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Abstract

Phospholipase D (PLD) is a key enzyme involvedumarous processes in all living organisms.
Hydrolysis of phospholipids by PLD allows the redeaof phosphatidic acid which is a crucial
intermediate of multiple pathways and signalingctieas, including tumorigenesis in mammals
and defense responses in plants. One common featurd in the plant alpha isoform (Pulp

in some PLD from microbes and in all PLD from ewkdes, is a duplicated motif named HKD
involved in the catalysis. However, other residaes strictly conserved among these organisms
and their role remains obscure. To gain furtheigis into PLD structure and the role of these
conserved residues, we first looked for all thenpl®LDo sequences available in public
databases. With more than 200 sequences retrievggheric sequence was constructed showing
that 138 residues are strictly conserved amongt g?uDa, with some of them identical to
residues found in mammalian PLDs. Using site-deecimutagenesis of the PkDfrom
Arabidopsis thaliangawe demonstrated that mutation of some of theselues abolished the
PLD activity. Moreover, mutation of the residuesward both HKD motifs enabled us to re-
define the consensus sequence of these motifs. eByestial deletions of the N-terminal
extremity, the minimum length of the domain reqdifer catalytic activity was determined.
Overall, this work furthers our understanding o gtructure of eukaryotic PLDs and it may lead
to the discovery of new regions involved in theabgtc reaction that could be targeted by small

molecule modulators of PLDs.
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| ntr oduction

The phospholipase D (PLD) superfamily is a diveys®mip of enzymes found in microbes, fungi,
viruses, plants and animals (1). Members of the Ruperfamily include several classes of
enzymes that all show activity on the phosphodiebtind; as classical PLDs (EC 3.1.4.4)
catalyzing the hydrolysis of the distal phosphaedtend of phospholipids; as cardiolipin

synthases and phosphatidylserine synthases, whtalyze a phosphatidyl transfer reaction; and
in some bacterial nucleases, such as Nuc, thadtyzasathe hydrolysis of DNA phosphodiester

bonds (2).

In plants, where PLD activity was first discover@), several types of PLDs exist but the alpha
isoform (PLDw) is particularly widespread. Different PLD isof@nare implicated in stress
physiology and signal transductioma hydrolysis of phospholipids. More generally, PLBx®
involved in a broad range of cellular and physiatag processes (2), notably in numerous
pathological disorders in mammals (4-6). As an glamphosphatidic acid (PA), which is a
product of the PLD-catalyzed hydrolysis of varigamspholipids, is able to recruit and regulate
numerous membrane-associated proteins, such amaimmalian target of rapamycin (mTOR)
or the proto-oncogenic serine/threonine kinase Rafhaking PLD an important therapeutic

target (5-9).

In addition to their hydrolytic reactions, PLDs aigo able to catalyze a transphosphatidylation
reaction between a phospholipid and a primary actat permits the exchange of the polar

head of phospholipids and, consequently, contribtdehe diversity of phospholipids (2).

PLD enzymes can be divided into two distinct grobpsed on their primary structure: the non-

HKD group and the HKD group (2). The non-HKD PLDogp is made up of well-studied
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enzymes, such as the PLDs fr@mweptomyces chromofusc{if)) or from the spiddroxosceles
(11) that belong to the superfamily of PLC-like pphbodiesterases (12).The HKD group, which
is a member of the PLD superfamily, is characterizg the presence of a conserved His, Lys
and Asp in a typical HXKX¥D consensus sequence, also called the HKD motiérevX denotes
any kind of residue. This motif is reported to bestly found in mammals, with the PLD1 and
PLD2 isoforms present iklomo sapiensin plants, with the predominant PkDsoform; in
yeast, with SPO14 (13); and in some microbes, thighcrystallized PLD fronStreptomyces sp
strain PMF (14). In plants, mammals and in somedeba; the HKD motif is duplicated in the
primary structure and both motifs are thought tochmse together in the tertiary structure,

forming a catalytic site at the interface of thddbed enzyme (1).

In plants, as in the model plaAt thaliang multiple PLD genes encoding isoforms are grouped
into six classesd, B, v, 6, € and{, based on the genic architecture, sequence sitiegardomain
structures, and biochemical properties (15-17). ddwerentional PLD, in contrast to other PLD
isoforms, is phosphatidylinositol-4,5-bisphosphé®P,)-independent and requires millimolar

levels of C&" for in vitro activity at a physiological pH (18, 19).

