
Lysophospholipid Interactions with Protein Targets

Abby L. Parrill
Department of Chemistry, The University of Memphis, Memphis, TN 38152

Summary
Bioactive lysophospholipids include lysophosphatidic acid (LPA), sphingosine 1-phosphate (S1P),
cyclic-phosphatidic acid (CPA) and alkyl glycerolphosphate (AGP). These lipid mediators stimulate
a variety of responses that include cell survival, proliferation, migration, invasion, wound healing,
and angiogenesis. Responses to lysophospholipids depend upon interactions with biomolecular
targets in the G protein-coupled receptor (GPCR) and nuclear receptor families, as well as enzymes.
Our current understanding of lysophospholipid interactions with these targets is based on a
combination of lysophospholipid analog structure activity relationship studies as well as more direct
structural characterization techniques such as X-ray crystallography, nuclear magnetic resonance
(NMR) spectroscopy, and experimentally-validated molecular modeling. The direct structural
characterization studies are the focus of this review, and provide the insight necessary to stimulate
structure-based therapeutic lead discovery efforts in the future.
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1. Introduction
Lysophospholipids, including lysophosphatidic acid (LPA), alkyl glycerol phosphate (AGP),
cyclic phosphatidic acid (CPA), and sphingosine 1-phosphate (S1P) (Figure 1), play critical
and incompletely elucidated roles in development [1] and disease [2–5]. Lysophospholipids
share a minimal set of structural features, in particular a phosphate headgroup and a single
hydrophobic chain. Other structural features, such as the linkage between the headgroup and
tail, substituents and unsaturation, vary. The relative simplicity and flexibility of
lysophospholipid structures result in interactions at a diverse array of biomolecular targets.
Lysophospholipid targets have been confirmed to include both soluble and integral membrane
spanning receptors and enzymes [6]. These targets have demonstrated roles in signaling,
lysophospholipid production and degradation, and lysophospholipid availability to other
targets. Details on the interactions between lysophospholipids and their targets are of interest
to guide the discovery and optimization of therapeutic lead compounds that mimic or interfere
with lysophospholipid function. Mimicking or inhibiting lysophospholipid recognition may
have therapeutic relevance to a vast array of pathophysiological situations including immune
disorders, cardiovascular disease, cancer, diabetes, and neural disease [2,3,7–11]. Details about
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lysophospholipid recognition can be obtained by indirect studies of lysophospholipid analogs
to identify the structure activity relationships (SAR) at a particular biomolecular target. In fact,
the earliest studies aimed at identifying the characteristics of lysophospholipid recognition by
biomolecular targets relied on analog SAR. SAR information continues to be useful, with
reports of new analog series appearing at regular intervals. Early SAR studies focused on the
tolerance for changes to the lysophospholipid headgroup, length of the lipid tail, as well as the
influence of degrees of unsaturation on lysophospholipid recognition using commercially
available natural analogs [12–16]. More recent SAR studies have applied synthetic organic
chemistry to the problem [17–38], generating series of molecules with broader variability at
the headgroup, changes in the linker between the headgroup and tail, as well as stereochemical
differences. Detailed knowledge of the ligand-based SAR has facilitated the development and
application of pharmacophore models, resulting in new leads acting at individual
lysophospholipid targets [39–41]. SAR studies at lysophospholipid targets have been
previously reviewed [42–44], and will not be described in further detail here. In contrast,
atomic-level insights of lysophospholipid interactions with their biomolecular targets can be
obtained by combinations of more direct methods that include crystallography, spectroscopy,
and computational modeling coupled with site-directed mutagenesis. Insights gained from
these techniques are the focus of this review.

2. Lysophospholipid Protein Targets
Direct interactions between lysophospholipids and multiple protein classes have been
demonstrated. These direct protein targets include transmembrane receptors in the G protein-
coupled receptor (GPCR) or seven transmembrane (7TM) receptor superfamily, the soluble
nuclear peroxisome proliferator activated receptor gamma (PPARγ), the soluble extracellular
enzyme autotaxin (ATX, nucleotide pyrophosphatase/phosphodiesterase-2: NPP2), and
members of the transmembrane enzyme family of lipid phosphate phosphohydrolases (LPP).
Each of these target types poses unique challenges to researchers seeking to elucidate the factors
responsible for lysophospholipid recognition.

