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In 1970, it was well accepted that the central role of lipids was in energy storage and
metabolism, and it was assumed that amphipathic lipids simply served a passive struc-
tural role as the backbone of biological membranes. As a result, the scientific commu-
nity was focused on nucleic acids, proteins, and carbohydrates as information-con-
taining molecules. It took considerable effort until scientists accepted that lipids also
“encode” specific and unique biological information and play a central role in cell
signaling. Along with this realization came the recognition that the enzymes that act
on lipid substrates residing in or on membranes and micelles must also have impor-
tant signaling roles, spurring curiosity into their potentially unique modes of action
differing from those acting on water-soluble substrates. This led to the creation of the
concept of “surface dilution kinetics” for describing the mechanism of enzymes acting
on lipid substrates, as well as the demonstration that lipid enzymes such as phospho-
lipase A, (PLA,) contain allosteric activator sites for specific phospholipids as well as
for membranes. As our understanding of phospholipases advanced, so did the under-
standing that many of the lipids released by these enzymes are chiral information-
containing signaling molecules; for example, PLA, regulates the generation of precur-
sors for the biosynthesis of eicosanoids and other bioactive lipid mediators of
inflammation and resolution underlying disease progression. The creation of the
LIPID MAPS initiative in 2003 and the ensuing development of the lipidomics field
have revealed that lipid metabolites are central to human metabolism. Today lipids
are recognized as key mediators of health and disease as we enter a new era of bio-
markers and personalized medicine. This article is my personal “reflection” on these
scientific advances.

arly on I did not know I was going to be a scientist. I was aware of science as a possible
career as two of my maternal uncles were chemists. I also enjoyed my experiences in
science; for example, my teachers in biology and chemistry at Senn High School in
Chicago inspired me to successfully compete in the 1958 city science fair with a project
on air pollution. However, I was equally inspired by my English teacher who encouraged me to
consider organizational leadership directions. Thus, my intent when I matriculated at Yale was to
obtain a liberal arts education. But in choosing a major I was influenced by William von Eggers
Doering who first exposed me to the beauty of three-dimensional stereochemistry as a sophomore
when I took organic chemistry for chemists—although I was not yet a chemistry major, I took the
course and I was hooked. Doering’s class stimulated me to major in chemistry and to carry out
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FIGURE 1. Frank H. Westheimer (right) in his 90s pictured with R.
Stephen Berry (left) who first described the concept of pseudorota-
tion in the trigonal bipyramid structure of PF.

undergraduate research on the stereochemistry of the HCI
elimination reaction with a great role model for me, Harry
H. Wasserman.

My fascination with stereochemistry continued as I
transitioned to graduate school in the Chemistry Depart-
ment at Harvard University. During my second year, we
were given a 1-week cumulative exam in which we were to
make an “original” proposal. I thought about how carbon
had four bonds and could form two isomers and wondered
how many isomers would be possible for phosphorus,
which could have five bonds. This led me to learn what
inorganic chemists already knew well, namely that phos-
phorus bonds were arranged in a trigonal bipyramid or
square pyramid with both equatorial and apical bonds. I
then reasoned that in going from carbon to phosphorus,
the number of isomers increases from 2 isomers to 30
isomers, so I proposed synthesizing a pentacoordinate
phosphorus with different links so as to make “orbital iso-
mers” of pentacoordinate phosphorus. I received a C (fail-
ing) grade with the professor’s comment that orbital iso-
mers could not be made. However, my graduate research
with the father of enzyme mechanisms and their stereo-
chemistry, Frank H. Westheimer (1) (Fig. 1), was on the
mechanism of phosphate ester hydrolysis. As my thesis
work proceeded and I realized that the intermediate or
transition state in this process was pentacoordinate phos-
phorus, I was able to show that orbital isomers could exist
and the concept of pseudorotation was key to understand-
ing the mechanism (2). Later, I independently applied
pseudorotation to understanding the mechanism of ribo-
nuclease (3).

My graduate work had kindled a strong interest in the
enzymology of phosphate groups, so I stayed in Boston for
a postdoctoral position in the Department of Biological
Chemistry at Harvard Medical School on phospholipid
biosynthesis (4) with Eugene P. Kennedy (5) (Fig. 2), who
had discovered the metabolic pathways by which phos-
pholipids are made. At that time, the prevailing view was
that lipids played a central role in metabolism and espe-
cially in the storage and generation of energy; on the other
hand, membranes were thought to be just a sea of unim-
portant lipids or “grease” in which membrane proteins
carried out their supposedly important duties in “the vis-
cous phospholipid bilayer solvent” (6). Thus, the scientific
community was studying membrane structure but only by
looking at the functional role of proteins in membranes. I
had joined the lab with the intent of finding the enzyme
that makes an unusual P-C bond in Tetrahymena phos-
pholipids. As a precursor to this task, I started working
with the more typical enzymes in the laboratory. As I
began learning the lab’s protocols, I was stunned to realize
that scientists in the field were using detergents without
having any idea at the chemical level why these lipids were
needed! My recognition of this may have been related to
the fact that I was an unusual addition to the group
because I came from a chemistry background, and so I
always wanted to know what was happening at the molec-
ular level. The discovery that lipids were necessary for
enzymatic function planted the seed of what was a radical
view at the time that these detergents are lipids and they
have essential functions.

