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Crystal structure of plant PLDal reveals catalytic and
regulatory mechanisms of eukaryotic phospholipase D

Jianxu Li', Fang Yu?, Hui Guo', Renxue Xiong? Wenjing Zhang', Fangyuan He', Minhua Zhang' and Peng Zhang

T

Phospholipase D (PLD) hydrolyzes the phosphodiester bond of glycerophospholipids and produces phosphatidic acid (PA), which
acts as a second messenger in many living organisms. A large number of PLDs have been identified in eukaryotes, and are viewed
as promising targets for drug design because these enzymes are known to be tightly regulated and to function in the
pathophysiology of many human diseases. However, the underlying molecular mechanisms of catalysis and regulation of
eukaryotic PLD remain elusive. Here, we determined the crystal structure of full-length plant PLDa1 in the apo state and in complex
with PA. The structure shows that the N-terminal C2 domain hydrophobically interacts with the C-terminal catalytic domain that
features two HKD motifs. Our analysis reveals the catalytic site, substrate-binding mechanism, and a new Ca®"-binding site that is
required for the activation of PLD. In addition, we tested several efficient small-molecule inhibitors against PLDa1, and suggested a
possible competitive inhibition mechanism according to structure-based docking analysis. This study explains many long-standing
questions about PLDs and provides structural insights into PLD-targeted inhibitor/drug design.
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INTRODUCTION
Phospholipase D (PLD) belongs to the phospholipase superfamily
and is widely distributed in prokaryotes and eukaryotes. It
catalyzes the hydrolysis of phosphodiester bond of glyceropho-
spholipid substrates to generate products including phosphatidic
acid (PA) and hydrophilic headgroups such as choline, ethanola-
mine, serine, etc. Since the identification of PLD in plants,' a large
number of PLDs have been intensively studied in mammals and
other eukaryotes.>”” PLDs exert various biological functions mainly
through its end product PA, and to a less extent through
interaction proteins.>® In eukaryotic cells, PA serves as not only a
structural intermediate lipid for membrane lipid synthesis but also
a vital second messenger molecule binding with downstream
targets to regulate various cellular events®'® PLD contributes to
cell proliferation, inflammation, virus infection, and also plays roles
in neurodegenerative diseases, human cancers, and plant stress
responses.>’ 11714

Eukaryotic PLDs typically contain two domains, a C-terminal
catalytic domain comprising two HKD motifs and an N-terminal
PX/PH or C2 domain. Based on their N-terminal domains, PLDs are
classified as PX/PH-PLDs and C2-PLDs. Mammalian cells have two
PLD isoenzymes, PLD1 and PLD2, and both are PX/PH-PLDs.>'*
Plants have a much larger number of PLD enzymes.'®'” For
example, the model plant Arabidopsis encodes twelve PLD
isoenzymes, classified into subtypes including PLDa (3), B (2), v
(3), 6, € and C (2), among which two PLDC isoenzymes are PX/PH-
PLDs while all others are C2-PLDs. Although various PLDs differ
significantly in their N-terminal domains, numerous lines of
evidence suggest that most of these domains are closely related

to the binding of membrane and lipids.>®'® In addition, it has
been reported that the in vitro activity of C2-PLDs requires the C2
domain,'® whereas the activity of PX/PH-PLDs seems to be
independent of its PX/PH domain.?*?" The sequences of the C-
terminal catalytic domain among various eukaryotic PLDs show a
high degree of similarity, suggesting a common catalytic
mechanism. The activity of PLD is known to be modulated by
small molecules and by interaction proteins.*® Specifically,
calcium ions could activate C2-PLDs at various concentrations;
in contrast, the influence of these ions on the activity of PX/PH-
PLDs is apparently minor.">'”22 Lipids have also been reported to
affect the activities of PLDs, either as positive cofactors or as
allosteric modulators.’>?%%3 In addition, interaction proteins such
as small G protein Rac1/Arf-1/Ga have also been demonstrated to
influence the PLD activity directly in animals and plants.>2%2'24
However, the underlying molecular mechanisms remain to be
answered.