2.1. G protein-coupled receptors
Among the approximately 950 [45] human GPCR, eleven show responses to LPA or S1P. The
first eight receptors discovered to have responses to LPA and S1P, LPA1–3 and S1P1–5, are
members of the endothelial differentiation gene (EDG) family of GPCR [6,46]. The more
recently discovered LPA receptors, LPA4–6 [47–49], were discovered among orphan GPCR
in the purinergic receptor cluster of GPCR. Sequences within the EDG family are more closely
related to each other, with amino acid identities ranging from 25–52%, than they are to
LPA4–6, with which they share only 13–16% identical amino acids. Figure 2 shows a
phylogenetic tree representing the relationships among the GPCR responsive to
lysophospholipids.

GPCR present numerous challenges to researchers interested in investigating ligand
recognition. GPCR are integral membrane proteins, with low solubility and poor function in
aqueous solution. Structural characterization of GPCR by crystallography must therefore be
preceded by careful optimization of conditions for expression, protein engineering,
purification, reconstitution and crystallization. These challenges are sufficiently daunting that
high resolution crystallographic structures of only two members of the GPCR family,
rhodopsin [50–53] and the β2-adrenergic receptor [54–57], have been reported to date.
Challenges are also faced by NMR spectroscopists due to the line broadening observed with
large lipid/protein assemblies. Insights into lysophosphospholipid recognition by GPCR
targets therefore come predominantly from indirect studies of these interactions based on ligand
SAR and the more direct experimentally validated modeling studies.
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2.2. Nuclear receptors
A single nuclear receptor, the peroxisome proliferator-activated receptor gamma (PPARγ), has
been demonstrated to interact with LPA [58]. LPA displaces the full agonist, rosiglitazone,
from PPARγ and stimulates expression of genes under the control of the peroxisome
proliferator response element (PPRE). Rosiglitazone is a member of the thiazolidinedione class
of anti-diabetes drugs that act through PPARγ. Recent evidence indicates that LPA induces
neointima formation through the PPARγ receptor [5].

Unlike the GPCR targeted by lysophospholipids, multiple crystallographic structures of
PPARγ and two other PPAR isoforms sharing more than 50% identical amino acids have been
reported. The first PPARγ crystallographic structure included only the isolated ligand-binding
domain [59], but this structure was quickly followed by that of the heterodimer formed by the
ligand binding domains of PPARγ and the retinoic acid receptor RXR-alpha with their
respective agonists, rosiglitazone and 9-cis-retinoic acid, as well as co-activator peptides
[60]. Additional comparative crystallographic studies of both full and partial agonists have
been performed [61,62]. No antagonist-bound structure of PPARγ has yet been reported,
however, a crystal structure of an antagonist bound to the alpha isoform has been reported
[63]. The closest analogs to a PPARγ complex with LPA are complexes of the delta isoform
of PPAR with fatty acids [64,65]. Nevertheless, the availability of numerous relevant
crystallographic complexes has stimulated direct studies of lysophospolipid interactions with
its nuclear receptor target.

2.3. Enzymes
Many enzymes play roles in the biosynthesis and degradation of lysophospholipids. However,
few enzymes demonstrate feedback regulation by lysophospholipids. Autotaxin (ATX,
nucleotide pyrophosphatase/phosphodiesterase-2, NPP2) is the serum lysophospholipase D
enzyme that converts lysophosphatidylcholine into LPA [66,67]. LPA, in turn, inhibits ATX-
catalyzed hydrolysis of LPC [68]. The temporal and compartmental regulation of this inhibition
is likely to involve circulating factors such as other proteins that have already demonstrated
interaction with [69] and modulation of [70] LPA function. Neither full-length ATX nor
isolated domains have been crystallized. However, the catalytic domain of ATX is 30%
identical to a crystallized bacterial NPP [71]. Insights from catalytic domain models of ATX
are limited due to the essential role of the nuclease domain in enzyme function [72] and the
reported mixed-mode inhibition of ATX by LPA [68]. The majority of studies examining
lysophospholipid recognition by ATX have therefore utilized indirect methods based on
lysophospholipid analogs, although lysophospholipid complexes with an ATX catalytic
domain model have also been reported.