[ started my independent scientific career in 1970 as a
new Assistant Professor at the University of California at
San Diego (UCSD) intent on pursuing mechanistic ques-
tions about these enzymes. I believed that the optimal way
to start was with an enzyme that acted in or on the mem-
brane, and particularly one with activity toward mem-
brane phospholipids. This decision started a theme that
would continue throughout my research career—from
developing the early methodology needed to study mem-
brane-active enzymes, to tracking down the destinies and
functions of lipids in the corresponding metabolic path-
ways, to creating conferences and consortia to harness and
build on our increasing technological and conceptual
breakthroughs in lipid enzymology, to seeing the specific
implications of these scientific advances on understanding
and improving human health. It has been very exciting to
have contributed to these advances! Throughout these
adventures, I have been very fortunate to work with fabu-
lous colleagues, both internal and external to my lab, and I
cannot begin to thank each of them appropriately within
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FIGURE 2. Symposium on Cellular Regulation and Membranes in honor of Eugene P. Kennedy on his 65th birthday organized by Edward
Dennis on April 12-14, 1985 in Woods Hole, MA. A, Albert Lehninger; B, Fritz Lipmann; C, Edward Dennis; D, Marilyn Rumley; E, Adelaide Kennedy;
F, Roberta Friedkin; G, Phyllis Elfman; H, Morris Friedkin; and /, Eugene Kennedy. Kennedy and Friedkin were Lehninger’s first two graduate students,
and Kennedy carried out postdoctoral studies with Lipmann. Rumley was a technician and Elfman was a secretary in the Kennedy laboratory. Both
Lehninger and Lipmann passed away the following year.

the space allotted me here; I have done my best to cite their
contributions in the reference section, which only hints as
to their importance in my scientific travels.

New Methods and Mechanistic Concepts for
Membrane-active Enzymes

My first NIH RO1 grant was to study the reconstitution
of phosphatidylserine decarboxylase—a holdover from my
time in the Kennedy lab—in phosphatidylserine-contain-
ing surfactant mixed micelles. This work was designed to
confirm that proteins were actually interacting with phos-
pholipids in a productive manner. If the enzyme was
active, CO, would be released, which could be measured
by a novel gas chromatography method (7). However, a
serendipitous conversation with Dr. Beatriz M. Braganca,
a scientist on sabbatical from India working in a neighbor-
ing lab, turned my attention to cobra venom as a commer-
cially available and plentiful source of phospholipase A,
(PLA,) (8). This water-soluble enzyme hydrolyzes the fatty
acid on the sn-2 position of membrane phospholipids to
produce a lysophospholipid and a free fatty acid. It is more
stable than phosphatidylserine decarboxylase, and its
basic characteristics simplify several technical challenges.
Finally, it also has many important biological functions
including biosynthesis and generating lipid cell signals (9)
(Fig. 3). We jumped at the opportunity to switch to this
more advantageous model, and our studies on PLA, led to
my second RO1 grant, now in its 40" year.

With PLA, under study, our first challenge was to
understand why detergents were necessary to obtain enzy-

matic activity. This led us to pursue NMR techniques to
characterize the interaction of phospholipids with surfac-
tants, principally the non-ionic detergent Triton X-100
(10-12). We proposed that one role of the detergent was
to solubilize the phospholipid into mixed micelles, which
provided a surface to present the substrate to the enzyme
(8). Another possible function of the Triton X-100 would
be to solubilize a membrane-localized enzyme so that it
could be present in aqueous solution and be available to
the substrate; however, the fact that PLA, is already water-
soluble simplified the kinetic problem enormously. This
experimental system provided an ideal model for under-
standing protein-membrane interactions. But it was an
uphill battle to convince those studying bilayer mem-
branes that mixed micelles had any biological relevance! It
was a battle worth fighting though, as surfactant micelles
(and later bicelles) are now a mainstay in NMR studies of
membrane proteins (13-16). Indeed, NMR work on
mixed micelles of surfactants and phospholipids estab-
lished the physical chemical principles that would allow
the surfactants to be used to study a variety of phospho-
lipids, including sphingolipids. Moreover, this established
the generality of the mixed micelle system for studying
protein-membrane interactions (17, 18).

A second critical step in our studies was formulating the
concept of “surface dilution kinetics” (19, 20). This intro-
duces two pre-catalytic steps into the reaction, first the
enzyme binding to the membrane and then the enzyme
separately finding and binding to its substrate in the two-
dimensional interface (Fig. 4). This framework allowed us
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FIGURE 4. The concept of “surface dilution kinetics” requires two
distinct steps for enzymes (E) acting on substrates (B) contained in
lipid-water interfaces or surfaces (A) of membranes and micelles.
Shown is an illustration of the application of “surface dilution kinetics”
to the phospholipase A,- (blue) catalyzed hydrolysis of phospholipid
substrate (red) contained in mixed micelles with nonionic surfactants
such as Triton X-100 (yellow). The enzyme first associates with the mixed
micelle surface (Bulk Step), and in a subsequent step (Surface Step), the
enzyme associated with the micelle binds a phospholipid substrate
molecule in its catalytic site and carries out hydrolysis, producing as
products a lysophospholipid and a fatty acid, which may be released to
solution or may be retained in the micelle surface. Reprinted from Ref.
21, adapted from Refs. 19 and 20.

