last decade, it has been shown that PLA,s are associated with several inflammatory diseases
including asthma, arthritis, and cancer, and thus constitute an attractive target for inhibitor
development [6-8].

Among the PLA, enzymes, the Group VIA calcium-independent PLA, (GVIA iPLA; also
known as PNPLAD9) has attracted considerable pharmaceutical interest because it is
implicated in many diseases including diabetes [9], Barth syndrome [10], and NBIA/
Neuroaxonal Dystrophy [11], and thus, the development of potent inhibitors that are also
highly selective for GVIA iPLA, may lead to new therapeutics. The association of GVIA
iPLA, with membranes and the lack of an X-ray crystal structure to assist /n si/ico design
render the developments of inhibitors very challenging. The human GVIA iPLA; gene was
found to express multiple splice variants, with transcript variant 1 to be one of the two active
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isoforms in humans. Splice variant 1 contains 806 amino acids, and a molecular weight of
90 kDa. Based on its sequence, GVIA iPLA; is composed of 7 ankyrin repeats, a linker
region that contains an insert of 54 amino acids disrupting the eighth ankyrin repeat, and a
patatin-like a/p hydrolase catalytic domain. The enzyme belongs to the carboxylesterase
family that utilizes a catalytic dyad of Ser/Asp instead of the conventional carboxylesterase
catalytic triad of Ser/His/Glu or Asp [1]. Even though there is no available crystal structure
for GVIA iPLA,, molecular docking and dynamics (MD) simulations guided by hydrogen/
deuterium exchange mass spectrometry (DXMS) data have successfully been used in the
past by our group, to study the interactions of a GVIA iPLA, homology model with
membranes, substrates and inhibitors [12-14].

Several compounds have been reported to inhibit the enzymatic activity of GVIA iPLA,
including the S-enantiomer of the historically used covalent inhibitor bromoenol lactone (&
BEL) [15]. Although BEL potently inhibits the enzyme, it has low selectivity because it also
inhibits other serine proteases. Methyl arachidonyl fluorophosphonates (MAFP) are also
potent GVIA iPLA; inhibitors, but they are irreversible, and not specific for iPLA, [16].
Another class of GVIA iPLA, inhibitors is the 2-oxoamides based on dipeptides and pseudo
dipeptides, but they also inhibit cPLA, [17]. In 1995, fatty acyl trifluoromethylketones
(TFKSs) were identified as promising GVIA iPLA, inhibitors that target the catalytic Ser
[15]. Further, development of various polyfluroketones by Kokotos et a/led to a series of
small aromatic compounds as potent and selective inhibitors of human GVIA iPLA, [18,
19].

TFKSs are well known in mammalian pharmacology, and they were reported as transition
state esterase inhibitors [20, 21]. They were also found to be potent inhibitors of an insect
juvenile hormone esterase [22]. Thioether TFK analogues were found to be 10-50 times
more potent [23] and active /n vivoto disrupt insect development [24]. However, these
analogues were not extensively studied in mammalian enzymes compared to the non-
thioether ones. The first mammalian enzyme that the beta-thio TFKs were found to be potent
as inhibitors is carboxylesterase, which also exhibited an increased potency over the non-
thio TFKSs [25-28]. In spite of multiple studies and X-ray structures of the thio TFKSs in
esterase catalytic sites, the exact contribution of the thioether to inhibitor potency remains
elusive [29]. The sulfur atom was initially added into TFKs as a bioisosteric replacement of
the olefin group in juvenile hormone and it increased the efficacy of TFKs greater than
expected. It is well known that the carbonyl group in TFKSs exists in equilibrium with the
hydrate (gem diol) form, because the polarization of the ketone is enhanced by the fluorine
atoms [30, 31]. One of the hypotheses related to the increased efficacy of the thio TFKSs is
that the sulfur atom shifts the equilibrium towards the gem diol form [32]. An alternative
hypothesis is that the sulfur atom may participates in rt-stacking interactions with aromatic
residues in the enzyme active site [26].

In this study a series of beta-substituted TFKSs containing a sulfur, oxygen and selenium
atom at the beta-carbon atom were tested towards human Group VIA calcium-independent,
Group IVA cytosolic and Group V secreted PLA,. TFKs were previously synthesized by
Hammock*s group and were initially tested toward juvenile hormone esterase and
mammalian carboxylesterases [26, 27]. Beta-thio TFKSs exhibited inhibition against GVIA
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iPLA, while they don't show significant activity towards GIVA cPLA, and GV sPLA,. The
most potent and selective inhibitor 3 (OTFP) exhibited an X;(50) of 0.0002 mole fraction
corresponding to ICsg of 110 nM. In the absence of a crystal structure for GVIA iPLA,,
DXMS was employed to identify the peptide regions of GVIA iPLA, showing decreased
deuteration levels upon binding with the OTFP. The DXMS data were used to guide
molecular docking and dynamics (MD) simulations in the presence of a POPC membrane
patch. Clustering analysis led to an enzyme-inhibitor complex that revealed a detailed
binding mode of OTFP in the enzyme binding site. This binding mode occupies 70% of the
binding modes occurring during the MD simulation. The resulted 3D complex was used to
dock all the compounds with X;(50) values and the established SAR model exhibited very
good linearity between the theoretical binding score (XP GScore) and the experimental
inhibitory activity (r2 of 0.8). The docking complexes provide insight into the structure-
activity relationship (SAR) that will be used to design, synthesize and test new beta-
thioether analogues in order to identify compounds with improved inhibitory properties
against GVIA iPLA,. This work represents a novel multidisciplinary approach showing that
the combination of computer-aided design along with experimental techniques is a powerful
tool in drug discovery.