Since PLD plays important roles in the pathophysiology of many
human diseases, it is considered as a promising drug target.””*
Studies on screening lead compounds and inhibitors targeting
PLDs have been increasing steadily in recent years. A number of
small molecules have been found and their inhibitory effects on
mammalian PLD1 and PLD2 have been tested.’*3° Several such
compounds have been reported to have obvious cellular
effects'>*'% however, the lack of 3-D structure information of
eukaryotic PLDs has hindered the pace of efficient drug design
and optimization. We present here a structural and biochemical
study of a plant C2-type PLDq, revealing the underlying molecular
mechanisms of catalysis, activation, and regulation of the
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Fig. 1 Characterization of plant PLDa1. a Activation of PLDa1 by Ca®". Purified PLDa1 is shown on SDS-PAGE stained with Coomassie blue.

Results are means + SD, n = 3. b Kinetic parameters determined using di8:0-PC and di16:0-PC as substrates. ¢ Chemical structures of the tested
small-molecule inhibitors. d Inhibition curves of PLDa1 by the inhibitors in ¢ (di8:0-PC was used as substrate). Results are means +SD, n=3

eukaryotic PLD superfamily. Our study may also inform drug
design efforts targeting PLD.

RESULTS AND DISCUSSION
Activation and inhibition of PLDa1l
The gene encoding full-length Arabidopsis PLDa1 was cloned and
recombinantly expressed in E. coli. Protein purification was
performed through Ni*' chelating, Source-Q, and gel filtration
chromatography. The resulting PLDa1 protein was of high purity
and homogeneity, suitable for use in biochemical analysis and
crystallization (Fig. 1a). Consistent with the previous reports, we
found that PLDal can be activated by Ca?" in a concentration-
dependent manner (Fig. 1a). The Ca®™ concentration required for
optimal activity of PLDal was measured to be 1mM; a Ca®"
concentration of 5mM was chosen for the following activity
assays. The kinetic parameters of PLDal were measured using
both short- and long-chain phosphatidylcholine (PC, di8:0-PC and
di16:0-PC) as substrates. The K,,, and k.,: values of PLDa1 toward
di8:0-PC were 18.9 uM and 5.5 x 10%/s, respectively, comparable to
those toward di16:0-PC (K, 29.9 uM; keay, 2.9 X 10%/5) (Fig. 1b).
Small-molecule inhibitors have been reported for mammalian
PLD1/PLD2, including FIPI, Raloxifene, Tamoxifen as well as their
derivatives.” We tested several small molecules with diverse basic
structural skeletons for their inhibitory effect on PLDal (Fig. 1c).
Among the tested small molecules, Bazedoxifene (a Raloxifene
derivative) was the best inhibitor toward PLDal with an ICsy of
0.37 uM, followed by Endoxifen (a Tamoxifen derivative) with 1Cs
of 0.54puM and Tamoxifen with 1Cs, of 0.89 uM (Fig. 1d). FIPI
turned out to be the weakest inhibitor toward PLDa1 with an ICsq
of 15.2 uM. Furthermore, we found that the K, increased and the
Vinax remained unchanged with the addition of Bazedoxifene,
inferring a substrate-competitive inhibition mode (Supplementary
information, Fig. S1). These results suggest that C2-PLDs and PX/
PH-PLDs share a common catalytic mechanism and can be
inhibited by small molecules of similar structure.

Overall structure and domain constitution

The crystal structure of Arabidopsis PLDal in apo form was
determined at 1.8 A using SAD method (Supplementary informa-
tion, Table S1 and Fig. S2). The structure contains the full-length
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PLDa1, except that residues 22-46 and 313-326 are disordered
(Fig. 2a). The overall structure can be divided into two domains,
the N-terminal C2 domain (residues 1-150) and the C-terminal
catalytic domain. The catalytic domain comprises three subdo-
mains: the HKD1 subdomain (residues 180-435), the HKD2
subdomain (residues 460-725), and the C-terminus subdomain
(residues 735-810) (Fig. 2a, b). The HKD1 and HKD2 subdomains
are packed against each other, and together constitute the core of
the catalytic domain (Fig. 2c), adopting a saddle-like conformation
similar to the reported Streptomyces sp. PLDpy structure.®

