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Abstract

Studying phospholipases A, (PLA,S) is a challenging task since they act on membrane-like
aggregated substrates and not on monomeric phospholipids. Multidisciplinary approaches that
include hydrogen/deuterium exchange mass spectrometry (DXMS) and computational techniques
have been employed with great success in order to address important questions about the mode of
interactions of PLA, enzymes with membranes, phospholipid substrates and inhibitors.
Understanding the interactions of PLAs is crucial since these enzymes are the upstream
regulators of the eicosanoid pathway liberating free arachidonic acid (AA) and other
polyunsaturated fatty acids (PUFA). The liberation of AA by PLA, enzymes sets off a cascade of
molecular events that involves downstream regulators such as cyclooxygenase (COX) and
lipoxygenase (LOX) metabolites leading to inflammation. Aspirin and other nonsteroidal anti-
inflammatory drugs (NSAIDs) work by inhibiting COX, while Zileuton inhibits LOX and both
rely on PLA, enzymes to provide them with AA. That means PLA, enzymes can potentially also
be targeted to diminish inflammation at an earlier point in the process. In this review we describe
extensive efforts reported in the past to define the interactions of PLA, enzymes with membranes,
substrate phospholipids and inhibitors using DXMS, molecular docking, and molecular dynamics
(MD) simulations.
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Introduction

Through their catalytic action, phospholipases A, (PLA)) de-esterify and release free fatty
acids from the sn-2 position of membrane phospholipids including arachidonic acid (AA)
and related polyunsaturated fatty acids (PUFA) (Dennis et al. , 2011). Eicosanoids, which
are associated with inflammation, are produced by the downstream enzymes of the
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eicosanoid pathway such as cyclooxygenases (COX), lipoxygenases (LOX), and cytochrome
P450s (CYP) that rely on PLA,s to provide them with AA and related PUFA (Buczynski et
al., 2009, Dennis and Norris, 2015, Funk, 2001). Existing nonsteroidal anti-inflammatory
drugs (NSAID) target the downstream enzymes of the prostaglandin pathway. As the
upstream regulators of the eicosanoid pathway, PLA, enzymes can be targeted to diminish
inflammation at an earlier stage in the process. Besides their implication in the inflammatory
process, PLA, enzymes are also implicated in various diseases including atherosclerosis,
(Karabina et al. , 2010, Rosenson and Hurt-Camejo, 2012) diabetes,(Ayilavarapu et al. ,
2010, Bone et al. , 2015) arthritis(Hegen et al. , 2003, Masuda et al. , 2005) and
cancer(Nakanishi and Rosenberg, 2006, Park et al. , 2012, Scott et al. , 2010) and inhibition
of the enzymatic activity of specific PLA,s should be beneficial for the treatment of these
diseases (Bone et al. , 2015, Karabina et al. , 2010). Therefore, there has been great interest
in understanding the interactions of PLA, enzymes with membranes, substrates and
inhibitors in order to develop effective new therapeutic agents.

The PLA, superfamily consists of 16 groups and many subgroups and each has been
classified into one of the six main types based on their characteristics of sequence and
structure. The six main types are secreted (SPLA,), cytosolic (CPLA,), calcium-independent
(iPLA,), platelet-activating factor acetylhydrolase (PAF-AH) also known as lipoprotein-
associated (LpPLA,), lysosomal (LPLA,), and adipose (AdPLA) (Dennis et al. , 2011).
Even though the PLA, superfamily constitutes a diverse set of enzymes, they share the same
catalytic activity because of convergent evolution. Nevertheless, divergent PLA, enzymes
have a distinct 3D-structure, binding pocket and catalytic residues as well as a unique, in
terms of topology and function, interfacial surface through which they associate with the
membrane to extract and bind their phospholipid substrate. Since PLA, enzymes have to
associate with biological membranes to complete their catalytic cycle, they evolved to act on
membrane-like phospholipids such as micelles, membranes and liposomes rather than on
monomeric phospholipids. Thus, PLAs follow a special kinetic model which we named
“surface dilution kinetics” that was successfully employed to interpret the kinetic
characteristics of these enzymes (Carman et al. , 1995).