2. Results and Discussion

2.1. Inhibition of human GVIA iPLA,, GIVA cPLA, and GV sPLA,

Trifluoromethylketones (TFKSs) were tested for their inhibitory activity against the human
recombinant PLA, enzymes using a mixed micelle modified Dole assay [33, 34]. Table 1
summarizes the structure and inhibitory activity of TFKs towards three human PLA,
enzymes. Initial screening was performed for each PLA, enzyme at 0.091 mole fraction of
the compound in the total surface volume of the mixed micelles, and then the X,(50) was
determined for the compounds that exhibited more than 95 % inhibition. An exception was
made for compound 1 because it was used for the SAR. X;(50) is defined as the mole
fraction of the compound in the total PAPC substrate/Triton X-100 mixed micelle surface
required to inhibit 50% of the enzyme [33]. Mole fraction is a dimensionless number derived
by dividing the number of moles of inhibitor by total number of moles of substrate plus
inhibitor plus detergent. X;(50) values can be converted to molar concentration by
considering that 0.091 mole faction of inhibitor corresponds to a 50 uM concentration. Thus,
an X;(50) of 0.0002 corresponds to 110 nM.

Among the TFKSs containing an aliphatic chain (1-6, Table 1) compound 3 (OTFP), which
contains eight carbon atoms in its aliphatic chain, exhibited the highest inhibition against
GVIA iPLA, (see sigmoidal response curve in Fig. S1), while it did not show significant
inhibition towards GIVA cPLA, and GV sPLA,. When the number of carbon atoms of the
aliphatic chain was decreased by two in compound 2, the activity against GVIA iPLA, was
also reduced by twofold. Further decrease of the number of carbon atoms by four in
compound 1 reduced the inhibitory activity by two orders of magnitude. Increasing the
carbon atoms of the aliphatic chain by two in compound 4 and three in compound 5 reduced
the inhibitory activity against GVIA iPLA; by 1.5 and 2.5-fold, respectively, while the two
compounds also lost selectivity since they also inhibited GIVA cPLA,, even though their
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inhibitory activity against GIVVA cPLA, was one and two orders of magnitude, respectively,
less in comparison with GVIA iPLA,. Further increases in the number of carbon atoms of
the aliphatic chain by four in compound 6 reduced the inhibitory activity against GVIA
iPLA, by one order of magnitude. According to the above results, the size of the aliphatic
chain is crucial for the potency and selectivity of these inhibitors against GVIA iPLA, with
the optimum number of carbon atoms being eight in compound 3 (OTFP). Thus, by
optimizing the hydrophobic chain of beta-thio TFKSs, it is possible to improve potency and
selectivity toward GVIA iPLA; versus GIVA cPLA, since these properties depend on the
size of the hydrophobic chain.

Compounds 7-17 contain an aromatic ring in the hydrophobic chain (Table 1). Compounds
7-15 contain a phenyl group directly connected to the sulfur atom and they exhibited similar
inhibition against GVIA iPLA,, except for compound 13 which contains a polar nitro group
on the phenyl ring. Slight differences in the inhibitor activity towards GVIA iPLA, depend
on the position of the various substitutions on the phenyl ring, while none of them
significantly inhibits GIVA cPLA, and GV sPLA,. Compound 16 (PETFP), which contains
two extra carbon atoms between the sulfur atom and the phenyl ring exhibited the highest
inhibitory activity among this set of compounds. It is worth mentioning that the inhibitory
activity of PETFP is almost the same as the one exhibited by compound 2 and two-fold less
than the inhibitory activity of OTFP. PETFP and 2 have similar sizes since the number of
carbon atoms from the sulfur atom to the end of the chain is six. The above results support
further the notion that by optimizing the hydrophobic chain of beta-thio TFKs, it is possible
to alter potency and selectivity towards GVIA iPLA,. Finally, it seems that the sulfur atom
plays an important role on the inhibitory activity of these compounds because compound 17
which contains a selenium atom showed insignificant activity. While the size of the
hydrophobic chain plays a significant role in the selectivity of beta-thio TFKSs, it is clear that
the sulfur atom is vital for the potency of these analogues. Thus, altering the beta-thioether
and the hydrophobic chain can be consider important tools in designing new more potent
and selective analogues.

Compounds 18-26 are variously substituted-TFKs. Compound 18 that contains an oxygen
atom exhibited an order of magnitude less inhibitory activity against GVIA iPLA; than its
sulfur analogue 2 showing the importance of the sulfur atom for the potency of these
compounds. Compound 19 showed very low activity towards GVIA iPLA, indicating the
importance of the carbonyl group for the inhibitory activity of these compounds.
Compounds 20-26 contain various substitutions of the sulfur atom and the carbony! group
and none of them exhibited significant inhibition against any of the three PLA, groups,
further supporting the necessity of the sulfur atom and the carbonyl group for the inhibitory
activity of TFKs.