3. Lysophospholipid Recognition
3.1. Crystallographic studies

3.1.1. Crystallographic GPCR structures—Crystal structures have been solved for only
two different members of the GPCR family, rhodopsin [50–53,73–76] and the β2-adrenergic
receptor [54,57]. These structures represent either inactive conformational states or early
intermediates in the rhodopsin activation process. Surprisingly, the nine crystallographic
structures of bovine rhodopsin in the Protein Data Bank show not only similarity to each other,
with only 0.5 Å root mean square deviation on alpha carbon positions of residues defined in
all structures, but also show similarity to the two crystal structures of the β2-adrenergic receptor
(Figure 3). The most substantial differences between the crystallized GPCR structures is found
by comparison of the backbone conformations of the extracellular and intracellular loops, as
well as in finer details of individual amino acid sidechain conformations and interactions. These
structures provide an excellent starting point to understand lysophospholipid recognition by
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GPCR targets, although lysophospholipid receptor characteristics such as the lack of a disulfide
bridge between the top of the third transmembrane domain and the second extracellular loop,
the lack of proline in the fifth transmembrane domain, and other differences from the two
crystallized GPCR must be considered. The anticipated differences between inactive and active
GPCR conformations [77,78] are also important, as the natural lysophospholipids are agonists
at their GPCR targets, rather than inverse agonists or neutral antagonists. Thus the active
conformation is most relevant to their function. Even considering these differences from the
available crystallographic structures, remarkably detailed atomic interactions have been
determined for lysophospholipid interactions with GPCR in the LPA1–3 and S1P1–5receptor
families as described in the modeling subsection.

3.1.2. Crystallographic PPAR structures—LPA has not yet been crystallized bound to
the PPARγ ligand binding domain. However, crystallographic complexes of fatty acids bound
to PPARδ [64], which shares 65% identical amino acids with the PPARγ ligand binding
domain, are available. These analogs provide insights from which hypotheses concerning LPA
recognition by PPARγ can be generated. Fatty acids bound to PPARδ are located near the
activation factor helix-2 (AF-2). The anionic carboxylate group of the fatty acid interacts with
H323, H449 and Y473 (Figure 4A) [64]. These interactions are analogous for synthetic
agonists, such as rosiglitazone, interacting with PPARγ [60]. These studies suggest a natural
hypothesis, that the phosphate group of LPA is likely to stabilize the AF-2 helix of PPARγ by
hydrogen bonding to Y473, as well as having additional interactions with H323 and H449.
However, model-driven mutagenesis studies described in section 4.3 indicate that this
hypothesis is not valid.

3.1.3. Crystallographic structures related to ATX—Two ATX segments (or the
corresponding segments of the highly homologous NPP1) have been compared with
crystallographic structures. The catalytic domain was first identified to share catalytic residues
and metal-ligating residues with members of the alkaline phosphatase superfamily [79], and
more recently with a bacterial NPP [71]. These comparisons indicate that the residues
interacting with the first metal ion are located after the first and fourth strand of a central 6-
strand beta sheet, and those interacting with the second metal ion are located after the fifth
strand. The catalytic residue is also located near the metal ions. These findings are consistent
with mutagenesis studies in the mammalian NPP enzyme family [79,80]. This structural core
is highly conserved in even weakly homologous members of the alkaline phosphatase
superfamily [6] as shown in Figure 5. It is likely that the active site metal ions, which position
the phosphate group of LPC, are also involved in recognition of LPA. The C-terminal domain
of NPP1, and by inference that of the highly homologous NPP2/ATX, has been compared to
a crystallized endonuclease from Serratia [81]. The crystallographic structure displays a five
strand beta sheet surrounded by four alpha helices and two crossed beta strands. A magnesium
ion is bound between the two crossed beta strands and a neighboring alpha helix [82]. The
Serratia endonuclease shares only 17% identical amino acids with the C-terminal regions of
NPP1-3, which lack conserved amino acids that are essential for endonuclease function,
including those involved in interactions with the magnesium ion. The nuclease-like domain of
NPP1, instead, plays a role in stability and protein localization [81]. This domain is therefore
unlikely to play a direct role in lysophospholipid recognition, although direct evidence to
support this speculation is not yet available.