The PLDu isoforms bear a C2 domain of around 150 residaiethe N-terminal extremity, that
are involved in the C&dependent membrane binding and adsorption of tzgnee (15, 20,
21). We have recently demonstrated that tAeabidopsis PLDa C2 domain binds
phosphatidylglycerol in a Gaindependent manner, whilst PA and phosphatidyisebindings
were found to be enhanced in the presence 6f 28). However, because the mature BLB
cleaved at its N-terminal extremity, it is not ygdear which residues of this C2 domain are
necessary for the &adependent membrane binding. Indeed, this regictergoes a post-

translational modification (PTM), described as eaghge of thirty to forty residues at the N-



85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

terminal C2 domain extremity. This PTM is foundtimo situations, either when the PuDs
purified directly from plant tissues, such Bsassica oleraceg22), Ricinus communi$23),
Oriza sativa(24), andGlycine max(25), or when the protein is purified in a recondnt way.
Examples of the latter includéigna unguiculataPLDoa, expressed in insect cells (26) orHn
pastoris(27), andA. thalianaPLDo expressed i. pastoris(20). An exception is the PLD from
Brassica olerace#28) expressed i&. coli, where the absence of this PTM seems not to impair
the catalytic activity. Consequently, the importarand the role of the N-terminal extremity is
guestionable and requires further investigatiorer&éhs no evidence in the literature that LD
undergoes numerous kinds of PTM in the way thatdnufLDs do (2), with the exception of

phosphorylation that has been observed in a cafgiigdroxylated residues (29).

Recombinant plant PLDis easy to produce in large amounts and requindg 6&* as a
cofactor, compared to other plant isoforms and &mmmalian PLDs that require numerous
cofactors such as G proteins, RIRtty acids, etc (2). Moreover, plant PdRctivity can be
measured easily, either discontinuously or in adiand continuous way using an assay based
on the chelation-enhanced fluorescence property8-dfydroxyquinoline following C3A-
complexation with PLD-generated PA (30). This isontrast to mammalian PLDs that have to
be assayed discontinuously using radiolabeled maibst in end-point kinetics. Hence, plant

PLDa is a valuable tool for studying the structural &makctional properties of eukaryotic PLDs.

The importance of the invariant charged motif HXfKXwas first reported and defined in 1995
(31). Eukaryotic PLDs are thought to follow a twtes ping-pong reaction mechanism between
the two HKD domains that requires both to be pre¢&?) and intact to result in a biochemical
reaction. This means that the duplicated motifsndb function independently, as has been

demonstrated for the human PLD1 (33), signifyingttla single mutation in these motifs
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abolishes the catalytic activity (33). The tridirsamal (3D) structure of the endonuclease Nuc
from Salmonella typhimuriuma prokaryotic PLD family member which bears oohe HKD
motif, was solved in 1999 (34). The Nuc enzyme tafliges as a dimer in which the two HKD
motifs come together to form a functional catalite at the interface of the subunits, and the
consensus sequence of the HKD motif has been defaze HXKXDXsGSXN (34). The
structural position of the two HKD domains was et confirmed in the crystallized form of the
monomeric bacterial PLD from tHstreptomycesp strain PMF (14). Because the HKD motif
has only been described in the extended version XK sGSXN, which does not differentiate
the first motif from the second one, and also bseatis version relies on sequence alignment
exclusively, we propose a reevaluation of each anthe HKD motifs based on biochemical

enzymatic evidence.

The importance of some residues of PLD family mermbas already been verified, for example
in Ymt, theYersinia pestisnurine toxin (35), where the H, K, and S residuidsadth motifs were
mutated. In plants, as far as the RLBoform is concerned, only a few conserved domhae
been identified so far. Mutations of the EFK matifialogous to the DRY motif, have shown that
this motif facilitates the interaction between tGe subunit of the G-protein and the P&D

isoform (36, 37).

The N-terminus extremity of human PLDs which is cohserved among mammalian PLDs was
shown not to be critical. Expression of mutantkilag the first 325 residues of PLD1 (38) or the
first 308 residues of PLD2 (39) remained catalytycactive. However, the importance of the C-
terminal extremity has been proven to be crucialtation of the C-terminal threonine of PLD2
by an alanine conferred essentially wild-type PLddivity but the addition of a single residue

dramatically altered the catalytic activity (39)dawhen the carboxyl terminus of PLD1 was
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deleted, the enzyme was found to be inactive (B8¢. addition of a hexahistidine tag at the C-
terminal extremity of PLD1 led to a complete attathon of the activity (40). In cabbage, it is
postulated that the C-terminus also contributethé&functional conformation of active PhD
when expressed i&. coli (41). In addition, this latter study analyzed theolvement of some

conserved residues in the hydrolytic and the traosphatidylation reactions.