2.2. Defining the binding site of OTFP using DXMS

Hydrogen/deuterium exchange mass spectrometry (DXMS) [35] is a powerful technique
used to study the structural dynamics of membrane proteins [36, 37] as well as the
association of PLA, enzymes with membranes [38, 39]. With DXMS we are able to capture
the exchange rates of the backbone amide hydrogen atoms of an enzyme with deuterium
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atoms after incubation of the enzyme with deuterium dioxide. This method was successfully
combined with computational methods to study the interactions of PLA, enzymes with
membranes, substrates and inhibitors [12, 14, 40]. The combination of DXMS experimental
data with molecular docking and dynamics simulations has been proven very powerful in
elucidating the binding mode of OTFP in the binding site of GVIA iPLA, considering that
the X-ray crystal structure of the enzyme has not been solved yet.

2.3. Digestion Map of GVIA iPLA,

The enzyme digestion was optimized to give a peptide map with the highest coverage of
GVIA iPLA, sequence as previously described [14]. The optimized condition yielded 174
distinct peptides that gave 90% coverage of the GVIA iPLA, sequence (Fig. S2). Among
these peptides, 70 peptides with the best signal-to-noise ratio were used for the analysis.

2.4. Interactions of OTFP with GVIA iPLA, binding site

According to the inhibition studies OTFP is a competitive reversible inhibitor (sigmoidal
response curve, Fig. S1). As a result, deuteration changes upon OTFP binding were
expected around the binding site of GVIA iPLA,. In particular, seven peptide regions
surrounding the binding site, residues 481-493 (yellow), 514-524 (magenta), 542-562
(orange), 630-655 (green), 656-664 (pink), 718-730 (red), and 770-778 (blue) in Fig. 1,
exhibited the most significant decrease of deuteration levels (Table 2). None of these
peptides showed an increase in deuteration after the binding experiment with OTFP. Region
481-493 in the absence of OTFP showed an average of 43% deuteration, while in the
presence of OTFP showed a 27% deuteration which is a decrease of approximately 16%.
This region contains the oxyanion hole (Gly486/Gly487) that stabilizes the tetrahedral
intermediate during the hydrolysis of a phospholipid substrate [12]. Region 542-562
contains the catalytic serine (Ser519), and showed an average decrease of 13% deuteration
in the presence of OTFP. Region 630-655 contains the catalytic aspartic acid (Asp652), and
showed a decrease of approximately 12% deuteration in the presence of OTFP. Regions
656-664 and 718-730 are located near the catalytic aspartic acid (Asp652), and they showed
an average decrease of 12% and 13% deuteration in the presence of OTFP, respectively.
These regions contain residues like Asn658 and Lys725 that might interact with the fluorine
atoms of OTFP. Peptide region 718-730 is part of the membrane anchor region 708-730 that
was found to show more than 40% decrease in deuteration rates in the presence of PAPC
vesicles [38]. Using coarse-grained and atomistic MD simulations, we have elucidated the
association mechanism of this region with the membrane [13]. It is worth mentioning that in
the presence of the OTFP inhibitor part of the same region (residues 718-730) showed only
13% decrease of deuteration level. Finally, regions 542-562 and 770-778 contain mostly
hydrophobic residues that might interact with the alkyl chain of OTFP, and they both
showed a significant decrease of deuteration level in the presence of the inhibitor (18% and
20%, respectively).

2.5. Binding mode of OTFP in GVIA iPLA; binding site

The binding mode of OTFP was calculated computationally using the homology model of
GVIA iPLA; [12] and the Induced Fit Docking (IFD) protocol implemented in Schrédinger
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suite [41]. Residues Gly486, Gly487, Lys489, Ser519, Val548, Phe549, Leu560, Tyr643,
Phe644, Asp652, Lys729, and Leu770 were selected to define the binding site of GVIA
iPLA; in the IFD calculations. These residues exhibited significant decreased percentage of
deuteration levels in DXMS studies upon binding of OTFP inhibitor (see DXMS results).
According to the 3D GVIA iPLA,-OTFP complex generated by IFD (Fig. 2A) the
trifluoromethylketone group is located in the hydrophilic region of GVIA iPLA; binding site
with the oxygen atom of the carbonyl group participating in one hydrogen bond (H-bond)
with the catalytic Ser519. The fluorine atoms are in spatial proximity with residues Asn658
and Lys725. The alkyl chain of the inhibitor is accommodated near the entrance of the
binding site interacting with residues such as Val548, Phe549, Leu560, Tyr643, Phe644, and
Leu770.