The C2 domain of PLDal comprises eight B-strands that
collectively form two layers of antiparallel B-sheets, with B3/32/
B5/B6 strands as the top layer and 4/31/B8/B7 strands as the
bottom layer (Fig. 2a). The disordered residues 22-46 are located
at the region connecting B1 and B2, which corresponds to the
Ca®"-binding site in known C2 domain structures.>®>® However,
no Ca®" binding was found in our C2 domain structure, even
though 200 mM Ca* was present during crystallization, indicating
weak binding. The C2 domain is connected via a loop to the
HKD1 subdomain, which is in turn connected to the
HKD2 subdomain. The structures and topologies of HKD1 and
HKD2 subdomains are very similar, and both adopt a three-layered
sandwich conformation, with seven B-strands in the middle, and
three or one a-helices positioned to each side (Fig. 2¢, d). Loops of
variable lengths connect the a-helices and B-strands of HKD1/2.
The L1/L6 loops connect 39/B16 with al/a5, the L2/L7 loops
connect 310/B17 with a2/a6, the L3/L8 loops connect B11/318
with a3/a7, the L4/L9 loops connect $312/B319 with $13/320, and
the L5/L10 loops connect B14/21 with B15/B22. Small a-helix
insertions (denoted with o’ in Fig. 2) are present in the L3 (a3’), L6
(@5’) and L9 (a8’) loops (Fig. 2a, d). Among these loops and
insertions, a3’-L3 from the HKD1 subdomain covers the top of the
substrate-binding pocket like a lid, indicating that the apo-form
PLDa1 structure represents a “closed” conformation (Fig. 2a, b).
The L5 loop of the HKD1 subdomain makes close interactions with
the L9 loop of HKD2. Notably, a Ca®>"-binding site was found in the
L5/L9 loop interaction region near the substrate-binding pocket
(Fig. 2a). The structure is ended by the C-terminus subdomain
comprising 75 residues that form a9 helix, a long loop, and a C-
terminus 3'° helix. The architecture of PLDa1 is reminiscent of the
previously reported human cytoplasmic PLA2 structure (cPLA2),>°
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Fig. 2 Overall structure of PLDal. a Structure of PLDal is shown in ribbon cartoon with structure elements labeled. The C2 domain,
HKD1 subdomain, HKD2 subdomain and C-terminus subdomain are colored in bright orange, pale green, light blue and blue, respectively.
The L5 and L9 loops are colored in lime green and marine, respectively. The disordered regions (residues 22-46, and residues 313-326) are
indicated with dotted lines. The Ca®" ion is shown as a magenta sphere. A simplified domain partition is shown on the top, with starting/
ending residue numbers. b Surface model shows the structure of PLDa1; color codes are the same as in a. Position of the substrate-binding
pocket lid a3’ helix is circled. ¢, d Structure (c) and topology (d) of the HKD1 and HKD2 subdomains are shown. Structure elements are labeled

which is also comprised of a C2 domain and a catalytic domain
(Supplementary information, Fig. S3). However, different from the
cPLA2 structure in which the C2 domain makes few interactions
with the catalytic domain, the C2 domain of PLDal interacts
extensively with the HKD2 subdomain (Fig. 2a, b); we later noted
that these interactions are required for the enzyme activity of
PLDa1l (below).