This short review focuses on the application of hydrogen/deuterium exchange mass
spectrometry (DXMS)(Cao et al. , 2013) and computational techniques(Durrant and
McCammon, 2011, Sliwoski et al. , 2014) to understanding the mechanism of action and
inhibition of Group IVA cytosolic PLA, (GIVA cPLA)(Clark et al. , 1991, Sharp et al. ,
1991) and Group VIA calcium-independent PLA, (GVIA iPLA,) (Larsson et al. , 1998).
Molecular dynamics (MD) simulations, molecular docking, and other computer-aided design
techniques guided by DXMS experimental data have been utilized with great success in
understanding the association and interactions of these two intracellular enzymes with
membranes in a biphasic water-lipid system as well as with specific phospholipid substrates
and inhibitors (Mouchlis et al. , 2015).

Structure and function of GIVA cPLA, and GVIA iPLA»

The 85 kDa human GIVA cPLA, (cPLAa, calcium-dependent) contains 749 amino acids
and it was cloned and sequenced in 1991 from U937 cells (Clark et al. , 1991, Kramer et al. ,
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1991). The crystal structure of the enzyme revealed an N-terminal C2 domain (residues: 13—
137), a linker region (residues: 138-143) and a C-terminal a/p hydrolase catalytic domain
(residues: 144-749, Fig. 1A) (Dessen et al. , 1999). GIVA cPLA; has a deep channel-like
binding site that is located in the a/p hydrolase catalytic domain and contains the catalytic
dyad of Ser/Asp (Mouchlis et al. , 2015). A peptide region consisting of residues 415-432 is
on the top of the binding pocket and is defined as the lid (Dessen et al. , 1999). The lid
region is amphipathic showing increased on-exchanged rates in DXMS experimental data
upon binding with phospholipid vesicles and inhibitors (Burke et al. , 2009, Burke et al. ,
2008). Our recent studies using MD simulations guided by DXMS data showed high
flexibility of the lid region during the extraction of a phospholipid molecule from the
membrane into the binding pocket (Mouchlis et al. , 2015). GIVA cPLA, is regulated by
intracellular calcium through a calcium binding site located at the C2 domain that activates
the translocation of the enzyme to the phospholipid membrane (Fig. 1A). Using DXMS
experiments, we showed that calcium causes conformational changes in the C2 domain to
stabilize the C2 domain and facilitate association of the enzyme with the membrane as
shown by decreased hydrogen/deuterium (H/D) exchange rates (Hsu et al. , 2008). GIVA
cPLA, activity is enhanced by binding to phosphatidylinositol-4,5-bisphosphate (PIP,) and
this activation is calcium-independent (Balsinde et al. , 2000, Leslie and Channon, 1990, Six
and Dennis, 2003). Four lysine residues Lys488, Lys541, Lys543, and Lys544, have been
shown to constitute a PIP, binding site and to be critical for PIPo-mediated activation of
GVIA cPLA, (Das and Cho, 2002, Six and Dennis, 2003). Ceramide 1-phosphate (C1P)
which is a phosphorylated sphingolipid has also been suggested to activate GIVA cPLA,
(Chalfant and Spiegel, 2005, Pettus et al. , 2004). This enzyme exhibits specificity for
phospholipids containing AA esterified at the s7+2 position (Clark et al. , 1991, Ghosh et al. ,
2006).

The human GVIA iPLA, (iPLAB, PNPLAOY, calcium-independent) has a molecular weight
of 89.9 kDa and it has longest sequence among the multiple splice variants expressed by the
human gene (Larsson Forsell et al. , 1999, Larsson et al. , 1998). The X-ray crystal structure
of the enzyme has not been solved yet but homology modeling studies showed that region
121-474 has 51% homology with human ankyrinR (PDB ID: 1N11)(Michaely et al. , 2002)
and region 475-806 has 34% homology with patatin (PDB 1D: 10XW) (Rydel et al. , 2003).
According to the homology models the structure of GVIA iPLA, consists of the ankyrin
repeats (residues: 121-383), a linker region (residues 384-474), and an a/p hydrolase
catalytic domain (residues: 475-806) (Dennis et al. , 2011, Mouchlis et al. , 2015). No
homology template was found for region 1-120 (Mouchlis et al. , 2015). ATP was found to
enhance the activity of GVIA iPLA,, but it is not a substrate or cofactor for this enzyme
(Hazen and Gross, 1991, Lio and Dennis, 1998). GVIA iPLA, also contains a catalytic dyad
of Ser/Asp and has low specificity for the free fatty acid esterified at the s7-2 position (Lio
and Dennis, 1998). Besides its phospholipase A activity, GVIA iPLA, also exhibits
lysophospholipase, transacylase and acyl-CoA thioesterase activity (Jenkins et al. , 2006,
Winstead et al. , 2000).
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GIVA cPLAs and GVIA iPLA> in eicosanoid biosynthesis