to translate existing thinking about enzyme mechanism to
the study of enzymes acting in/on membranes. I presented
this concept at the first California Membrane Conference,
March 13-17, 1972, held in Squaw Valley (the first meet-
ing in what became the Keystone Symposia) and also
reported our first micelle studies (10). Eventually, the sur-
face dilution concept was generalized (21) to apply to
many other enzymes that act on phospholipids (22, 23).
Using the mixed micelle system and the surface dilution
kinetic approach, it was now possible to pursue the mech-
anism of action of PLA, (24). We first discovered that the
enzyme was active only in the presence of certain phos-
pholipids. This allowed application of the then underap-
preciated concept of allostery developed by Jean-Pierre
Changeux (25), a concept I first learned about in the mid-
1960s when Frank Westheimer returned from lecturing at

TN

FIGURE 3. Phospholipases A, function as degradative enzymes when they produce lysophospholipids and free fatty acids as products, as
biosynthetic enzymes when the lysophospholipid productis reacylated with a PUFA to produce important phospholipids, and as signaling
enzymes when the products are converted to agonists of GPCRs. Adapted from Ref. 9.
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the Pasteur Institute in Paris. Specifically, we hypothesized
that PLA, contained an “activator site,” although the
enzyme functions as a monomer (a departure from Chan-
geux’s original concept), and that when the water-soluble
enzyme associated with the mixed micelle (membrane), it
underwent a conformational change (at that time, repre-
sented simply as a square changing to a circle) to enable
binding of the substrate phospholipid at the catalytic site.
Our data showed that the whole surface of the enzyme
interacted with the micelle (membrane), perhaps sensing
as many as 30 phospholipid head groups at once, and that
one of those lipids had to be a phosphocholine-containing
lipid that acted at a “specific site” that was distinct from the
catalytic site (26, 27). This allosteric activator site was later
confirmed by kinetics (28) and X-ray crystallography (29,
30) and verified by mutational studies (31) and gene syn-
thesis (32).

Detailed binding (33) and kinetic studies on PLA, (34—
38) and the determination of the rate constants for acyl
and phosphoryl migration in the lysophospholipid prod-
uct (39) were critical for elucidating the kinetic analysis of
PLA,, including its allosteric activation (40, 41) and vary-
ing activity on different membrane forms (42—44). The
same approaches were also critical in my lab’s study of the
related mammalian lysophospholipases (45-49) and
indeed many other phospholipases (22, 50 —58). Along the
way, we've also explored PLA,’s evolution from snake
venom to human forms (59) and its reported inhibition by
lipocortin (annexin 1), which we demonstrated occurred
via “surface dilution”; thus it was not true inhibition as
claimed in the literature (60—62). We also realized early
on that having tools to probe PLA, function would be
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FIGURE 5. Two key contributors to eicosanoid chemistry. Top,
Edward Dennis and Bengt Samuelsson celebrating Samuelsson’s 80"
birthday at the first Lipid Mediators in Health and Disease Symposium
held at the Nobel Forum, Stockholm, Sweden on August 27-29, 2014.
Bottom, Edward Dennis introducing E. J. Corey as Keynote Speaker at
the VI International Conference on Eicosanoids and Other Bioactive Lip-
ids in Cancer, Inflammation, and Related Diseases held September
12-15, 1999 in Boston, MA.

useful, and so we focused attention on the discovery,
design, and characterization of a large variety of chemical
inhibitors of PLA, (63-76). Application of these inhibi-
tors—in tandem with experiments probing enzyme aggre-
gation (77)—not only provided insight into the catalytic
mechanism, but also played a key role in advancing the
understanding of PLA, and its regulation in biological sys-
tems (78).

A Turning Point for Lipid Signaling

Despite the great progress in understanding PLA,
mechanisms we felt we were making, the biological impli-
cations for these studies remained obscure to the field at
large. However, John Vane’s discovery that aspirin and
other non-steroidal anti-inflammatory drugs (NSAIDs)
worked by acting on lipid biosynthesis (79) changed the
landscape: suddenly, arachidonic acid metabolites—spe-
cifically prostaglandins—were important. Bengt Samu-
elsson’s (Fig. 5, top) discovery of the first leukotrienes (80)

further cemented the relevance of lipid mediators. This
was recognized with the awarding of the 1982 Nobel Prize
in Physiology or Medicine to Sune Bergstrom, John Vane,
and Bengt Samuelsson. The 1990 Nobel Prize in Chemis-
try was received by E. J. Corey (Fig. 5, bottom), who had
previously synthesized many of the key chiral eicosanoids.
Of course, we were excited to see that the new questions
raised by their discoveries pointed back to our favorite
enzyme, PLA,. Specifically, free arachidonic acid is at very
low levels in cells and is generated spontaneously as
needed for prostaglandin/leukotriene biosynthesis; PLA,
is responsible for the initiation of this arachidonic acid
cascade (9, 78, 81) (Fig. 6).