3.2. Spectroscopic studies
S1P headgroup recognition by the S1P4 first extracellular loop and the extracellular end of
TM3 has been examined using NMR spectroscopy [83]. This study provided additional
evidence of a direct interaction between R3.28 and the phosphate group and between E3.29
and the ammonium group first proposed based on modeling studies described in section 3.3.
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Ligand titration additionally affected chemical shifts of residues in the third loop between
Arg109 and Pro115, some of which had displayed conformational variability in the absence
of ligand. This study was the first to pinpoint specific residues in a lysophospholipid receptor
involved in the dynamic conversion between the inactive and active forms of the receptor.

3.3. Modeling studies
The relative scarcity of experimentally characterized structures relevant to lysophospholipid
recognition compelled the application of modeling methods coupled with alternative
experimental validation studies in order to provide direct, atomic-resolution insights into
lysophospholipid recognition. Modeling studies have been applied to study lysophospholipid
recognition by the EDG-family GPCR, LPA1–3 [84–90] and S1P1–5 [40,84,91–99], the nuclear
receptor PPARγ [100], and the enzyme ATX [42].

3.3.1. Modeling Lysophospholipid Interactions with GPCR—The earliest modeling
studies of S1P interactions with S1P1 [94–96] were reported concurrently with the first atomic-
resolution crystallographic structure of rhodopsin. Even without a high-resolution crystal
structure to provide a structural template, key ion-pairing interactions from amino acids R3.28,
E3.29 and R7.34 to the phosphate and ammonium moieties in the S1P headgroup were
proposed. Experimental binding assays confirmed that mutant receptors bearing alanine at
these positions showed no specific binding of S1P. An alternative model was proposed that
reiterated these interactions, but also suggested Y2.57 as a hydrogen bonding partner for the
S1P hydroxyl group [99]. This hypothesis has yet to be experimentally validated. Position 3.29
was later predicted by modeling to shift relative recognition of S1P and LPA depending on
whether glutamate or glutamine were present, a finding confirmed by experimental
characterization of E3.29Q mutants of S1P1 and S1P4 as well as the Q3.29E mutant of LPA1
[84,97]. These results contradict an alternative model of S1P complexed with S1P4 that
suggested interactions predominantly in the extracellular loops [98]. Further modeling and
mutagenesis studies identified W4.64 and K5.38 as positions that show variable importance
in the S1P receptors [93,101]. Investigations of both LPA and S1P receptor indicate that a
cationic residue in TM7 is often, but not universally, involved in ligand recognition [40,88,
93]. The residues that surround the hydrophobic tail of S1P in the S1P1 receptor have also been
confirmed to occur within the transmembrane domain, particularly involving residues in
TM3-7 [40]. A leucine near the extracellular end of TM6, L6.55 (276), has recently been
confirmed by site-directed mutagenesis to impact agonist selectivity between S1P1 and S1P3.
[102] These models have proven capable of explaining not only lysophospholipid recognition,
but also of discrimination between agonist and antagonist activity, describing selectivity
profiles across multiple receptor subtypes [86–89,91], and providing insights into binding of
small drug-like molecules [92]. Figure 6 shows a composite map of sites in EDG receptor
family members that have been investigated by site-directed mutagenesis. This figure
demonstrates that the residues shown to strongly impact either receptor activation or agonist
binding orient toward the interior of the transmembrane helical bundle. In contrast, residues
that fail to impact receptor activation or agonist binding are either located in the extracellular
loops, orient away from the interior of the transmembrane helical bundle, or are located near
the bottom of the ligand binding site.

3.3.2. Modeling Lysophospholipid Interactions with PPARγ—The crystallographic
structures of PPARγ provide an excellent starting point for modeling lysophospholipid
interactions at this target. Docking studies with an ether analog of LPA, alkyl glycerol
phosphate (AGP), predicted that the AGP binding site overlaps with that of the full agonist,
rosiglitazone, but that the anionic phosphate group interacts with R288 at the opposite end of
the binding pocket from H323, H449 and Y473 (Figure 4B) [100]. Experimental
characterization of mutants at these positions confirmed that AGP and rosiglitazone bind
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competitively with each other, but interact with different subsets of amino acid residues in
PPARγ [100].