The GVIA iPLA,-OTFP IFD complex was placed on the surface of a POPC membrane
patch (Fig. 3), solvated with explicit water molecules, minimized, equilibrated and subjected
to a 300 ns simulation using NAMD 2.9 [42]. The structural stability of the complex was
indicated by a stable root mean square deviation (RMSD) of the backbone atoms aligned to
the GVIA iPLA,-OTFP IFD complex, which was stabilized at 2.3 A showing that the
simulation was reasonably converged (Fig. S3). Figure 2B and Movie 1 shows the binding
mode of OTFP after the MD simulation. In the hydrophilic area of the binding site the
oxygen atom of the carbonyl group participates in H-bonding with residues Gly486/Gly487
the so called “oxyanion hole”. The distances between H-bond acceptor and donor are ~3 A
after the first 150 ns of the simulation and until the end (Fig. S4A). Movie 2 shows the
interactions of the fluoroketone group occur during the simulation. The catalytic Ser519
does not form any H-bonds with the carbonyl group even if they are in spatial proximity (~3
A after the first 150, Fig. S4A), because the hydrogen atom of the hydroxyl group doesn't
not adopt a suitable orientation to form an H-bond (Movie 2). Ser519 constantly forms H-
bonding with the catalytic Asp652 (Movie 2). It has been argued for years that TFKs exist in
equilibrium between the ketone and the hydrate form. It is possible that fluorine and sulfur
atoms shift the equilibrium in favor of the hydrate form, however, the ketone is considered to
be the reactive form of the inhibitor, which might undergoes nucleophilic attack by the
hydroxyl group of catalytic serine (Ser519-OH) [27]. During the simulations the oxygen
atom of the carbonyl group is constantly interacting with the “oxyanion hole” (Gly486/
Gly487), while the carbon atom of the carbonyl group is very close to catalytic Ser519
suggesting that its hydroxyl group is in spatial proximity to form a reversible hemiketal
(Movie 2). It is likely that the hemiketal is stabilized by the “oxyanion hole” (Gly486/
Gly487), however, no one has been able to definitively show that the carbonyl group forms a
hemiketal with the catalytic serine. The fluorine atoms interact with Asn658 (~3.3 A, Fig.
S4A) but no interactions were observed with Lys725 (Movie 2).

The alkyl chain moves from the entrance into the hydrophobic region of the binding site
(Movie 1). Clustering analysis revealed that 70% of the snapshots saved in the MD
trajectory show the hydrophobic chain of OTFP in a horizontal (Fig. 2B and Movie 1),
rather than a vertical orientation suggested by IFD (Fig. 2A). The simulation showed the
hydrophaobic chain to interact with residues like Val488, 11523, Tyr541, Met544, Val548,
Phe549, Leu560, Tyr643, Phe644 and Leu770 (Movie 1). Our previously published work
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showed that the same hydrophobic region is occupied by the sn-2 fatty acyl chain of a PAPC
substrate molecule [12]. The sulfur atom is in spatial proximity with Gly487 (~3.9 A
acceptor-donor distance, Fig. S4B) which is part of the “oxyanion hole” suggesting the
formation of a weak H-bond (Movie 2). Two aromatic residues, Tyr643 and Phe722 are also
located near the sulfur atom competing for pi-pi stacking interactions (Movie 3). The
distance of the phenyl ring centroid of Tyr643 is ~4 A and is increasing to ~5 A when the
phenyl ring of Phe722 is approaching the sulfur atom (Fig. S4B). Sulfur is a highly versatile
atom in terms of the molecular interactions that it can form in molecular recognition. It has
the ability to interact with electron-poor and with electron-rich functional groups [43]. The
backbone amide hydrogen atom of Gly487 is electron-poor, while the aromatic rings of
Tyr643 and Phe722 are electro-rich because of their r electron cloud and it is possible that
the sulfur atom is involved in interactions with these residues (Movie 2 and 3). This
observation is in agreement with the hypothesis suggested by Wheelock and his coworkers
that the sulfur atom enhances the efficacy of TFKs because is involved in rt-stacking
interactions with aromatic residues of the active site [26].

2.6. Structure-activity relationship (SAR)

Five representative enzyme-inhibitor complexes were chosen from the five clusters resulted
from the clustering analysis for docking calculations. These complexes were optimized
using the Protein Preparation Wizard (PPW) [44] and the OTFP inhibitor was redocked into
the GVIA iPLA2 binding site using Glide [45]. The complex that received the highest XP
GScore (Extra-Precision Glide Score) and was used to perform docking calculations on the
set of 14 inhibitors for which X;(50) values were measured. The theoretical binding scores
(Table 3) were correlated with -logX;(50) values and an r2=0.8 suggested very good
correlation between theoretical and experimental results (Fig. 4).

The SAR model suggests that docking calculations can be used to predict the potency of
these compounds towards GVIA iPLA,. It should be noted that compounds with high X;(50)
values tend to have higher XP GScore, while compounds with low X;(50) values tend to
have a lower XP GScore within the acceptable error that is typical for docking calculations.
In addition to the predictions of the binding score, the docking 3D complexes provide
insight into the binding mode of these compounds. According to the docking complex,
OTFP has the suitable size to fit into the binding site of GVIA iPLA, and optimize its
binding exhibiting the higher inhibition against the enzyme (Fig. 4 and Table 3). PETFP and
2 lack interactions with the hydrophobic pocket of GVIA iPLA, due to shorter hydrophobic
chains therefore their inhibition against the enzyme is 30-fold less than OTFP. The aliphatic
chains of 2 and 18 are identical showing similar interactions with the hydrophobic region of
the enzyme binding site. However, inhibitor 18 exhibited 12-fold less inhibition than
inhibitor 2 due to replacement of the sulfur atom by an oxygen atom. The oxygen atom is
smaller and its electron cloud is not as extended as the one of the sulfur atom resulting in
weaker interactions of the oxygen atom with the aromatic residues of the binding site. The
non-thio derivative of PETFP was previously tested and published as a GVIA iPLA,
inhibitor with an X;(50) of 0.0096 [46]. PETFP exhibited 16-fold higher inhibition than its
non-thio derivative. These two examples clearly indicate the significant role of the sulfur
atom in improving the inhibitory potency of these compounds. Finally, the lower inhibition
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of 4 and 5 in comparison with OTFP indicating that eight is the optimum number of carbon
atoms for the hydrophobic chain. Increases in the hydrophobic chain length results in weaker
binding, probably due to steric clashes with the residues of the hydrophobic region in the
enzyme binding site.