Substrate-binding pocket and conformational change

Attempting to study the mechanism of substrate binding and
catalysis of PLDal, we made numerous efforts aiming to
determine the structure of a substrate-enzyme complex. In the
end, we solved the crystal structure of PLDal in complex with the
reaction product di8:0-PA (hereafter PLDal1-PA) (Fig. 3a and
Supplementary information, Fig. S4). The di8:0-PA binds in a
hydrophobic substrate-binding pocket positioned between the
HKD1 and HKD2 subdomains (Fig. 3a and Supplementary
information, Fig. S5b). The L3, L4 and L5 loops of the
HKD1 subdomain, the L8 loop of the HKD2 subdomain, and the
C-terminus 3" helix constitute the substrate-binding pocket,
which is widely open to the solvent (Fig. 3b). Compared to the apo
structure, there is a significant conformational change at the
substrate-binding pocket induced by PA binding (Fig. 3c).
Specifically, the a3’ helix sealing the substrate-binding pocket in
the apo PLDa1l structure (Fig. 2a, b) unravels into a loop and flips
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away from the top in the PLDal-PA structure (Fig. 3c, d); in
addition, the disordered L4 loop adopts an a-helix structure (a4’
hereafter) upon the binding of PA (Fig. 3d). These conformational
changes allow the substrate-binding pocket to convert from the
aforementioned “closed” state to an “open” state (Fig. 3c and
Supplementary information, Fig. S5). We also noted that the
conformation of the C2 domain undergoes a slight positional twist
away from the catalytic domain upon PA binding (Fig. 3c).

Our structural data that the 3'° helix at C-terminus contributes
to the substrate-binding pocket in PLDal can well explain the
previously reported results, which suggested that the C-terminal
residues of PLDs, in both animals and plants, function in catalytic
processes of these enzymes.'”°™*? This finding also motivated
our speculation that perhaps the C-termini of all PLDs may
function similarly. However, the amino acid sequences of the C-
termini of human PLD1/2, plant PLDal and other C2-PLDs are
variable (Supplementary information, Fig. S6). Zoom-in analysis of
the PLDal structure reveals that two conserved hydrophobic
residues Leu804 and Leu808, protrude from the C-terminus 3'°
helix into the substrate-binding pocket to bind with the acyl
chains of PA (Fig. 3b, e). Mutation of these two residues to Ala or
Asp dramatically reduced or eliminated the enzyme’s in vitro
catalytic activity, experimentally supporting their functional roles
in substrate binding (Fig. 3f). A strictly conserved Thr809 residue
among the C2-PLD enzymes forms a hydrogen bond with residue
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Fig. 3 Substrate-binding pocket and conformational changes induced by substrate binding. a Ribbon structure of PLDa1 in complex with
di8:0-PA. The catalytic domain and C2 domain are colored in slate blue and wheat, respectively. The Lid L3 loop, and pocket-forming L4 loop/
a4’ are colored in red and orange, respectively. The di8:0-PA molecule is shown as a yellow stick model. b Zoom-in view shows the substrate-
binding pocket. Among structure elements constituting the substrate -binding pocket the L3 loop is colored in red, the L4 loop and o4’ are
colored in orange, and the L5/L8 loops and the C-terminus 3'° helix are colored in pink. ¢ Structure superimposition of PLDa1 structure in apo
form (the catalytic domain, C2 domain, and the substrate-binding pocket Lid-a3’ are colored in pale green, bright orange and light pink,
respectively) and PA-binding form (colored codes are the same as in a) shows the conformational changes. The L4 loop (green dotted line) in
the apo structure turns into o4’ helix (colored in orange) upon PA binding. d Zoom-in view of the substrate-binding pocket region showing
conformational changes. e Interaction of the C-terminus with surrounding residues. The side chains of the interaction residues are shown with
sticks, and water molecules are shown with red spheres. Red dotted lines indicate the hydrogen-bonding interactions. f Influence of C-

terminal residue mutations on PLDa1 activity. Results are means+SD, n=3

Trp590 (again, invariable among C2-PLDs) to dictate the accurate
position of the C-terminus (Fig. 3e and Supplementary informa-
tion, Fig. $6), and mutation of Thr809 to Ser or Asp completely
eliminated the activity. Similar results were obtained in T810D or
T810A mutation variants (Fig. 3f). These results together reveal the
functional mechanism of the C-terminus of PLDal and even other
C2-PLDs, and infer that this may also be the case in PX/PH PLDs.