Eicosanoid biosynthesis requires free AA which is provided by PLA, enzymes under
physiological or inflammatory cell activation. GIVA cPLA, and GVIA iPLA; have been
implicated in cellular eicosanoid production. GIVA cPLA, is activated by Toll-like receptors
(LTR), purinergic receptors and other receptors and it is translocated to the perinuclear and
endoplasmic reticulum membranes during inflammatory responses (Dennis and Norris,
2015). After its translocation, it releases AA from membrane phospholipids containing
esterified AA at the s7-2 position leading to the production of pro-inflammatory eicosanoids
(Buczynski et al. , 2009, Buczynski et al. , 2007). Our group showed that in macrophages
GIVA cPLA, may also hydrolyze phospholipids that have other PUFAS such as EPA, DPA
and DHA esterified at the sr-2 position, which are precursors for anti-inflammatory
resolvins (Keyes et al. , 2010, Norris and Dennis, 2012, Norris et al. , 2014). GVIA iPLA,
constitutively releases a low level of free fatty acids and it is primarily involved in
membrane homeostasis and remodeling(Balsinde et al. , 1997, Dennis et al. , 2011) The
specificity of GVIA iPLA, for the free fatty acid at the s/+2 position is not great; thus, its
activity may include hydrolysis of AA that is esterified at this position.

Downstream enzymes in the cyclooxygenase (COX) pathway generate prostaglandins (PG),
thromboxanes (TX) and lipoxins (LX, Fig.2). In the lipoxygenase (LOX) pathway, the
downstream enzymes generate leukotrienes (LTs), hydroxyeicosatetraenoic acids (HETE)
and hepoxilins (HX, Fig. 2). Finally, in the cytochrome P450 (CYP) epoxy hydrolase
pathway, the downstream enzymes generate epoxides and dihydroxy polyunsaturated fatty
acids (PUFA, Fig. 2) (Buczynski et al. , 2009, Dennis and Norris, 2015). Pharmaceutical
agents that target the prostaglandin pathway have been widely used for decades. Aspirin is
the best example among the numerous NSAID that have been commercially available.
NSAID inhibit COX-1 and COX-2 enzymes and as a result inhibit prostaglandin
biosynthesis (Fig. 2) (Vane, 2002). Zileuton is a 5-LOX inhibitor, which is also a major
therapeutic target for the treatment of allergic and asthmatic conditions (Fig. 2) (Rossi et al. ,
2010). Other pathways including CYP and sEH have also been considered as pharmaceutical
targets for inflammation and inflammatory diseases. Since PLA, enzymes are the upstream
regulators of the eicosanoid pathway, they should be potential therapeutic targets for
inflammation and inflammation-related diseases such as cancer, arthritis and diabetes (Fig.
2).

Catalytic cycle of GIVA cPLA and GVIA iPLA>

PLA, enzymes are often water-soluble, but act as membrane associated enzymes showing a
significant increase in activity when their phospholipid substrate is in a membrane-like form
such as micelles, vesicles or liposomes rather than in a monomeric form. Most of the PLA,
enzymes have to associate with a lipid-water interface through their interfacial surface, and
access their phospholipid substrate in order to complete their catalytic cycle which is the
hydrolysis of the ester bond at the sr-2 position of the phospholipid molecule (Fig. 3). Thus,
PLA, enzymes can best be described with a special kinetic model called “surface dilution
Kinetics” (Carman et al. , 1995). This model includes four steps: A) association of the
enzyme with the membrane, B) extraction and binding of a phospholipid molecule in the
catalytic site, C) hydrolysis of the phospholipid molecule, and D) diffusion of the products
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in the membrane, followed by repetition of the cycle (Fig. 3). All of these steps exist in
equilibrium. The membrane is a very important factor in the catalytic cycle of these
enzymes, and recently we have introduced the idea that the membrane acts as an allosteric
ligand shifting the conformation of PLA, enzymes from the inactive (in water) to the active
(on the membrane surface) form (Mouchlis et al. , 2015). These four steps are described in
detail below.