These conceptual linkages led many investigators,
myself included, to pursue the intracellular forms of PLA,
responsible for arachidonic acid release. The first two
“FASEB Summer Conferences on Phospholipase A.,,”
which I organized with Moseley Waite, included water-
shed moments. In 1988, two groups announced the
sequence and cloning of the human secreted sPLA,, and in
1992, two groups announced the sequencing and cloning
of the human cytosolic cPLA,. In 1995, at the third FASEB
Summer Conference, our lab reported on the identifica-
tion, complete purification, and characterization of the
Ca®"-independent iPLA, (82). At that time, the explosion
of PLA,s initiated a discussion among the conference
attendees that led to the Group numbering system for
PLA,s (83), which with several evolutions (84 —86) is uni-
versally used today to distinguish the 16 groups and many
subgroups of PLA, (9). In the meantime, another unique
form of mammalian sPLA, secreted from macrophages
was found, namely the Group V sPLA, (87). And on the
functional side, iPLA, was sequenced and cloned (88, 89),
and its remodeling function in macrophages (90-93) and
unusual abundance in brain (94) were established.

In the 1980s, my laboratory turned its attention to the
function of these enzymes in cellular metabolism and the
generation of lipid cell signals—what I viewed as the most
exciting new frontiers in cell biology and immunology. To
kick start this new in vivo direction, I first needed to know
more about these complex systems. Thus, in 1983, I
received a Guggenheim Fellowship to spend a sabbatical
with Manfred Karnovsky at Harvard Medical School, an
expert on primary macrophage cells, and with Lawrence
“Laurie” Levine at Brandeis University, the developer of
radioimmune assays for eicosanoids. When I returned
to UCSD, we decided to pursue macrophages as the
archetypal mammalian cell—the “E. coli of mammalian
cells”—in which to explore PLA, function and eicosanoid
mediator production. In macrophage cell lines, the
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FIGURE 6. Central role of phospholipase A, in eicosanoid biosynthesis and receptor signaling. Reprinted from Ref. 81.

numerous types of PLA,s that existed in a single cell type
were characterized (95, 96) and the role of PLA, in activat-
ing the arachidonic acid cascade by a variety of agonists
was explored (97, 98). This led to characterizing the eico-
sanoids produced downstream of PLA, and their auto-
crine and paracrine function in lipid signaling in the cellu-
lar milieu (99-101). This all became considerably more
complex as we realized that the activation of eicosanoid
synthesis could involve activation of multiple PLA,s (102—
106) stimulated by the products of other PLA,s from dis-
tinct subcellular locations (107, 108).

Once the role of phospholipases in the field of signal
transduction was established and the central role of the
downstream eicosanoid mediators derived from arachi-
donic acid released by PLA, was shown, our lab’s interests
naturally shifted to the emerging broader role of lipid
mediators in signal transduction. Fred Fox invited me to
organize the first Keystone Symposium on Cellular Acti-
vation and Signal Initiation in 1988, and we brought
together Tony Hunter, Robin Irvine, and Michael Berridge
for this conference, which launched great interest in this
field. Chairing this conference also reminded me of my
early interests in organizational leadership, as I greatly

enjoyed organizing what I hoped would lead to a creative
and engaging scientific meeting. It was no surprise that I
had gravitated toward this kind of role in the past, and I
made it a point to participate in similar opportunities in
the future. Throughout the years, I have greatly valued
these organizational leadership experiences, whether as
president of the board of the Keystone Conferences, chair
of the Gordon Research Conferences Board of Directors,
chair of my department, or Editor-in-Chief of the Journal
of Lipid Research. After the 1988 conference, I organized
several more Keystone conferences on lipid signaling
including an important one in 1994 on Lipid Second Mes-
sengers (109) and the 1989 Gordon Research Conference
on Lipid Metabolism where this topical theme continued.

It was during this period that it became recognized that
there are numerous lipid second messengers, many gener-
ated by phospholipases and lipid kinases/phosphatases,
that play critical roles in cell signaling (51). It took a great
deal of time and effort before the important roles of lipid
cell signals were recognized by the broader biochemical
community, which, at the time, was much more focused
on signaling and regulation by phosphorylation and de-
phosphorylation of proteins and more traditional recep-
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tors. One challenge the field faced was in communicating
the newly discovered roles of lipids in cell signaling. As a
result, Ralph Bradshaw and I made it a priority to highlight
the central role of lipid cell signaling and integration of
lipid signaling with more familiar pathways (110) as we
organized and edited the three-volume Handbook of Cell
Signaling, which appeared in 2003 (111).

Back in my laboratory, lipid cell signaling had always
been focused on the metabolites of arachidonic acid—the
eicosanoids and related oxidized polyunsaturated fatty
acids (PUFA)—that activate a large variety of G-coupled
protein receptors (GPCRs) (81). We had already learned
through our work on cobra venom sPLA, that inhibitors
could help us interrogate enzymes, but the inhibitors that
worked on sPLA, didn’t necessarily translate well to the
mammalian systems, especially the intracellular PLA,s
that now occupied our attention. We thus expanded our
initial inhibitor discovery work first to mammalian sSPLA,s
(112), including the use of antisense technology (113), and
then to other PLA, groups— especially the intracellular
cPLA, and iPLA,— by activated ketones (114, 115), fluo-
rophosphonates (116), and other traditional inhibitors
(98). In the last decade, this has expanded into a long col-
laboration with Professor George Kokotos from the Uni-
versity of Athens (9), in which we are designing and testing
novel inhibitors including oxoamides (117-120), polyfluo-
roketones (121, 122), and thiazolyl ketones (123). Specifi-
cally, we've leaned on insights from molecular dynamics
and simulations to inform rational drug design and medic-
inal chemistry efforts capped off with extensive biochem-
ical characterization. Some of these inhibitors have shown
specificity in important neurological disease models
including experimental autoimmune encephalomyelitis,
Wallerian degeneration, hyperalgesia, and spinal cord
injury (124 -127).