PLDs are now an important target in human healte ¢42), especially for cancer treatment
(43). Since plant and mammalian PLDs share unigquecammon features, we used Rl Dhe
major isoform found in plants, in this study to éstigate the importance of the conserved

residues and to further our understanding of tineislvement in PLD catalysis.
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Material and Methods

Material

Zeocin was obtained from InvivoGen (Toulouse, Fegnand Zymolyase and Ampicillin were
purchased from Euromedex (Souffelweyersheim, Fpariee pastoris X-33 strain was from
Invitrogen. 1,2-Dimyristoyknglycero-3-phosphocholine (DMPC), choline oxidasenf
Arthrobacter globiformis horseradish peroxidase (type VI), and bovine reealbumin (BSA)
were obtained from Sigma-Aldrich Chimie (Saint-Quedtallavier, France). All other

chemicals and solvents of highest quality wereiabthfrom local suppliers.

Pichia pastoris transfor mation

An isolated clone oP. pastoriswas cultured overnight in 50 mL of Yeast Peptorextibse
(YPD) medium, at 30°C, and the OD was then meas@ells were harvested by centrifugation,
for 5 min at 1,500 x, and then washed twice with 40 mL of sterile wated twice with 20 mL
1 M sorbitol at room temperature. Cells were fipaksuspended in a volume of 1 M sorbitol

with an OD equivalent to 75.

Competent cells were transformed with 0.4 — 2.0oft@vrll linearized plasmid purified using
the Qiaquick kit from Qiagen. Briefly, 8QL of cells were mixed with DNA in an
electroporation cuve and received an electric shotk2 kV for 6 ms. Cells were then

resuspended in 1 mL of 1 M sorbitol and incubated 90 min at 30°C, then plated onto solid
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YPD with Zeocin at 0.1 mg/mL. After 2 days of ination at 30°C, clones were then re-streaked

onto YPD medium containing Zeocin at 0.2 mg/mL.

Protein expression

Each mutant, and the appropriate controls, wasi@dtfor 48 h at 30°C, under orbital shaking
(180 rpm), in 4 mL of YPD medium supplemented vith mg/mL Zeocin. The cells were then
harvested by centrifugation and lysed using eithévlini Beadbeater or a FastPrep-24™ 5G
Instrument (Biospec), for 5 times 30 s, with sammpmlenserved on ice in between, using 1 mL of
glass beads (425 - 600 um diameter) in lysis budenposed of Tris 20 mM pH 8.0, NaCl 150
mM and sucrose 200 mM. The soluble fraction wasiabd after 10 min of centrifugation at
9,500 xg at 4°C. The protein concentrations were measusetyBradford’s method (44) with

Bio-Rad Dye Reagent and BSA as the standard.

PL D activity measurement

PLD activity was assayed according to (45). Brigihye protein extract to be tested was added to
the assay mixture (100 uL final volume), composied.4¢ mM DMPC, 1.24 mM SDS, 1.24 mM
Triton X-100, Tris-HCI 50 mM with 20 mM CaglpH 8.0, and incubated for 10 minutes at
30°C. The reaction was stopped by adding 25 uL06fraM EDTA pH 8.0 and the PLD activity
was revealed by adding 25 pL of chromogenic mixtaamposed of 280 mM Tris-HCI pH 8.0,
0.5 U choline oxidase, 0.5 U peroxidase, 10 mM 4naantipyrine and 54 mM sodium 2-

hydroxy-3,5-dichlorobenzene sulfonate. The PLD-gateel choline was quantified with end

10
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point measurements by recording the absorbanc@Cah®, based on a standard curve obtained

with pure choline. Control assays were performetuianeously in the absence of PLD.