A. Association of the enzyme with the membrane

GIVA cPLA;, and GVIA iPLA, associate with membranes to extract and bind their
phospholipid substrates even though they are in principal water-soluble enzymes. Therefore,
membranes are an important factor for these enzymes. Elucidating their interactions with
and conformational changes during the association with membrane is vital in understanding
the mechanism of action of these two enzymes.

According to DXMS experimental data, five peptide regions of GIVA cPLA, (28— 35, 36—
39, 258-265, 268-279, and 466—470) exhibited decreased levels of deuteration in the
presence of phospholipid vesicles (Burke et al. , 2008). Regions 28-35 and 36—39 are
located on the C2 domain and their association with the phospholipid vesicles was found to
be calcium-dependent because they exhibited a larger change in exchange in the presence of
calcium (Burke et al. , 2008, Hsu et al. , 2008). Region 96-98 of the C2 domain was
reported to play a significant role in the association of GIVA cPLA, with the membrane
(Mélkova et al. , 2005, Perisic et al. , 1999). Unfortunately, no peptides covering region 96—
98 were identified during the digestion of GIVA cPLA,, so no DXMS data are available for
interactions of that region with phospholipid vesicles (Burke et al. , 2008). Peptide regions
258-265, 268-279, and 466—470 (blue and light blue region in Fig. 4A) are located on the
catalytic domain and were used to generated a three-dimensional model of the catalytic
domain of GIVA cPLA; on the surface of the membrane (Fig. 4A) (Mouchlis et al. , 2015).
It is worth mentioning that the C2 domain penetrates the membrane approximately 15 A,
leading to the catalytic domain being near the surface of the membrane. Residues like
Trp464 and Met468 penetrate the membrane surface interacting with the hydrophobic tails
of the phospholipids, while residues such as Lys273, Lys274, and Arg467 interact with the
head groups of the membrane phospholipids (Fig. 4A) (Mouchlis et al. , 2015).

The association of GVIA iPLA, with the membrane has also been studied by our group
using coarse-grained and atomistic simulations guided by DXMS experimental data (Bucher
etal., 2013, Hsu et al. , 2009). The ankyrin repeats (Fig. 1B) showed no interactions with
phospholipid vesicles (Hsu et al. , 2009). MD simulations of the catalytic domain showed
that region 708730 (red region in Fig. 4B) is forming an amphipathic helix after penetrating
the membrane with its hydrophilic residues such as Arg710 and Lys719 (Fig. 4B) to interact
with the phospholipid head groups, and its hydrophobic residues like Pro711, Pro714,
Trp715, Leu717, Val721, and Phe722 to interact with the fatty acid tails of the phospholipids
(Bucher et al. , 2013). Our previously published DXMS data and MD simulations indicated
that region 708-730 is likely the anchor region from which the enzyme associates with the
membrane in contrast to GIVA cPLA, that contains the C2 domain which assists membrane
association of the enzyme (Bucher et al. , 2013, Burke et al. , 2008, Hsu et al. , 2009).
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B. Extraction and binding of a phospholipid molecule in the catalytic site

Steered molecular dynamics (SMD) simulations guided by DXMS results gave insight into
the extraction pathway of a PAPC phospholipid molecule from the membrane into the
catalytic site of both GIVA cPLA; and GVIA iPLAy(Mouchlis et al. , 2015). The direction
that PAPC was forced into the catalytic site is indicated by the thick black arrow in Figures
4A and 4B. Reference Mouchlis et al. , 2015 includes animations in the supporting
information that show the detailed extraction of PAPC from the membrane into the catalytic
site of both enzymes (Mouchlis et al. , 2015).