The Mechanism Comes Together

While these exciting changes and advances were occur-
ring in the field at large and in my lab, we hadn’t forgotten
our goal to understand how these enzymes work at the
molecular level. Research on enzymes that acted on solu-
ble substrates had reached a high level of sophistication in
their description of the catalytic mechanism, and I hoped
that we might be able to do the same for our favorite
enzyme! We therefore continued our detailed kinetic,
mechanistic, crystallographic, NMR, and other structural
studies on these enzymes. Many studies were carried out
on iPLA,, especially on its aggregation using radiation
inactivation approaches (82, 128) and its additional lyso-
phospholipase and acyl transferase activities (129) and

similar catalytic activities for cPLA, (130, 131). We were
particularly intrigued by the discovery of the dramatic and
specific activation of cPLA, by phosphatidylinositol 4,5-
bisphosphate (PIP,) (132—134) at a uniquely defined allos-
teric activator site as it both generalized our previous dis-
covery regarding allosteric sites but also established a
novel mechanism to accomplish the task. In the last dec-
ade, the lab has also made use of a new approach utilizing
deuterium exchange mass spectrometry (DXMS) (135).
This approach has traditionally been used to study pro-
tein-protein and protein-ligand interactions, but we
applied it to look at the interaction of water-soluble pro-
teins with membranes and demonstrated this approach
with PLA, (136-138). We have now studied four of the
major types of PLA,, including the secreted (139), cyto-
solic (140, 141), and Ca®"-independent forms (142), as
well as lipoprotein-associated/platelet-activating factor
(PAF) acetyl hydrolase (143) and the interactions of the
latter with lipoproteins such as HDL (144). These
DXMS methods also led to a better understanding of
the catalytic action of an unusual form with a Cys in the
catalytic site (145).

We also launched a collaboration with my UCSD col-
league J. Andrew McCammon, leading to the incorpora-
tion of molecular dynamics and simulations guided by
DXMS into our consideration of how the enzymes work.
This technique was used to create structural complexes
of each enzyme with a single phospholipid substrate
molecule in its catalytic site to visualize substrate
extraction. Simulations of the enzyme-substrate-mem-
brane system revealed important information about the
mechanisms by which enzymes associate with the
membrane (146) and then extract and bind their phos-
pholipid substrate (147) (Fig. 7). This allowed us to
extend early observations of allosteric sites on PLA,s to
include membranes as allosteric ligands. We also exam-
ined the effects of potent specific inhibitors of these
PLA,s such as pyrophenone and oxoamides for cPLA,
(148) and various fluoroketones with iPLA, (149 -151)
using these techniques.

These combined results led us to a complete model of
the catalytic cycle of two different human PLA,s, cPLA,
and iPLA, (147). After some forty years of studying PLA.,,
a most fulfilling moment for me was when our lab devel-
oped detailed simulations (and representative movies)
depicting the association of PLA, with a membrane during
which the membrane acts as an allosteric ligand of the
enzyme’s interfacial surface by shifting its conformation
from a closed (inactive) state in water to an open (active)
state. This is followed by the extraction of a substrate
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FIGURE 7. Cytosolic phospholipase A, extracting, binding, and hydrolyzing phospholipid substrate releasing arachidonic acid for eico-
sanoid biosynthesis (147). Cover for July, 2015 Journal of Lipid Research issue introducing a Thematic Reviews series on Phospholipases (51).

phospholipid from the membrane into the active site of
the enzyme, and then achievement of the energetically
optimal conformation for catalysis and finally diffusion of
the products into the membrane surface (147). My quest
to match the quality of information available for “normal”
water-soluble enzyme systems, the initial steps of which
were recognized 15 years earlier by my receipt of an award
from the ASBMB in lipid enzymology (Fig. 8), had been
attained.

Even more exciting, this work led to a general hypothe-
sis that “membranes serve as allosteric regulators of
enzymes that act in or on membranes” (135, 147) (Fig. 9).

American Society for Biochemistry and Molecular Biology

Traditionally, allosteric regulators had been conceived of
as small molecules binding to “topographically distinct
sites” from the catalytic site, such as phosphatidylcholine
for sPLA, and PIP, for cPLA,, and generally on oligomeric
proteins exhibiting sigmoid kinetics. Here, we have an
enormous ligand (when compared with the size of a typical
enzyme) binding to the enzyme but effecting a significant
conformational change that is essential for catalysis. We
anticipate that this new concept will have broad applica-
bility to many systems including membrane proteins and
provide a new paradigm for understanding lipid-protein
interactions.
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FIGURE 8. Walter Shaw, President of Avanti Polar Lipids, presenting
the ASBMB Avanti Award in Lipids to Edward Dennis on June 5,
2000 in Boston MA.
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FIGURE 9. Membranes are allosteric activators of phospholipases.
Reprinted from Ref. 147.