Active site

The active site of PLDa1 is located at the bottom of the substrate-
binding pocket, and the residues forming the active site come
from two HKD subdomains (Fig. 4a and Supplementary informa-
tion, Fig. S6). Interestingly, the residues constituting the eukaryotic
“HKD" motifs turn out to be spatial, but not sequential. Residues
His332 and K334 from the L4 loop and Glu691 from 322 constitute
the first HKD motif. Residues His661 from the L9 loop, K663 from
B20, and Asp407 from the L5 loop constitute the second. The
di8:0-PA binds to the active site, with the phosphate group
forming hydrogen bonds with residues His332 and His661 (Fig. 4a),
and the acyl-chains making hydrophobic interactions with
residues Trp231, Tyr523, Val584, lle587, Arg682, Leu804 and
Leu808 (Fig. 4a and Supplementary information, Fig. S7). Other
residues like Thr330, Asp361, Arg366, Trp405, GIn522, Asn678 and
Asp689 stabilize the active site residues or substrate through
hydrophilic or hydrophobic interactions (Supplementary informa-
tion, Fig. S7). A hydrogen-bonding network can be clearly seen in
the active site (Fig. 4a). Mutations of the HKD-motif residues could
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completely disrupt the enzyme activity, and other mutations could
either eliminate or diminish the activity (Fig. 4b and Supplemen-
tary information, Fig. S8).

Multiple sequence alignment reveals that most of the afore-
mentioned residues are conserved among eukaryotic PLDs
(Supplementary information, Fig. S6). Furthermore, comparison
of the crystal structures indicated that most of the active site
residues of PLDal are the same as those of the PLDpwe>
(Supplementary information, Fig. S9). These findings, viewed
alongside our aforementioned results about the apparently
common inhibitory interactions of small molecules (e.g., Tamox-
ifen), collectively suggest that the HKD family PLDs, although
differing greatly in sequence and domain constitution, share a
common catalytic mechanism. We propose that PLDa1 and even
eukaryotic HKD family PLDs utilize a two-step catalytic mechanism
as has been well studied in PLDpye.**** The histidine residue
(His332) from the first HKD motif acts as a nucleophile, which
forms a phosphoenzyme intermediate and simultaneously
releases the head group (choline, ethanolamine, etc.); whereas
the histidine residue (H661) from the second HKD motif functions
as a general acid in the cleavage of the phosphodiester bond to
release PA.

Enzyme activation

We identified a Ca*"-binding site near the second HKD motif
(Fig. 4a and Supplementary information, Fig. S10). Residues
Asp187 from the L1 loop, His372 and His406 from the L5 loop,

Cell Research (2020) 30:61-69
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Fig. 4 Active site and Ca*"-mediated activation of PLDa1. a Structure of the active site. The residues constituting the active site and the
Ca®*-binding site are shown with sticks, and are colored in pink and orange, respectively. Ca>" is shown as a magenta sphere. Dash lines
indicate the interactions, and the interaction distances are labeled. b Enzyme activity of PLDa1 mutations at the active site residues and Ca**-
binding residues near the active site. Results are means + SD, n = 3. ¢ Amino acid sequence alignment of Ca®>"-binding residues near the
active site (colored in red and highlighted in yellow) among different PLDs. AtPLDa1, AtPLDB1, AtPLDy1, and AtPLD31 are C2-PLDs from
Arabidopsis; AtPLDZ1 and hPLD1/2 are PX/PH-PLDs from Arabidopsis and human. The number of the Ca>"-binding residues and corresponding
residues are shown in the parentheses. d Structure superimposition of C2 domains from PLDa1 (colored in bright orange) and cPLA2 (PDB
ID: 1RLW, colored in gray) shows the residues involved in Ca®" binding. e Influence of mutations of the C2 domain Ca®"-binding residues on

Ca”*-mediated activation of PLDa1

and Glu722 from a8 bind with the Ca* ion via four coordinates. In
addition, residue Asp187 forms a hydrogen bond with the main
chain nitrogen of residue Asp407 from the second HKD motif
(Fig. 4a). Mutation of any one of these four residues results in
complete loss of catalytic activity (Fig. 4b). The interaction network
of Ca®>" probably defines the position of the loop preceding B15
and conformations of residues Asp407 and Trp405 that are critical
for enzyme activity. Multiple sequence alignment shows that
these Ca®" coordination residues are strictly conserved among C2-
PLDs, but not among PX/PH-PLDs (Fig. 4c). Accordingly, the C2-
PLD enzymes are known to be activated by Ca", however, this is
not the case with the PX/PH-PLDs.>'’*? This distinction is
informative, promoting reexamination of the mechanism of PLD
activation by calcium ions. Previous studies have attributed the
Ca’*-mediated activation of C2-PLDs to the calcium-binding
motifs within the C2 domain,*>** whereas our work establishes
that Ca®" binding at the catalytic domain near the second HKD
motif contributes to the activation of PLDal and probably other
C2-PLDs.