Alternatively, PLD activity was assayed with 8-hgrlyquinoline, as described previously (30).

| mmunoblotting analysis

Crude protein extracts (10 pg) were separated UWSIDE-PAGE on 10% gels, as described by
Laemmli (46). Proteins were electroblotted ontoatiéllulose membranes for 90 min at 250 mA
in a transfer buffer composed of 25 mM Tris, 200 rgiycine, and 20% (v/v) ethanol, using a
Trans-Blot apparatus (Bio-Rad). Nonspecific proteinding sites were blocked by incubating
membranes for 1 h in a blocking solution contairbdg (w/v) BSA and 0.1% (v/v) Tween 20 in
Tris Buffer Saline (TBS). Membranes were then irateld overnight at 4°C with polyclonal
antibodies (serum diluted at 1: 4,000), raisedalvbit against a peptide corresponding to the last
117 residues of thA. thalianaPLDo C2 domain (20), in TBS containing 0.1% (v/v) Twezh
and 1% (w/v) BSA. Unbound primary antibodies wezemoved by four washes (5 min each)
with TBS containing 0.1% (v/v) Tween 20 (TBS-T). eflmembranes were incubated with
peroxidase conjugated goat anti-rabbit 1gG (Sigifaluted 1: 10,000 with TBS-T) for 1 h
followed by four washes (5 min each) with TBS-T atften revealed with enhanced
chemiluminescence Western blotting solutions (Afmm&ns) according to the manufacturer’'s

instructions.

Because of the numerous clones, the expressiohdeé®t.Da cannot be normalized between all

samples. The SDS-PAGE technique was used for onefdtree independent clones to prove

11
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that the protein was expressed or not and no ceratidn of relative activity between different

mutants can be inferred.

Monoclonal anti-polyhistidine-peroxydase antibodeférence A7058-1VL, Sigma-Aldrich)
produced in mouse was incubated overnight at 4flGti@h 1: 2,000). Unbound antibodies were
removed by four washes (5 min each) with TBS-T areVealed with enhanced
chemiluminescence Western blotting solutions (Alme&ns) according to the manufacturer’s

instructions.

Data mining

To gather a maximum of Pldsequences we used as a seedAththalianaPLDa sequence
(U36381) (47) which harbors the following naturariations R26M, A218T, L323S, 1498T, and
E580G, compared to AT1G52570. We carried out a tBTLA search on the NCBI database,
with default parameters, to acquire a first setsefjluences. Then we performed a BLASTp
search, using the keyword “PLD”, on the Phytozorh2.¥ database. With these sequences, we
implemented the following criteria (i, ii, and itp screen all the remaining plant alpha-type PLD
(Table S1) from 31 different databases whether theye properly annotated or ndgt) The
nucleotide sequences should be complete from #nergf methionine to the stop codon, and the
length should be within the range of 800 to 84G0dwess. All partial fragments were excluded,
explaining the absence of some organisms sucBeasle cerealg(ii) The sequences should
contain all the following markers, from the N-termuas to the C-terminus, that have been found
in published PLR: (a) directly downstream of the starting methi@ne consensus sequence

HGXsl; (b) a sequence (I/V)(Y/C)(IIV)XGWS(V/I) betweehe 220" and 248 residues; (c)

12
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then a conserved (M/V)XT(H/G)D sequence; (d) at fii&D catalytic motif HXKX;D; (e) a
conserved motif (F/Y)(I/V)Y(I/V)ENQYF(L/)GX¥W around the 520 residues with a typical
(Y/F)(I/V)XAIRXA motif upstream; (f) then the secdrHKD motif HXKX4D; (g) and, finally, a
consensus sequence XDT(T/S). (iii) It is important that the sequences had been dbrrec
spliced. Twenty-five sequences were manually ctetebecause some introns were identified
and not correctlyn silico spliced. Typically, forAegilops sharonensend A. speltoidesas for
Triticum durumand T. monoccocum, Cannabis sativa, Dianthus carydpsyOryza punctata
and Pinus taedathe same introns were manually spliced both in Nkh&rminus region and
downstream of the second HKD motifor Aquilegia coerulea, Citrullus lanatusnd Ipomoea
trifida, an intron was manually spliced at the N-terminugrearity. Fragments of sequences
have been assembled to build #heabis alpina, Digitalis purpurea, Dioscorea villasHevea
brasiliensis, Picea sitchensadValeriana officinalisPLDa sequenceds-or Arachis duranensis,

a missing fragment at the N-terminus extremity wdded from another coding DNA sequence
(CDS). There was an erroneous splicing in finpinella brachycarpasequence, where an
intron was found to replace the missing (F/Y)(I/NWY)ENQYF(L/I)Gx4,W consensus motif.
This was corrected with the appropriate exBacause there were some X in gexjuences of
Chenopodium quingaGincko biloba Nelumbo nuciferaand Nicotiana tabacumwe replaced
those with the corresponding residues found incttreesponding genomic sequence. Also, the
sequences 0Dryza glumipatulaand Quercus rubrathat did not start at the usual methionine

were manually corrected by removing the peptidé dichnot fit the alignment.