During the extraction of the PAPC into the catalytic site of GIVA cPLA,, three regions that
are located near the entrance of the site (261-268, 405-415, and 670-686) were found to
play a significant role in the process. Residues like Asn268, Ser408, GIn411, Asn682, and
GIn684 were found to participate in hydrogen-bonding with the head group of the PAPC
molecule while is extracted into the catalytic site (see Movie S1 in reference Mouchlis et
al., 2015). Arg200 is stabilized by Ser680 and Glu418 when PAPC is not in the catalytic
site, while PAPC enters the site approximately two-thirds of its length; Arg200 interacts with
the phosphate group stabilizing its binding. The lid region (cyan region in Fig 4A and 4C)
exhibits high flexibility whereas PAPC enters the binding pocket (Mouchlis et al. , 2015).
Once PAPC completely enters the active site and during an MD simulation on the GIVA
cPLA,-PAPC complex, Arg200 and Asn555 interact with the phosphate group while Glu418
and Glu589 interact with the positively charged choline group of the phospholipid head
group (Fig. 4C). The oxygen atom of the s+2 carbonyl group is located near the oxyanion
hole (Gly197/Gly198) participating in hydrogen-bonding, while its carbon atom is located
near catalytic Ser228. Finally the fatty acid chains are placed in the hydrophobic region of
the catalytic site with the four double bonds of the s7-2 arachidonyl chain participating in -
7 stacking with the aromatic residues Trp232, Phe295, Phe397, Phe681, and Phe683.

Simulations of the extraction of the PAPC molecule into the catalytic site of GVIA iPLA,
also gave useful information for its extraction pathway (see Movie S2 in reference Mouchlis
et al. , 2015). The peptide regions 720-730 (red region in Fig. 4B and 4D) and 640-648
(green region in Fig. 4B and 4D) were found to be involved in the extraction process of
PAPC. Residues like Thr642 and Tyr643 serve as gate keepers controlling the volume of the
GIVA iPLA; catalytic site and along with Lys725 assist also the extraction of the PAPC
through hydrogen-bonding with its phosphate group (Mouchlis et al. , 2015). MD
simulations of the GVIA iPLA,-PAPC complex showed the phosphate group interacts with
Lys489, Asn658 and Lys729 while the choline group interacts with Asp484 and Asp733.
The oxygen atom of the s1-2 carbonyl group is located near the oxyanion hole (Gly486/
Gly487) participating in hydrogen-bonding, while its carbon atom is located near catalytic
Ser519. An interesting separation of the s7-2 from the sn-1 fatty acid chain occurs in the
case of GVIA iPLA, when the substrate binds in the hydrophobic region of its catalytic site.
In the hydrophobic region, the fatty acyl chains interact with residues like Val548, Phe549,
Phe643, Phe644, Val721, Phe722, Leu770, and Leu778 located on regions that showed a
decreased deuteration level in DXMS experimental data.
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C. Hydrolysis of the phospholipid molecule and D. diffusion of the products

Since GIVA cPLA, and GVIA iPLA, share a common catalytic dyad of Ser/Asp, they also
share a common hydrolytic mechanism (see Fig. S9 in reference Mouchlis et al. , 2015).
After the extraction of a phospholipid molecule its binding is stabilized through interactions
of its phosphate group with an asparagine and an arginine (GIVA cPLAy) or a lysine (GVIA
iPLA,). Hydrolysis starts with the abstraction of a proton from the catalytic serine by the
aspartic acid. The negatively charged serine attacks the carbon atom of the sr+2 carbonyl
group forming a tetrahedral intermediate which is stabilized by two glycine residues referred
to as the oxyanion hole. The tetrahedral intermediate or transition state is then cleaved
leading to a serine-acyl enzyme intermediate while the aspartic acid is transferring a proton
atom to the lysophospholipid product. In a similar manner, the serine-acyl enzyme
intermediate breaks down releasing the free fatty acid (Dessen et al. , 1999, Mouchlis et al. ,
2015). The products of the hydrolysis are then diffused back into the membrane and the
hydrolytic cycle starts over again. The details of the products diffusion mechanism have not
been elucidated yet, but we are planning to study it in future projects.