Most of the corresponding Ca®"-binding residues in the C2
domains of cPLA23**® were found to be present in the
PLDa1 structure (Fig. 4d), which are Glu47, Asn69, Asp97 and
Asn99. We therefore mutated these residues to evaluate their
functional impacts on Ca*"-mediated activation of PLDafl.
Strikingly, the activation profiles of the tested mutant variants
were not different from that of the wild type (Fig. 4e). Thus, our
finding clearly suggests that Ca®" binding in the C2 domain does
not affect Ca?"-mediated activation of PLDal. Instead, we show
that the binding of Ca®" near the active site in the catalytic

Cell Research (2020) 30:61-69

domain can dictate the position of residues His407 and Trp405,
and that both of these residues are essential for catalysis, thereby
potentially explaining the nature of the mechanism underlying the
Ca’"-mediated activation of C2-PLDs.

In addition to Ca®*, PLDs have been reported to be stimulated
by phosphoinositide through direct binding. In mammalian and
yeast PLD enzymes, a “RX3R" motif was proposed to be involved in
PIP2 binding.** While in plant PLDB/y, in addition to the
phospholipid-binding C2 domain,** a motif featured of “KX,K”
(PI(4,5)P, binding region 1, PBR1) was proposed to be involved in
PIP2 binding.*” However, the “RX5R” and the “KX,K” motifs are
replaced with “WDVMY” (residues 418-422) and “KQGG" (residues
430-433) in PLDa1, respectively. Seeing from the structure, these
two motifs are both located on the a4 helix away from the PA-
binding pocket (Supplementary information, Fig. S11), and no
extra electron density was observed around this region. This infers
that phosphoinositide might activate PLDs allosterically.

Function of C2 domain
Although the in vitro activity of PLDa1 seems to be independent
of the Ca?* binding to the C2 domain, it does require the C2
domain for catalysis. In our experiment, a PLDal mutant lacking
the N-terminal C2 domain (PLDa1-AC2) completely lost the in vitro
enzyme activity (Fig. 5a). This is in sharp contrast to the
mammalian PLD1, wherein a mutant variant lacking its N-
terminal PX/PH domain retained almost full catalytic activity.”'
Seeing from the structure, the C2 domain binds to the
HKD2 subdomain mainly through hydrophobic interactions (Fig. 5b
and Supplementary information, Fig. S12). The interaction surface is
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Fig. 5

Interaction between the C2 domain and the catalytic domain and its influence on PLDa1 activity. a Influence of C2 domain deletion

mutation (PLD-AC2) and interaction residue mutations on PLDal activity. Results are means+SD, n=3. b Surface view showing the
interaction between C2 domain and catalytic domain. Color codes are the same as Fig. 3b. ¢, d Zoom-in views of the interactions. Residues