Charting a Course for Lipid Research

Even at the beginning of the 21° century—at the dawn
of genomics and with interest in proteomics growing—
little was known about lipids themselves, such as how
many existed, what signaling roles they had, how they
should be measured, and even how lipids should be classi-
fied and named in the expanding world of omics. Given my
interests in organizational leadership, I recognized an
opportunity. In 2002, I proposed to NIH an initiative titled
LIPID MAPS, standing for “LIPID Metabolites And Path-
ways Strategies,” which would develop the field of “lipido-
mics.” This “omic” can be considered part of metabolo-
mics, which aims at the identification and quantification
of all of the metabolites in the cell including its nucleic
acids, amino acids, sugars, and fats. The ultimate goal of
biochemists is to follow the fluxes of molecules in biolog-
ical pathways. But by far the largest number of distinct
molecular species in cellular metabolism lies in the lipids,
where tens of thousands of distinct molecular species
exist. Thus, the initiative would undertake the identifica-
tion, characterization, and quantification of all lipid
metabolites. With a $25,000 “planning grant,” which was
used to recruit the top academicians in each lipid type as

well as bioinformatics experts, the eventual group of 12
principal investigators came from eight universities and a
commercial company (Fig. 10). The resulting ten-year
Large Scale Collaborative “Glue” Grant awarded by the
National Institute of General Medical Sciences was
charged with developing the field of lipidomics, and it pro-
duced over 400 publications (152). At last lipidomics could
join the omics evolution (153)!

The success of LIPID MAPS over the years is one of the
great highlights of my career. Together, we developed
novel liquid chromatographic-mass spectrometric-based
lipidomics techniques termed “CLASS” (138) using a
quantitative approach based on over 500 LIPID MAPS
synthetic standards and specific agonists such as Kdo,-
Lipid A (154). This approach was applied to the overall
omics analysis of some 500 lipid species in immunologi-
cally activated macrophages integrating transcriptomics,
proteomics, and metabolomics of lipid metabolites (155).
Novel methods for separating and assessing the purity
of subcellular organelles (156) were developed and
employed to determine the subcellular localization of
many individual lipid molecular species and their changes
during macrophage activation (157). A major finding from
the integrated LIPID MAPS study of activated macro-
phages was the importance of desmosterol in linking lipid
metabolism with inflammation (158). In another inte-
grated study, a second sterol, 25-hydroxycholesterol, was
shown to activate the stress response to reprogram tran-
scription and translation (159).

We also profiled human plasma to quantify some 600
distinct lipid molecular species present across all mamma-
lian lipid categories (160). We have high hopes for the
potential implications of these data for clinical diagnostics
and disease biomarkers as well as understanding the
mechanisms of disease (161). However, these data also
made a big impact on lipid research in another way. As we
were sorting through all of the information, we realized
that we didn’t have sufficient classification, nomenclature,
or structural drawing representations for lipids to be able
to describe our results properly. So, we developed some
(162, 163)! We've also gone further—the initiative includes
a website (www.lipidmaps.org) and databases where over
40,000 individual molecular species of lipids can be
searched; tutorials on lipid metabolism using the struc-
tural drawing tool can be found on this site as well. This
standardization may be the most impactful and lasting
achievement of the investigators of the LIPID MAPS
Consortium and their international collaborators, the
International Lipid Classification and Nomenclature

NOVEMBER 18,2016+ VOLUME 291 -NUMBER 47

SASBMB

JOURNAL OF BIOLOGICAL CHEMISTRY 24439




REFLECTIONS: Lipid Cell Signaling

FIGURE 10. LIPID MAPS Consortium leaders at annual meeting December, 2008. Left to right: Christian R. H. Raetz (Duke University), Joseph L.
Witztum (UCSD), Nicholas Winograd (Penn State) who replaced Stephen White (University of California, Irvine), Alfred H. Merrill (Georgia Tech),
Robert C. Murphy (University of Colorado), Michael S. VanNieuwenhze (Indiana University), Edward A. Dennis (UCSD), David W. Russell (UT South-
western University), Walter A. Shaw (Avanti Polar Lipids), Christopher K. Glass (UCSD), Jean Chin (NIH representative), Shankar Subramaniam (UCSD),

and H. Alex Brown (Vanderbilt University).

Committee (ILCNC), who continue to work together so
productively.

Lipidomics of Fatty Acids and Eicosanoids

Beyond these collaborative projects, my own laborat-
ory’s work under the LIPID MAPS initiative has continued
its focus on the lipidomics of fatty acyls including fatty
acids, eicosanoids and related oxidized fatty acids, and
fatty amides. We like to think of this focus as looking to the
future of the field (Fig. 11). So far, this focus has led to a
robust and comprehensive approach to the lipidomics
analysis of hundreds of fatty acids including their numer-
ous metabolites arising from an array of cyclooxygenases,
lipoxygenases, cytochrome P450s, and non-enzymatic
oxidation reactions (164), such as the production of diho-
moprostaglandins in stimulated macrophages resulting
from the elongation of arachidonic acid to adrenic acid
(165). We also used lipidomics to analyze very long chain