In the case where several sequences were identifiea single organism, corresponding to

multiple o isoforms, we deliberately selected the closedbisw in term of sequence identity, to

13



245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

our PLDo model fromA. thaliana The purpose was to retain only one PLD per osyarand

not to influence the consensus sequence.

It should be stated that a similar PkLBequence has been found in the Rlinolophus sinicus
recently sequenced (48). First, this sequence lomgriking resemblance to plant PiD
Secondly, bats, and particulal®hinolophus sinicysexhibit, in their genomic databases, typical
PLDs found in mammals, and, finally, such a plake-sequence has not been found in complete
sequenced genomes from other bats or mammals. Qoesey, we presume that this sequence
is due to a biological contamination during theusetring. Nevertheless, because this sequence

increased diversity in the sampling of Pi.ve retained it, despite its doubtful origin.

Cloning of PLDa from Coccomyxa subellipsoidae C-169.

This unicellular green alga (49) was obtained frima Van Etten laboratory (University of
Nebraska-Lincoln, USA). Cultures were shaken at@f, for 14 days at 20°C, and grown on
Modified Bold’s basal Medium (MBBM), containing 30g/uL of tetracycline, under a cycle of

10 h of light and 14 h of dark in a New Brunswiakiehtific Innova 4340 incubator.

Total MRNAs were extracted using the kit “RNA iga@a from plant” from Macherey-Nagel.
One pg of RNA was then reverse transcribed usitigeerandom hexamers or a polyT primer,
and SuperScript™ |l Reverse Transcriptase (Inverm)gPCR reactions were performed using a
subset of primers whose designs were based on éhengc sequence (49). Several PCR
fragments were obtained, cloned into the pGEM-TyEasctor and sequenced (Eurofins

Genomics, Ebersberg, Germany). Three fragmentecc@l| B and C, and covering the whole

14
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286

sequence, were used. First, fragment A was amplifiePCR using flanking primers bearing the
EcoRlandNhel restriction sites at the 5’ and 3’ end, respetyivBecondly, fragments B and C
were then fused by Splicing by Overlap Extensio@E#qg), to obtain the fragment B-C. This
was further amplified using flanking primers hatbgr Nhel and Notl restriction sites,
respectively, at the 5’ and 3’end. The fragmentan8l B-C were then digested by EcoRI, Nhel
and Notl and sequentially ligated together, in® ykrast expression vector pGAPZB, to build the
full length cDNA of 2460 bp encoding the Pkf this green alga. The sequence was deposited

in Genbank under the reference MG807645.

Cloning of the different constructs of PLDa from Arabidopsis

thaliana.

The 6-His tagged version of AtPlkDwas constructed, by PCR, using the forward prig#
encoding the 6-His tag and the reverse primer 8& {&ble S2 for primer sequences). The PCR
product was then digested and cloned intoShell andNotl restriction sites of the pGAPZB
plasmid. This construction harbors, at the 5 axitg, an Ndel restriction site, CATATG,
formed by the last codon CAT of the tag and thset fATG of the coding PLD. The double
mutant A35H-N36M, of the 6-His tagged version, lwasba second\del restriction site,
CATATG, where the two mutations take place. Thamfave digested this construction using
Ndel to remove the 36-residue long propeptide agdtdd back together the remaining

extremities to build tha36 truncated 6-His tagged version of AtRLD

15
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Mutagenesis

AtPLD mutations were generated using the GeneAiit®-Birected Mutagenesis PLUS system
from Invitrogen with cDNA cloned into the pGAPZB agemplate (20). Primers listed in Table
1 were used mostly to substitute each targeteduesiith an alanyl residue. The thaliana

PLDa cDNA (U36381) was a gift from Dr. X Wang (Donaldforth Plant Science Center, St
Louis, Missouri, USA) and was used as the templatenutate the wild-type version of the

protein. The 6 His-tagged version of AtPiivas used to mutate the N-terminal propeptide.