involved in the interaction are shown with sticks

constituted mainly of the L6/L7 loops and the a6 of the
HKD2 subdomain, and 31/83/p4 of the C2 domain, which buries
1770 A? of surface area (Fig. 5¢, d). It is worth noting that many of
the residues in the interaction surface, such as His7, Arg63, Glu78,
Ala85, His86, Ser492, Lys494, Arg511, Phe529, Leu546, and Glu550,
are conserved among C2-PLDs (Supplementary information, Fig. S6).
Mutation of some of these residues, i.e, R63A, K494A, R511A and
H86A/F529A, impaired the enzyme activity, while mutation of others
such as H7A, A85D and E78A/S492A significantly reduced the
activity. This suggests that the binding of C2 domain to the catalytic
domain is essential for the activity of PLDal. Since the L6 and L7
loops are in close proximity to the C-terminus and L4 loop/a’ helix
that forms the substrate-binding pocket, we speculate that C2
domain may be required to regulate their conformations for
substrate entry, binding and/or product release, which awaits
further verification. Another important function of C2 domain could
be targeting PLD to the membrane to access the lipid in vivo, which
has been studied previously in PLDs and other C2 domain-
containing proteins like cPLA2373847%8 Accordingly, positively
charged surface patches are observed on the C2 domain and in
between the C2 and catalytic domains, and these patches may be
used by PLDal for lipid binding or membrane interaction
(Supplementary information, Fig. S5). There are a number of studies
suggesting that PLDal may undergo N-terminal cleavage for
maturation,'**#°° and a cleavage site has been proposed to exist
in between residues 20 to 40. This region in the PLDal structure
corresponds to 31 and to the disordered loop connecting 1 and 2
(Fig. 5b). Removal of this N-terminal fragment would destroy the C2
domain structure and therefore is unlikely to represent an in vivo
maturation step. This also well explains why most N-terminal
truncations of PLDa1 lost activity in vitro.'

In summary, a simplified functional model of C2-PLD was
proposed based on our structure and literature (Supplementary
information, Fig. S13). In the inactive state, the lid of the substrate-
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binding pocket of C2-PLD adopts a closed conformation to seal
the pocket; when C2-PLD attaches to the membrane and the Ca®"
binds, the lid opens up to allow the membrane lipids to enter into
the pocket; then the hydrolysis takes place and the products are
released from the pocket. The C2 domain might be involved in the
membrane attachment, substrate entry and/or product release of
C2-PLDs.

Possible mechanism of small molecule inhibition

Given our finding that several small molecules efficiently inhibited
PLDal (Fig. 1d), we next attempted to solve the structure of a
PLDa1-inhibitor complex; however, these efforts have not been
successful to date. We therefore used AutoDock to model
inhibitors to the PLDa1-PA structure.”’ Docking results indicated
that all of the four tested inhibitors, FIPI, Tamoxifen, Endoxifen and
Bazedoxifene, can be modeled into the substrate-binding pocket
of PLDa1 (Fig. 6a—d). Furthermore, the binding positions of these
four compounds overlap with the PA-binding site (Fig. 6e),
inferring that the inhibitory effects of these compounds may result
from occupation of the substrate-binding pocket, potentially
preventing entry of the substrate. This is consistent with the
competitive inhibition mode tested using Bazedoxifene (Supple-
mentary information, Fig. S1).

Comparison of the structures of these small molecules suggests
that the extra hydroxyl group(s) of Endoxifen and Bazedoxifene,
faces toward the bottom of the pocket. This may help explain our
observations that they are apparently more efficient inhibitors of
PLDa1 than the other examined compounds. Interestingly, both
Endoxifen and Bazedoxifene are derivatives of selective oestrogen
receptor modulators (SERM) that have been used in the treatment
of breast cancers;’*>* these compounds are considered broad-
spectrum PLD inhibitors with mild inhibitory activity.” Zoom-in
views of these modeled structure-inhibitor complexes indicate
extra room within the pocket to be filled (Fig. 6a-d), thus
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Fig. 6 Docking of small-molecule inhibitors. a—d Docking results show the binding of FIPI (a), Tamoxifen (b), Endoxifen (c), and Bazedoxifene
(d) in the substrate-binding pocket of PLDal (electron static surface). Small-molecule inhibitors are shown with green sticks. The
corresponding chemical structures and ICs, are shown. e Electron static surface view of the substrate-binding pocket of PLDa1-PA complex

structure. di8:0-PA is shown with a yellow stick model

providing structural insight into future strategies for the design
and optimization of more efficient or specific PLD inhibitors.

Perspective

Eukaryotes encode three major classes of phospholipases,
Phospholipase A, Phospholipase C, and Phospholipase D. Each
class of phospholipase catalyzes a specific reaction to produce
bioactive lipid molecules that regulate multiple cellular processes.
These phospholipases are thus recognized as promising targets
for drug design. Structure-based mechanistic study and inhibitor/
drug design have been overwhelming in Phospholipase A and C,
but have been greatly delayed for Phospholipase D due to the lack
of three-dimensional structures. Our study thus provides a
structural basis for further mechanistic understanding of PLD
function, and opens the door for design of PLD-targeted inhibitors
and drugs.