The docking calculation also revealed important information for the selectivity of these
compounds. Inhibitor OTFP, 4, and 5 were docked in the binding site of GIVA cPLA,
(Table 3 and Fig. 5). OTFP received lower XP GScore than inhibitors 4 and 5 but most
importantly the docking complexes showed that the deep channel-like binding site of GVIA
cPLA, requires longer hydrophobic chains for optimum binding of the inhibitor with ten
being the optimum number of carbon atoms in inhibitor 4. The hydrophobic chain of
inhibitor 4 and 5 is accommodated in GIVA cPLA, more favorably in comparison with
OTFP showing interactions with additional residues of the hydrophobic region including
Leu298, 11e304 and Met390. The TFK group shows similar binding in the GVIA iPLA,
binding site including H-bonding of the oxygen atom with the “oxyanion hole” (Gly197/
Gly198) and interactions of the fluorine atoms with Asn555 and Arg200. This indicated that
the potency and selectivity of these compounds mostly depends on the binding of the sulfur
atom and hydrophobic chain. Further optimization of the hydrophobic chain will lead to new
analogues with improved potency and selectivity in terms of inhibition of GVIA iPLA,.

3. Conclusion

In this study, beta-thio TFKs containing a hydrophobic chain were identified as potent and
selective inhibitors for GVIA iPLA,. Compound OTFP which contains an eight carbon
atom alkyl chain exhibited the highest inhibitory activity against the enzyme. This study also
showed that the enzyme exhibits a preference for the size of the compound. By combining
DXMS with computer-aided design techniques, the binding mode of the OTFP inhibitor in
the binding site of the enzyme was identified. This is very important since no crystal
structure has been solved for the enzyme co-crystallized with inhibitors to assist virtual
screening for identifying new potent and selective inhibitors for GVIA iPLA,. Docking
calculations led to the development of structure-activity relationship (SAR) conclusions and
gave insight into the binding of these inhibitors. The docking complexes also revealed a
detailed binding mode for these inhibitors suggestion that the potency and selectivity can be
improved by optimizing the interactions of the hydrophobic chain. In future work, we will
employ the SAR to discover new inhibitors for GVIA iPLA; as well as to further understand
why the enzyme has a preference for small compounds, while its natural substrate consists
of relatively large phospholipid molecules. This study will serve as a precursor for
developing new potent and selective inhibitors not only for GVIA iPLA,, but also for GIVA
cPLA, as well by altering the size and substitutions of the hydrophobic chain. New
inhibitors for these two major cellular enzymes will serve as tools to further understand their
mechanism of action as well as their biological functions and pathways.
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4. Experimental Section

4.1. Enzymatic Assays

4.1.1. Materials—1-Palmitoyl-2-arachidonoyl-srglycero-3-phosphocholine (PAPC) was
purchased from Avanti Polar Lipids, Inc. (Alabaster, Alabama 35007-9105). 1-palmitoyl-2-
arachidonoyl-sr+glycero-3-phosphocholine (PAPC), [arachidonyl-1-14C]-, 10uCi was
purchased from PerkinElmer (Akron, OH 44311). Chemicals were purchased from Sigma-
Aldrich (St. Louis, MO 63103) and all solvents are from Fisher Scientific (Pittsburgh, PA
15275) unless otherwise stated. Sf9 (Spodoptera frugiperda) insect cells and culture medium
SF900 111 SFM were purchased from Life Technologies (Grand Island, NY 14072 USA). Ni-
NTA Agarose was obtained from QIAGEN (Valencia, CA 91355). Econo-Column
chromatography columns and Bradford assay kits were obtained from Bio-Rad Laboratories
(Hercules, CA 94547).

4.1.2. Trifluoromethylketone (TFK) compounds—The compounds were previously
synthesized and purified as described [26, 27].