3.3.3. Modeling Lysophospholipid Interactions with ATX—The catalytic domain of
ATX was first modeled based on the alkaline phosphatase crystal structure [79]. Although the
sequence of alkaline phosphatase shares less than 10% identity with ATX overall, and only
14% identity within the alpha/beta core, the conclusions drawn from the comparison of these
structures were proven valid by comparison to the NPP structure, which shares 30% identity
with the NPP1 and NPP2 catalytic domains. Two models of the ATX catalytic domain have
been reported based on the Xac. NPP crystal structure. The first model was used to interpret
the structural context of an essential glycosylation site [71]. The second model was used to
predict the binding site of LPC and to identify a set of structurally diverse, non-lipid ATX
inhibitors [42].

The C-terminal domain of NPP1, and by inference of the highly homologous NPP2/ATX, has
been modeled based on an endonuclease from Serratia [81]. This model indicates that a five
strand beta sheet is surrounded by four alpha helices and two crossed beta strands, as seen in
the endonuclease template that contains 17% identical amino acids. The modeled regions of
the C-terminal and catalytic domains are separated by 39 amino acids, for which a suitable
modeling template is not currently available. Experimental data that defines the relative
orientation of these two domains is urgently needed in order to determine whether the C-
terminal domain directly impacts lysophospholipid recognition.

4. Concluding Remarks
Lysophospholipid recognition by a diverse array of biological targets has been probed by a
powerful combination of crystallographic structures, NMR spectroscopy, and molecular
modeling coupled with comparisons to experimental data such as site-directed mutagenesis or
pharmacological trends. This combination of tools has provided a picture of lysophospholipid
interactions at three different types of biomolecular targets, including GPCR, nuclear receptors
and enzymes. The insights from these studies have now reached the critical level required to
support structure-based therapeutic lead identification efforts.
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Figure 1.
Chemical structures of lysophospholipids.
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Figure 2.
Phylogenetic tree indicating evolutionary distances between human lysophospholipid
receptors computed by PHYLIP 3.6 based on protein sequence parsimony.
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Figure 3.
Comparison of all available crystallographic GPCR structures. Rhodopsin structures 1F88
[53] (lt. green), 1HZX [76] (magenta), 1L9H [75] (yellow), 1GZM [103] (blue), 1U19 [52]
(orange), 2HPY [74] (purple), 2G87 [74] (cyan), 2I35 [51] (rust) are superposed based on
amino acid residues resolved in all structures, and shown only by the lt. green ribbon in these
common areas to simplify the image. β2-adrenergic receptor structures 2RH1 [54] (grey) and
2R4R [57] (dk green) were superposed on the rhodopsin structures based on residues in the
first three transmembrane domains.
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Figure 4.
PPAR structures. Protein backbones are shown as ribbons shaded from red at the amino
terminus to blue at the carboxy terminus A. Crystallographic complex of PPARδ with vaccenic
acid (Protein Data Bank [104] entry 2baw [64]). Vaccenic acid (11-Z-octadecenoic acid) is
shown as a spacefilling model, select residues are shown as stick models. Discontinuities
represent regions that were not assigned. B. Modeled complex of PPARγ with AGP [100].
AGP is shown as a spacefilling model, select residues are shown as stick models.
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Figure 5.
Superposition of alkaline phosphatase superfamily members showing geometrically conserved
structural core. AlkP family members shown as ribbons, 1ALK (alkaline phosphatase: red)
[105],1EJJ (phosphoglycerate mutase: green) [106], 1AUK (arylsulfatase: blue) [107], 1FSU
(arylsulfatase: magenta) [108], 2GSN (Xac. NPP: yellow) [109], available in the Protein
Databank [104].
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Figure 6.
Modeled location of amino acids subjected to site-directed mutagenesis [40,84,88,92,93,95–
97] in the EDG receptor GPCR family mapped onto the S1P1 receptor model [40]. Blue ribbons
indicate sites not subjected to mutational analysis in any member of the EDG family. Red,
yellow and green sites indicate mutations that abolished, reduced, or had no impact on receptor
activation or ligand binding, respectively. Magenta sites indicate position giving receptor-
dependent effects. The first TM is labeled with the Roman numeral I. The modeled position
of S1P is shown as a stick model. A. Side view. B. View from extracellular side.
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