Random mutations isolation

Several runs of site-directed mutagenesis resuttedndom point-mutations, that were further
isolated from designed point-mutations. MutationO®2, initially fused with H661A, was

isolated using the twfel restriction sites located in both the promotor anthe AtPLD gene

at the nucleotide position 1394. Thvfel-Mfel fragment of 1410 bp, bearing the P208S
mutation, was then transferred into the wild-typenstruction, digested by Mfel and then
dephosphorylated. The same operation was condtxtsdlate the mutation A289V fused with
Y659A. The correct orientation of the fragments was 1etifoy PCR, with the appropriate
primers, and the entire constructions were theruessepd to check their authenticity of the
construct. Single mutations H661A and Y659A haverbebtained during other runs of site-

directed mutagenesis.

The mutation A85S, fused with H332A, was isolataing the twoHindlIll restriction sites

located at positions 434 and 2206A4PLD. TheHindlll-Hindlll fragment of 1772 bp, bearing

16
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329

the mutation H332A, was then transferred into thiel-type construct digested by the same
enzyme and dephosphorylated. THandlll-Hindlll wild-type fragment was also transferred
back into the construct containing the random nutaA85S. The same exchange has been

conducted to isolate the mutation R65G fused wBHSA\.

Finally, P415T was separated from the A35L mutatiming theXhol-Notl fragments of 1708
bp to remove P415T, and transferred into the wjfzbt construct digested under the same
conditions. The A35L mutation was isolated, usimgXhol-Xhol fragment of 763 bp, and

transferred into the 6-His tagged version of AtPLD.

Cloning of the AtPL D minimal domain

Deleted versions of AtPLD, namexd/0 andA164, were synthetized using primers that restrict
the length to 2,223 or 1,941 bp by omitting at Bheend 210 or 492 nucleotides, respectively,
and these were amplified using the forward prin&4 and 246, respectively, and the reverse
primer 97 (the primers are listed in the Table 82)ng the Q5® High-Fidelity DNA Polymerase
(New England Biolabs). For the construction&82, NA93, NA106, NA119 and M141,
AtPLDa was amplified using primers that restrict the kangy 246, 279, 318, 357 and 423
nucleotides, respectively, using forward primers,406, 407, 408 and 409 respectively and the
reverse primer 97 using the Phusion High FidelityADPolymerasgThermo Scientific). All
constructs harbor 8acll restriction site at the 5 end and\®tl restriction site at the 3’ end.
PCR products were purified using the Qiaquick PQRfieation Kit, and then incubated with
the Taq DNA polymerase (Euromedex) and dNTP todbar A-tail at both extremities. The

products were then ligated into the pGEM®-T Easgtae(Promega), transformed and selected
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into JM109E. coli competent cells according to the manufacturerdgmol. To obtain deleted
versions of AtPLD namedO, A35, A50, A152, a small fragment of the 5’ part of the gens wa
amplified with the Tag DNA polymerase (Euromedes)ng forward primers 241, 242, 243,
245, respectively, and the reverse primer 102Af0rA35, A50 and primer 387 foAl52. PCR

products were ligated into the pGEM®-T Easy vecdsrpreviously described.

For the constructiona0, A35, A50, the plasmid was then transformed into diaen-3 E. coli
strain GM48 to avoid plasmid methylation®€ll sites, and purified. Then, usisacll andBcll
restriction sites, the 5’ extremity of t€/0 minimal domain cloned into the pGEM®-T Easy
vector was replaced by th&acll/Bcll insert of the constructiona0, A35 andA50. For the
construction of AtPLDA152, usingSacllandXhol restriction sites, the 5’ extremity of tia 64
minimal domain, cloned into the pGEM®-T Easy vectoas replaced by th®acll/Xholinsert

of the constructiorh152.

Finally, all constructions were sequenced using Tiepromotor and SP6 promotor primers
found in the pGEM®-T Easy vector before being tfaned into the pGAPZBP. pastoris
expression vector, usin§acll and Notl restrictions sites. The final PLD constructionsreve
entirely sequence-verified using primers locatedttmmpGAP promotor, thepGAP terminator

and on théAtPLD sequence.

Protein purification

Proteins were extracted in a phosphate buffer ainta50 mM NaHPO, and 300 mM NaCl

pH 8.0. First, the ProtiffoNi-TED packed column (Macherey-Nagel) was equélibd using 2
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mL of the phosphate buffer described above. Solpf&eins (2.8 mg) were then loaded onto the
column and it was washed with 4 mL of the samedsufProteins were eluted with the same

buffer supplemented with 250 mM of imidazole aratfrons of 250 pL were collected.