fatty acids that are particularly abundant in the phospho-
lipids of retinal membranes where they are critical for
function (166) and demonstrated the essential role of
ELOVL-4 in the synthesis of these fatty acids. Today over
200 fatty acyls can routinely be analyzed and quantified
with internal standards (167) using the ultrahigh perfor-
mance liquid chromatograph/mass spectrometric (UPLC/
MS) techniques developed over the years for eicosanoids
and related oxidized PUFAs (168) as well as free fatty acids
(169) and complex lipids including phospholipids (170).
It is fascinating to see how this basic science has so many
potential applications in nutrition and disease, and so
we’ve continued to search for new biological areas relevant
to lipids. One study demonstrated how a single immune
cell can store a pro-resolving lipid precursor and then
release it for bioactive maturation and secretion, concep-
tually similar to the production and inflammasome-depen-
dent maturation of the pro-inflammatory IL-1 family of
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FIGURE 11. Edward Dennis in his laboratory with mass spectrometer on
theinitiation of LIPID MAPS.

cytokines. Specifically, we examined the role of lipoxins as
pro-resolution lipid mediators that inhibit phlogistic neu-
trophil recruitment and promote wound healing by
macrophage recruitment via potent and specific signaling
through the LXA4 receptor. Lipoxins are generated as a
consequence of sequential activation of the Toll-like
receptor 4 (TLR4), a receptor for endotoxin, and P2X-, a
purinergic receptor for extracellular ATP (171). Initial
activation of TLR4 results in accumulation of the COX-2-
derived lipoxin precursor 15-hydroxyeicosatetraenoic
acid (15-HETE) in esterified form within membrane phos-
pholipids. 15-HETE production can be enhanced by aspi-
rin. Subsequent activation of P2X. results in efficient
release of 15-HETE from membrane phospholipids by
cPLA, and the conversion of 15-HETE to bioactive lipox-
ins by 5-lipoxygenase (5-LOX). This study illustrated how
aspirin in addition to inhibiting prostaglandin production
also promotes pro-resolution eicosanoids. In its broader
context, this result illustrates the importance of eico-
sanoids in the general response to infection, their relation-
ship to inflammasome formation, and the consequent
“eicosanoid storm” (81).

Once we had started examining the role of eicosanoids
in inflammation, yet more questions surfaced. It was
known that endotoxin-stimulated macrophages could
serve as models for bacterial inflammation and infection,
but the role of lipids in these processes was unclear. Using
lipidomics analysis of eicosanoids, we were able to identify
synergy in cellular lipid signaling of TLRs and purinergic
receptors (172). This same approach was used to deter-
mine the course of infection-induced arthritic inflamma-
tion and its resolution in Lyme disease (173) and its
broader implications for the cyclooxygenase pathway.
We've also looked at lipids introduced from the environ-
ment. For example, we studied the effects of fish oil con-

sumption on Lyme disease progression (174). In this
research, novel eicosanoid mediators were found, includ-
ing anti-inflammatory mediators that differentiate the
pathogenicity of influenza strains in mouse and in human
lavages (175). Lipidomic analysis of cells supplemented
with small amounts of the fish oil-derived w-3 fatty acids,
eicosapentaenoic acid (EPA) or docosahexaenoic acid
(DHA), clarified their effects on the inflammatory eicosa-
dome in inhibiting COX-1 more than COX-2 and shunt-
ing arachidonate to LOX physiologically (176). Lipidomics
analysis even allowed the elucidation of the role of liver X
receptors (LXRs) in the biosynthesis of insulin-sensitizing
w-3 fatty acids (177).

As our understanding of biology has grown, our inter-
ests in applying those insights to questions with biomedi-
cal implications have grown in parallel. For example,
inflammatory hyperalgesia and various forms of pain
induce essential bioactive lipid production in the spinal
cord and spinal fluid. Over the years with my UCSD col-
league Tony Yaksh, we've characterized PLA, enzymes in
spinal cord and spinal fluid (178, 179) as well as examining
the role of resulting eicosanoids (180). This included the
discovery of the novel role of spinal 12-lipoxygenase-de-
rived hepoxilins A; and B, which activate the TRPV1 and
TRPAI receptors, in inflammatory hyperalgesia (181). It
was shown that intrathecal administration of these hep-
oxilins induces hyperalgesia in rats. The specific 12-li-
poxygenase enzyme eLOX3 responsible for the generation
of hepoxilins has also recently been identified (182) along
with the particular glial cell source in spinal cord. In
another application, persistent effects after the resolution
of inflammation in serum-transferred arthritis were ana-
lyzed (183). Even the consequences for cancer resulting
from the up-regulation of the cyclooxygenase in certain
cell types are better understood by the incorporation of
lipidomics analysis of the oxygenated PUFAs (184, 185).
These results demonstrate the utility of a comprehen-
sive lipidomics approach for identifying potential con-
tributors to disease pathology, and we hope that they
will facilitate the development of more precisely tar-
geted treatment strategies.