MATERIALS AND METHODS

Protein expression and purification

The gene encoding PLDal was amplified by PCR from the
genomic DNA of Arabidopsis, and inserted into the pET-Duet
vector with a 6x His tag at the N terminus. The constructs for point
mutations were generated by one-step PCR or overlap PCR and
verified by DNA sequencing. All the plasmids were transformed
into the E. coli BL21 (DE3) strain. The transformed bacterial cells
were grown in LB medium supplemented with ampicillin at 37 °C
and induced by 0.25mM isopropyl B-D-thiogalactopyranoside
(IPTG) for 12 h at 16 °C. The cells were harvested and resuspended
in buffer A (20 mM Tris-HCI, pH 8.0, 100 mM NaCl) supplemented
with T mM PMSF. Cells were lysed by a high-pressure cell disruptor
at 15,000 p.s.i. (pounds per square inch), and the lysate was
centrifuged at 20,000 x g for 45 min. The supernatant was loaded
onto a Ni*"-NTA affinity column (Qiagen) and washed with buffer
A plus 20 mM imidazole. Proteins were eluted by buffer A plus
250 mM imidazole and purified using Source Q, followed by gel
filtration using a Superdex 200 column (GE Healthcare) in buffer A.
Peak fractions were collected and concentrated for subsequent
structural and biochemical studies. For selenomethionine (SeMet)-
derived protein expression, a previous protocol was adopted.>* In
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general, the constructs were transformed into E. coli B834 (DE3)
cells, and the cells were cultured in M9 medium containing 50 mg/
L SeMet.

Crystallization, data collection, and structure determination

To obtain the crystals of PLDal in complex with substrates,
protein was incubated with 10-fold molar amounts of di8:0-PA on
ice for 30 min before crystallization. Crystals for PLDal and PLDa1-
PA complex were grown at 20°C using the sitting-drop vapor-
diffusion method by mixing 0.4 uL of protein with 0.4 puL of
reservoir solution containing 20% (w/v) PEG 3000, 0.1 M Tris-HCI
(pH 7.0), 0.2 M Ca(OAc),. Crystals for data collection were directly
flash-frozen in a nitrogen stream at 100 K. The data for the SeMet-
derived PLDa1 and PLDa1 in apo form and di8:0-PA binding form
were collected at Shanghai Synchrotron Radiation Facility (SSRF)
beamline BL19U1/17U1 and were processed using the HKL3000
package.>® Structures of the PLDal was solved by the SAD
method. The selenium sites were determined and initial phases
were calculated using the HKL3000 package.>® Structures of
PLDa1-PA complex was solved by molecular replacement using
PHENIX>® with the apo form structure as the initial model. All the
models were refined with PHENIX and manually built with Coot.>”
The data collection and refinement statistics are summarized in
Supplementary information, Table S1.

In vitro enzymatic assay

The commercial Amplex Red Phospholipase D Assay Kit (Invitro-
gen, A12219) was used to analyze the in vitro PLDal enzyme
activity. Assay was performed in a volume of 200 uL containing
0.2 ug of protein, 125 uM di8:0PA and the supplied reagent of the
kit. The reaction mixture was incubated at 37 °C for 10 min, and
the fluorescence was measured (excitation at 530nm and
detection at 590 nm). For the assay of PLDal activation by Ca®",
the reaction buffer of the commercial kit was substituted with
50 mM Tris-HCl (pH 8.0). For the inhibition test and ICsq
measurement, different concentrations of inhibitors of FIPI,
Tamoxifen, Endoxifen, and Bazedoxifene (Sigma & Targetmol)
were added to the assay system (0.03 pg protein was used
alternatively), and the activity was measured using the same
protocol. Data were analyzed with GraphPad Prism 5 software.
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Data availability
The atomic coordinates and structure factors have been deposited
in the Protein Data Bank with accession codes 6KZ8 and 6KZ9.
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