4.1.3. Expression and purifications of PLA,s—The human GVIA iPLA;, and GIVA
cPLA, were expressed using the Baculovirus Expression Vector System (BEVS) and Sf9
cells as described elsewhere [39]. Sf9 cells were seeded in 1 L shaker flasks containing a
suspension culture of 500 mL SF900 111 SFM medium, and incubated at 27 °C for 24 h
before infection. The cells were infected at density of ~ 1.5 x 10° cells/mL with a BEVS
containing the cDNA of the N-terminal 6xHis-tag GVIA iPLA, or C-terminal 6xHis-tag
GIVA cPLA; at an MOI 0f 0.1 for 96 h. The cells were harvested by centrifugation (2000
rpm, 5 min, and 4 °C), washed with PBS buffer containing protease inhibitors, and frozen at
—80 °C until purification. For purifying GVIA iPLA,, the cell pellet was resuspended in
lysis buffer (25 mM Tris-HCI, 100 mM NaCl, 1 M Urea, 2 mM ATP, 10 mM B-
Mercaptoethanol, and protease inhibitors). After a mild sonication (10 seconds “on”/60
seconds “off” repeated for 3 times), the insoluble portion was removed by centrifugation at
13,000 rpm for 1 h. The clear lysate was mixed with Ni-NTA resin, which was previously
equilibrated in lysis buffer (1 mL Ni-NTA agarose was gently mixed with 4 mL lysis buffer,
centrifuged at 1000 rpm for 1 min, and the supernatant was removed for 3 times), and mixed
gently on a rotary shaker at 4 °C for 2 h.

The lysate-Ni-NTA mixture was loaded on a column and washed with the wash buffer (25
mM Tris-HCI, 250 mM NaCl, 2 mM ATP, and 10 mM imidazole). Finally the enzyme was
eluted with the elution buffer (25 mM Tris-HCI, 50 mM NaCl, 2 mM ATP, and 250 mM
imidazole, and 30% glycerol), and dithiothreitol (DTT) was added to each elution fragment
at a final concentration of 5 mM. The concentration of the enzyme was measured using the
Bradford assay, and the purified enzyme was stored at —80 °C. GIVA cPLA, was purified
using the same buffers but without ATP. The final concentration of DTT in the elution
fragment was 2 mM, and the enzyme was stored at —20 °C. The human GV sPLA, was
expressed and purified as previously described by our lab and stored at 4 °C [47].

4.1.4. PLA, activity assays—The activity of human GVIA iPLA,, GIV cPLA, and GV
SsPLA, was determined using a group-specific mixed micelle modified Dole assay [33, 34].
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The substrate was prepared using slightly different conditions for each enzyme to achieve
optimum activity: (i) GVIA iPLA, mixed micelle substrate consisted of 400 uM Triton
X-100, 98.3 pM PAPC, and 1.7 uM arachidonyl-1-14C PAPC in a buffer containing 100 mM
HEPES pH 7.5, 2 mM ATP, and 4 mM DTT; (ii) GIVA cPLA, mixed micelle substrate
consisted of 400 uM Triton X-100, 95.3 pM PAPC, 1.7 uM arachidonyl-1-14C PAPC, and 3
UM PI(4,5)P2 in a buffer containing 100 mM HEPES pH 7.5, 90 uM CaCl2, 2 mM DTT,
and 0.1 mg/ml BSA; and (iii) GV sPLA, mixed micelles substrate consisted of 400 uM
Triton X-100, 98.3 uM PAPC, and 1.7 uM arachidonyl-1-14C PAPC in a buffer containing
50 mM Tris-HCI pH 8.0, and 5 mM CaCl2. The compounds were initially screened at 0.091
mole fraction (5 uL of 5 mM inhibitor in DMSQ) in substrate (495 uL). X;(50) was
determined for compounds exhibiting greater than 93% inhibition. Inhibition curves were
generated using GraphPad Prism 5.0 and the non-linear regression by plotting percentage of
inhibition vs log (mole fraction) to calculate the reported X;(50) and its associated error.

4.2. Hydrogen/Deuterium Exchange Mass Spectrometry (DXMS)

4.2.1. Preparation of deuterated samples—For preparing the deuterated samples,
deuterium dioxide (D,0) buffer containing 8,3 mM Tris-HCI (pD of 7.5), 100 mM NaCl in
98% D0 was used. DXMS experiments were performed according to the previously
published method [14, 40]. Briefly, 20 pL of GVIA iPLA, (total 40 pg of enzyme) were
mixed with 60 pL of D,O buffer to a final concentration of 73% D-,O. Inhibitor binding
experiments were performed incubating first GVIA iPLA, with 40 pM of OTFP or DMSO
for the control. The final concentration of DMSO was less than 1% for all experiments. The
inhibitor was incubated with the enzyme for 30 min at room temperature. DO buffer was
added to the samples, and they were incubated for an additional 10, 30, 100, 300, 1000,
3000, and 10 000 sec. The final concentration of OTFP, after the addition of D,O buffer was
10 uM. The deuterium exchange was quenched by adding 120 L of ice-cold quench
solution containing 0.8% formic acid, 2 M guanidine hydrochloride (GdHCI), and 16.6%
glycerol that acidified the samples to a final pH of 2.5. The samples were immediately
frozen on dry ice, and were stored at —80 °C until analysis (usually within 48 h).

4.2.2. Proteolysis, Liquid Chromatography, and Mass Spectrometry Analysis—
For proteolysis and mass spectrometry analysis, the samples were thawed and injected to a
pepsin column for digestion as previously described [14, 40]. The proteolytic fragments
(peptides) were separated on a C18 reversed phase analytical column at 0 °C. The peptides
were analyzed on an OrbiTrap Elite Mass Spectrometer (ThermoFisher Scientific, San Jose,
CA). Peptides were analyzed with tandem mass spectrometry (MS/MS) data using
SEQUEST (Thermo Finnigan, Inc.). The DXMS Explorer (Sierra Analytics Inc., Modesto
CA) was employed to analyze the results and calculate the average of the mass envelope as
previously described [14, 38].