During these years, we have also been reminded about
the importance of thinking beyond enzymatic reactions.
Specifically, we investigated the oxidation of LDL lipids to
explain the effect on macrophage activation and its impli-
cations for atherosclerosis. The first critical finding was
that when human LDL is oxidized, significant amounts of
the PUFA in the sn-2 position of 1-stearoyl, 2-arachi-
donoyl phosphatidylcholine become oxidized and yield
1-stearoyl, 2-oxovaleroyl phosphatidylcholine as a
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FIGURE 12. Lipid Mediators in Health and Disease II: A Tribute to Edward Dennis and 7*" International Conference on Phospholipase A, and
Lipid Mediators held May 19-20, 2016 at Scripps Seaside Forum in La Jolla, California. Honorary Chair Bengt Samuelsson and Organizing
Committee Chair Nicolas G. Bazan (LSU Health New Orleans) and his international committee of Jerold Chun (Scripps Research Institute), Jesper Z.
Haeggstrom (Karolinska Institutet), Timothy Hla (Weill Cornell Medical College), Charles N. Serhan (Harvard Medical School), and Takao Shimizu
(University of Tokyo) are pictured along with invited speakers, chairs, and participants.

major product. Furthermore, this product can easily
undergo aldol condensations and also form Schiff bases
with lysine side chains of apoproteins in the LDL (186).
Such products are recognized by receptors and anti-
phospholipid antibodies (187-189), and lipid com-
plexes of phosphorylcholine were found to be pattern
recognition ligands (190).

The LIPID MAPS lipidomics approaches enabled our
discovery that oxidized PUFAs in LDL could also be found
esterified to cholesterol (191), and lipidomics studies of
zebrafish fed a high fat diet revealed oxidized phospholip-
ids and cholesteryl esters (192). Subsequent lipidomics
studies revealed that such oxidized phospholipids and
cholesterol esters bind to apoproteins (193) and have mul-
tiple effects on macrophage signaling (194). Significantly,
these oxidized species can be found in human coronary
artery disease (195).

Finally, the power of lipidomics analysis has also been
applied to fluxomics using unlabeled natural molecules to
analyze the eicosanoid cascade. By taking advantage of the
specificity of receptors to activate PLA,, the release of free

arachidonic acid can be initiated (196). Fluxomics analysis
allows the temporal course of metabolites in the eico-
sanoid cascade initiated by the activation of PLA, to be
followed quantitatively. In recent experiments, we've
compared primary macrophages including tissue-resi-
dent, thioglycolate-elicited, and bone marrow-derived,
with cell lines (197), leading to a general model describing
the fluxes of eicosanoids initiated by priming with a TLR4
agonist followed by activation with a purinergic P2X,, ago-
nist (198). Furthermore, this general approach has been
integrated with transcriptional regulation and protein
induction using a “directed proteomics” approach (199).
The resultant competing eicosanoid fluxes of the multiple
competing w-3 and w-6 fatty acid substrates under physi-
ological conditions in the eicosanoid cascade can now be
quantitatively compared (200).

Circling Back to Chirality

Itis a delight to me that as we identify chiral eicosanoids,
lipidomics studies have brought me back to my early fas-
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cination with stereochemistry. Enzymatically produced
eicosanoids always turn out to be chiral compounds as one
might expect, but interestingly, certain drugs can alter the
chirality of enzymatically produced eicosanoids. A recent
example is the effect of aspirin described above, which
acetylates the cyclooxygenase enzyme and changes the
chirality of a COX side product lipoxin A, to epi-lipoxin
A,, implicated in the resolution of inflammation (81, 171).
Another example is the identification of a particular oxi-
dized lipid that corrects a defect in peroxisome prolifera-
tor-activated receptor-y (PPAR-y) signaling in Cftr-defi-
cient mice (201). Chirality determination is also important
because oxidized lipids can be produced non-enzymati-
cally in response to stress and are associated with many
diseases including non-alcoholic fatty liver disease
(NAFLD) and non-alcoholic steatohepatitis (NASH), as
characterized by LIPID MAPS (202). These products can
be differentiated from the chirality that results from enzy-
matically produced products of cellular signaling path-
ways. The most recent work using quantitative UPLC/MS
approaches resulted in the identity of a panel of eico-
sanoids in human plasma that can differentiate non-alco-
holic fatty liver (NAFL) from NASH as a non-invasive
biomarker important for NAFLD assessment and treat-
ment (203).

When I was initially enticed by stereochemistry in col-
lege, I didn’t expect it to occupy so much of my career.
Indeed, my research trajectory has gone far beyond what I
dreamed of then. I am humbled that the early connections
that my colleagues and I described between PLA, action
and lipid mediators have helped build this exciting field,
and I am grateful to my scientific colleagues—including
many former students and scientific collaborators—who
organized a recent conference in my honor (Fig. 12).
Today my laboratory is focused on enzyme- and drug-
induced stereochemical changes of bioactive lipid mol-
ecules involved in inflammation and its resolution as
well as on membrane-induced allosteric effects on
enzymes that act on lipids, and these studies are now
enhanced by lipidomic approaches to specificity. And
although I can’t claim to have predicted the future, I can
say that [ was prepared from the beginning to question
established scientific thought. By the time I defended
my Ph.D. thesis, William Doering, the professor who
had so stimulated my fascination with the enormous
stereo-complexity of simple molecules in three-dimen-
sional space, had moved from Yale to Harvard and
served on my doctoral thesis committee. During my
defense, he asked why I had included my failed Cumu-
lative Exam proposal on phosphorus isomers in my the-

sis as an Appendix. I explained jokingly that I was still
challenging my grade!
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