Quantitative PCR

Total RNAs were extracted from around 2.5 X §8ast cells obtained from a 48 h culture using
a Monarch® Total RNA Miniprep kit (New England Batis), according to the manufacturer’s
instructions. Briefly, yeast cells were lysed usihgnL of glass beads (425 - 6@@n), for 5
times 30 seconds, in a bead-beater. Genomic DNAretasned on a Monarch gDNA removal
column and then total RNAs were retained on an RiWAfication column. Following an on-
column DNAse | treatment, for 15 min at room tenapere, total RNAs were eluted with water.
Each RNA sample (5000 ng) was used for retrotrgoismn, which was performed under
standard conditions with Superscript Il reversedaaiptase (Invitrogen) and random hexamer
primers. Quantitative PCR was performed on a 5-fildted sample using iTag™ Universal
SYBR® Green Supermix (Bio-Rad). A fragment AfPLD (100 bp) was amplified using the
primers 5-GCCTTGGCATGACATTCACT-3' and 5-GAGCAAGCBGGTGGTAAAG-3’,
and the reference geneARG4 (50) was also quantified in parallel using 5'-
GTGGGCAGAAGGGAAGTTTG-3' and 5-TTGGTCGTGGAATCTCTGGT'. Authenticity

of the amplicons was confirmed by sequencing th& péduct. Relative quantification of the
copy number was performed using th&% method (51) witl/ACt = Ct of target AtPLD) — Ct

of reference ARGY.
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373 Statistical analysis

374 Data are expressed as means + S.D. Statisticafiszgice was determined by one-way ANOVA

375 with a post-hoc test. Samples were considered sigmgficantly different foP <0.05.
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Results

A new structural model proposed for eukaryotic PLDs

So far, only the crystal structure of the prokaiy®LD from Streptomyces sp. PMikas been
solved (14). This structure shows a bilobed enzwitie each lobe bearing an HKD motif. There
are no 3D-structures of eukaryotic PLDs, althoughfXS model shows a symmetric enzyme
with an ovoid shape and loosely structured tops.(Based on these observations and on
previous results, we decided to build a new modetHe structure of the catalytic core of plant

PLDa.

PLDs mostly differ in their regulatory domains (G2 or PX domains for example) where no
sequence homology is found. Four typical motifdechll, 1, Ill and IV, are well conserved
among PLDs and are repeated twice in the primaguesgce (1), forming a catalytic core.
Consequently, we postulated that the global topolofy AtPLDa would be conserved. To
understand the topology of PLDs, we used the AtlPkBquence deleted of its C2 domain. Thus,
the catalytic core of the enzyme, starting at iesig151, is 660-residue long and is presumably
composed of two lobes, like other HKD-type PLDs)(18eparating the catalytic core in equal
halves is a possibility for distinguishing the thabes. However, an individual lobe secondary
structure prediction shows that a comnfiestrand can align itself between the beginning thied
end of the N-terminal lobe. Hence, we decided titdkaufirst lobe shortened by 23 residues and
finishing at E457, giving a 307-residue long lobad the second lobe, starting at D458, is 353-

residue long (Figure S1).
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A sequence alignment of the two lobes of AtRLEhows that the four motifs mostly match
together and are quite well aligned, in additiontheir similar biochemical properties. The
PROMALSS3D server, that predicts secondary strustusbows that each motif has the same
secondary structure in both lobes. Therefore, watytate that the two lobes have the same

topology (Figure S1).

To describe the common topology found in both lobes decided to omit the secondary
structures of less than four residues and the skegrstructures where the sequences do not

match together. Thus, we predicted that each |latnddvshare a topology as followsB-o-p-a-

B-0-B-B-B-B-a-a-p (Figure S1).

In parallel, we built a 3D homology model of thePADu catalytic core by using the Ph§re
server in intensive mode (Figure 1). This servard®es for a homologous structure and it used
the PLD ofStreptomyces sgstrain PMF (PDB id: 1FO0I), which shares only 18¥sequence
identity with AtPLDo. However, both AtPLRB and PLD fromStreptomycedave the same
catalytic function and their four typical motifseaaligned together, so we hypothesized that both
proteins would share a similar structure: (i) tha tlobes are facing each other i.e. a mirror
image, and (ii) the protein is in a horse saddlagpshwith the catalytic site in the middle. A
comparison between the predicted topology (Figure&dd the topology built on the basis of
homology (Figure 1) highlights two major differescd-irst, there were two supplementary
helices in the N-terminal lobe, one was modelizetha place of §-strand at the beginning of
the sequence, and the other was non-existent ipmgliction. Secondly, the C-terminal lobe
was also quite different without the first t#estrands and with am-helix replacing g-strand at
the end of the sequence. These differences arelymhst to our omission of the shorter

secondary structures and those structures thatafichatch between each lobe.
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Analysis of plant PL Da protein sequences