4.3. Computer-Aided Drug Design

4.3.1. Induced Fit Docking (IFD) protocol—The GVIA iPLA,-OTFP initial
complexes were generated using the IFD protocol implemented in Schrédinger Suite [41,
48]. The 3D structure of GVIA iPLA, (receptor) was prepared and optimized using the
Protein Preparation Wizard (PPW) module [44]. Residues Gly486, Gly487, Lys489, Ser519,
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Val548, Phe549, Leu560, Tyr643, Phe644, Asp652, Lys729, and Leu770 were selected to
define the binding site of GVIA iPLA, in the IFD calculations. The inhibitor 3D structures
(ligand) were sketched using Maestro 9.9 sketcher, [49] and they were optimized using the
LigPrep 3.2 application [50]. IFD protocol employs Glide 6.5 [45] and the refinement
module in Prime 3.8 [51] to accurately predict enzyme-inhibitor complexes by incorporating
side-chain flexibility for the receptor. The box center for the docking calculations was
defined using the centroid of selected residues that were found to constitute the binding site
of GVIA iPLA, using DXMS and extensive MD simulations in our previously published
papers [12-14]. The box size was determined automatically according to the centroid of the
specified binding site residues. For the initial docking of the inhibitors the side-chain of the
binding site residues were trimmed automatically based on the B-factor. The receptor van
der Waals scaling was set to 0.70 and the ligand van der Waals scaling to 0.50. Twenty poses
(binding modes) of each inhibitor were allowed to pass to the Prime refinement step. During
the Prime refinement step, the side-chains of the residues within 6 A the inhibitor pose were
optimized in terms of conformation and potential energy. Finally, twenty enzyme-inhibitor
structures were allowed to pass to the redocking step with a threshold for eliminating high-
energy structures from the Prime refinement of 30 kcal/mol, and the Glide Extra-Precision
(XP) scoring function [52]. The final complexes were selected based on the binding mode
and the score.

4.3.2. Molecular dynamics (MD) simulations—MD simulations were carried on the
IFD GVIA iPLA,-OTFP complex. The complex was placed on a POPC membrane patch of
area =100 x 100 A2 according to our previously published model [13]. POPC molecules
within 0.6 A of the enzyme were removed, the system was solvated with TIP3P water
molecules and sodium chloride at a concentration of 100 mM. The total number of atoms of
the entire system was approximately 105,000. NAMD 2.9 was employed for the MD
simulations. The CHARMM General Force Field (CGenFF) and parameters were used for
the OTFP inhibitor, [53] and the CHARMM36 all-atom additive force field and parameters
were used for the enzyme and the POPC membrane patch [54]. The system was minimized
for 20,000 steps and equilibrated for 12 ns to relieve all the unfavorable contacts. Finally, a
300 ns MD simulation was performed at a temperature of 310 K using the APT ensemble.

4.3.3. Docking Calculations—Clustering analysis was performed on the trajectories
derived from the MD simulations on the enzyme-OTFP complex in order to identify
suitable conformations for the docking calculations. The 3D structures were optimized using
the PPW [44]. The 3D structures of the inhibitors were sketched using Maestro 9.9 sketcher
[49] and they were optimized using LigPrep 3.2 [50]. Glide 5.8 was used for the rigid-
docking of the compounds into the enzyme binding pocket [45]. The grid required for the
docking procedure was generated using a scaling factor of 1.0 and partial charge cutoff of
0.25, while X, Y, Zdimensions of the inner box were set to 12 A around the docked
inhibitor. For the inhibitor docking a scaling factor of 0.8 and partial charge cutoff of 0.15
were used that allow complete flexibility of the structures. The poses were selected
according to the binding mode and the XP GScore. The Glide Extra-Precision (XP) scoring
function was used for the calculations [52].
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Hydrogen/Deuterium exchange results upon binding of OTFP to GVIA iPLA; binding site.
Percentage of deuteration level is presented for each peptide region of GVIA iPLA; in the
absence (blue) and presence (red) of OTFP. For each curve seven time points were studied
and seven different regions showed a decrease of deuteration rates upon OTFP binding:
residues 481-493 (yellow), 514-524 (magenta), 542-562 (orange), 630-655 (green), 656-664
(pink), 718-730 (red), and 770-778 (blue).
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Fig. 2.
Binding mode of OTFP in the GVIA iPLA, binding site. (A) Initial complex generated by

IFD. (B) Complex after the MD simulation.
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Figure 3.
GVIA iPLA,-OTFP IFD complex on the surface of a POPC membrane patch and solvated

with water molecules.
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Correlation between theoretical XP GScore vs experimental -log X;(50) values and
schematic representation of the interactions of representative inhibitors with GVIA iPLA,

binding site.
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Figure 5.
Schematic representation of the interactions of OTFP, 4 and 5 with GIVA cPLA, binding
site.
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Table 1

Inhibition of Human GVIA iPLA,, GIVA cPLA,, and GV sPLA;, by TFKs”