Allosteric regulation of GIVA cPLA, and GVIA iPLA, by membrane

The association of GIVA cPLA, and GVIA iPLA; through their interfacial surface (surface
dilution kinetics)(Carman et al. , 1995, Deems et al. , 1975) is the most interesting part of
their catalytic cycle (Fig. 3). Our previously published MD simulation supported the notion
that the interfacial surface of these two enzymes contains allosteric sites for binding to the
membrane (Fig. S8 in reference Mouchlis et al. , 2015). During the association of these
enzymes with the membrane, the membrane surface acts as an allosteric ligand shifting the
conformational state of the enzyme from the inactive to the active (step A in Fig. 3) in an
analogous manner to that described by Changeux (Changeux, 2012, Changeux, 2009,
Monod et al. , 1965). In contrast to Changeux’s original model, our PLAy-membrane models
suggest that PLA, enzymes have a very large allosteric site or surface interacting with the
membrane (Mouchlis et al. , 2015).

Binding mode of GIVA cPLA;, and GVIA iPLA; inhibitors

Experimental combined with computational techniques have successfully been used to
develop potent and selective inhibitors for PLA, enzymes (Mouchlis et al. , 2011a, Mouchlis
etal., 2011b, Mouchlis et al. , 2010a, b, Mouchlis et al. , 2012). MD simulations guided by
DXMS experimental data were also successfully used to help in understanding the binding
mode of pyrrophenone and a 2-oxoamide in the catalytic site of GIVA cPLA,,(Burke et al. ,
2009) and a trifluoromethyl ketone in the catalytic site of GVIA iPLA, (Hsu et al. , 2013).
Pyrrophenone contains a thiazolidinedione ring designed to target Arg200 and a carbonyl
group bridging the two benzoyl groups to target the GIVVA cPLA,, catalytic Ser228 and was
synthesized in 2001 (Seno et al. , 2001). A 2-oxoamide AX007 contains a carboxylic acid
designed to also target Arg200 and a 2-oxoamide to target catalytic Ser228 of GIVA cPLA,
and was synthesized in 2002 (Kokotos et al. , 2002). The peptide regions 256—265, 268-279,
466-470, 473-478, and 684-689 exhibited decreased deuteration levels upon binding of
pyrrophenone and AX007. MD simulations led to enzyme-inhibitor complexes (Fig. 5A and
B) that showed interactions of the inhibitors with residues such as Pro263, Leu264, Leu267,
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Val272, Tyr275, Trp464, 1le465, 11e469, Met470, and Phe683 (Burke et al. , 2009). Aromatic
trifluoromethylketone inhibitors such as PHFK were synthesized by Kokotos’ group to
target the catalytic Ser519 of GVIA iPLA, (Baskakis et al. , 2008, Kokotos et al. , 2010).
DXMS experiments showed that peptide regions 483-493, 516-525, 544-549, 631-655, and
773-778 demonstrated a significant decrease in deuteration levels upon binding of PHFK.
Docking of PHFK in the catalytic site of GVIA iPLA2 showed interactions with residues
like Thr520, Phe549, Met544, Val548, Phe549, and Leu560 (Fig. 5C).
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Figure 1.
3D structure of the enzymes. (A) The X-ray crystal structure of GIVA cPLA, (PDB ID

1CJY). (B) The homology model of GVIA iPLA,. Reprinted from reference Mouchlis et
al., 2015.
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The catalytic cycle of GIVA cPLA, and GVIA iPLA,. Reprinted from reference Mouchlis et
al., 2015.
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Figure 4.
Association of the catalytic domain with the membrane bilayer for (A) GIVA cPLA, and (B)

GVIA iPLA,. Substrate binding of a PAPC phospholipid molecule in the catalytic site of (C)
GIVA cPLA; and (D) GVIA iPLA, is shown. Reprinted from reference Mouchlis et al. ,
2015.

Adv Biol Regul. Author manuscript; available in PMC 2017 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Mouchlis and Dennis Page 16

* cgesy e ° ©
MET470,
TRP
a M544
& « ~rL560 S519)
VY'Y, )y ¢ Ts20

MET 417 LEU421

SER 228
GLY 197 GLY198 GLU 422

Figure 5.
Binding mode of GIVA cPLA, and GVIA iPLA; inhibitors elucidated using MD

simulations guided by DXMS data. (A) Pyrrophenone in GIVA cPLA,. (B) 2-Oxoamide in
GIVA cPLA,. (C) PHFK in GVIA iPLA,. Adopted from references 25 and 61.
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