Page 21

GVIAIPLA, GIVA CPLA, GV sPLA,
No Structure
% Inhibition X;(50) % Inhibition X(50) % Inhibition
(6]
S F
1 | C4Hg™ \)H<F 91+1 0.07 +0.04 46+7 14+12
F
0
S F
2 | CeHig”™ \)J\,<F 99+1 0.00052 + 0.00005 77+3 33+10
F
o}
s F
3 | CgHir™ QJ\KF 99+0.2 0.00020 + 0.00002 82+ 1 68+3
F
o
S F
4 | CqoHa” \)S<F 99 +0.3 0.00041 + 0.00003 100 + 1 0.008 + 0.001 78+2
F
o)
S F
5 | CqqHag” \)KﬂF 98+0.2 0.0007 + 0.0001 98+0.2 0.014 + 0.002 73+04
F
o)
S F
6 | CioHzs~ QJ\KF 97+0.2 0.0043 + 0.0009 83+1 87+5
F
o}
S F
7 F 89+1 755 273
F
/o)
SQKKF
8 /©/ F 95+ 1 0.009: 0.001 61+2 18+9
F
(o]
s M r
9 /©/ Tr 93+1 0.011 + 0.002 70+1 16+9
HaCO
o)
SQKKF
10 /©/ FF 46 £5 242 14+8
F
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GVIAiPLA, GIVA cPLA, GV sPLA,
No Structure
% Inhibition X;(50) % Inhibition X(50) % Inhibition
0
S\)H<F
11 /©/ I 95+1 0.011 + 0.002 g2+1 23+3
cl
o
SVU\KF
12 Q/ I°F 97+1 0.0071 0.0007 82404 3544
Br
(o]
s s
13 /@ e 5243 26+4 1745
O,N
(0]
cl s\)KKF
14 \©/ F 98+1 0.011 + 0.002 911 46+ 4
F
Cl 0
S F
15 F 99+1 0.0049: 0.0005 91+1 4347
F
Cl
(o]
S\)J\KF
16 Ej/V I 100 + 4 0.00059 + 0.00005 92+1 6l+2
(0]
Se F
17 E 46 +12 1842 44+3
F
0
_0 F
18 | CgHysz . 99402 0.006 + 0.001 76+5 3545
F
OH
o F
19 | CgHyz~ F 43+3 58+9 35+7
F
o
I\ F
20 s N 39+8 60 + 4 66 + 4
O OH
S F
21 CGH13/HJ\K 15+8 5+5 16+9
o} LF
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GVIAIPLA, GIVA cPLA, GV sPLA,
No Structure
% Inhibition X;(50) % Inhibition X(50) % Inhibition
9 OH
S F
22 Can/”\)\ﬁ 24+10 5+5 23+8
(@) F F
9 OH
S F
23 C12H25/"\)\,< 32+7 2+8 80+ 4
o] LF
9 OH
S F
24 | CgH /HV}\,< 712 14+4 0+0
613 OHF F
9 OH
S F
25 | CgHq7 7 I 82+1 19+5 18+8
OW: F
C OH
F
26 | CqioHps™ 1 OW: F 52+1 34+5 44 + 2

aAverage percent inhibition and standard error (n = 3) are reported for each compound at 0.091 mole fraction.
inhibitors with greater than 95% inhibition, except for compound 1 which was included in the SAR.
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Table 2

Page 24

Average percentage of deuteration level of the peptide regions that showed decreased exchange rates upon

binding with OTFP.

Peptide Region

Average % Deuteration (absence of

Average % Deuteration (Presence of

AAverage % Deuteration

OTFP) OTFP)

481-493 (yellow) 43 27 16
514-524 (magenta) 61 48 13
542-562 (orange) 69 51 18
630-655 (green) 60 48 12
656-664 (pink) 61 49 12
718-730 (red) 95 82 13
770-778 (blue) 63 43 20
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TFKs employed to generate SAR.

Table 3

Page 25

No Structure -logX;(50) | XP GScore (GVIAiPLA;) | XP GScore (GIVA cPLAy)
(0]
S F
3 | CgHir” QKKF 3.7 -7.9 -49
F
(6]
S F
4 | CyoHa” \)KKF 3.4 -76 -6.0
F
(0]
S F
2 | CgH4z~ \)KKF 33 -7.0
F
o)
S\)H<F
16 3.2 -6.6
©/\/ I E
(@]
S F
5 | CyiHag” \)KﬁF 32 -6.9 -5.9
F
(0]
S F
6 | CiaHas™ \)S<F 24 -7.1
F
Cl (0]
SQ{KF
15 E 23 -6.2
F
Cl
(0]
(o) F
18 | CeHi3” &F 2.2 -6.6
F
(o]
S\)*F
12 /©/ ; F 2.2 -6.0
Br
(o]
8 2.1 -5.9
JO R
(0]
S\&F
11 /©/ F 2.0 6.1
Cl F
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No

Structure -logX,(50)

XP GScore (GVIA iPLA,)

XP GScore (GIVA cPLA,)

0
cl S\)KKF
2.0
LS.

14 -5.9
(0]
s s
9 /@ Tr 2.0 -57
HyCO
(0]
S F
1 | C4Hg™ \)J\,<F 12 -5.2
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