First, we used various public databases to gathea@mum ofa-type plant PLDs, with the
PLDa from the model organisiA. thalianaas bait. All PLDs found needed to have the typical
HKD catalytic motif duplicated in their primary atture. We were able to retrieve a complete
type PLD sequence from >200 different organismaunting mosses, liverworts, Gymnosperms
and Angiosperms (Figure 2). At least one RBLBequence was obtained from most of the
organisms we analyzed, and several fragments ofuRAkE&re even found in the ferdiantum
capillus-veneris(TST39A01NGRL0O007_D22, TST39A01NGRL0026_022) demmatisig that
this lipolytic enzyme is well conserved and disitdd among all plant families. Phylogeny
analysis shows that PldDfrom diverse organisms are often reassembled entheir own
families. For example, the PlDirom Brassicaceae are grouped together as arélLibe from
Solenaceae (Figure 2), suggesting tARhDa have been maintained in genomes during plant

evolution and have evolved from a single ancestor.

Our initial work of collecting PLD sequences fromegn plants did not allow us to identify
sequences in algae using the criteria that we gexpéor identifying canonical PLdD However,

an unusual PLD from the microalgaoccomyxa subellipsoideaas detected. Strikingly, as
described recently (53), this sequence did notdranbe of the two classical HKD maotifs, the
second one being substituted by an unorthodox HKffmand also some internal residues
seemed to be missing. It is possible that the yatahotif is different among Viridiplantae, and
that PLD from algae might have a completely differstructure compared to PkDfrom

Embryophytes. However, by examining carefully teeently published genomic sequence of
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this microalga (49), the edited ORF around thelgitamotifs seems doubtful. We then decided
to clone and sequence the cDNA obtained by RT-P§lRgyrimers designed according to the
genomic sequence uphill of the presumed ATG andntidivof the presumed stop codon. The
cloned sequence obtained showed undoubtedly tisaPtD fromC. subellipsoide&arbors two
HKD sequences, and that the previous sequenceneltaiyin silico splicing contained several
mistakes. A corrected sequence has been deposit&kemnbank under the accession number
MG807645. Interestingly, using this microalgal PBEB bait, we were able to identify another
PLD of thea type in the diatonPhaeodactylum tricornuturfXM_002180282.1). It is of interest
because this microalga is a model for lipid engimgge and the PA-releasing PLD is at the

crossroads of both phospholipids and triglycerigesabolic pathways.

All of the 209 plant PL found (Table S1) were then aligned, and a neweams\ss sequence
has been built both to identify the conserved ressdand to show its score of conservation
(Figure 3). This consensus sequence is 924-resithge consisting of 807 positions filled with a
residue and the remaining 117 positions as gampsoist of the sequences. The PLDs retrieved
contain between 800 and 834 residues, with an geesh810 residues. Out of the 924 residues,
138 (15%) are strictly conserved among all 209 pRIDs, 376 (41%) are more than 95%
conserved and 479 (52%) are more than 90% conseittdugh some residues, such as those
of both HKD motifs were already known to be conselrvthis alignment highlights some new

regions that are conserved and are probably extyamportant for PLD function.

Two motifs appear to be particularly well conserV@te following underlined residues are
conserved at 100%). First, the consensus P471-KBREPWHDIH) (Figure 3) was identified,
as a conserved region between mammalian and yéast(FL, 54). Secondly, the consensus

G777-D786 (GSANINQRSM), also called the GSRS m@tifconserved region IV, CRIV) (33),
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was described as being involved in a critical stégatalysis through modification of seryl
residues by transphosphatidylation during the gatastep of enzyme activation (33). Another
consensus sequence F609-G619 (FIYIENQYFLG), thatlbeen used to retrieve PiDwas
also known to be a IYIENQFF motif (or conservedioeglll, CRIIl) (33). It is thought to
facilitate the interaction between the choline he&d®C and PLDvia the aromatic residues of
this sequence (55). In contrast, the conservedmelgi (CRIb) (33), around residues L314-D331
has undergone more variation during plant evolytaond only L314, G321 and W329 have been

strictly conserved (Figure 3).

Moreover, it appears that some of these 138 stratihserved residues in plant Pi.@re also
present in human PLDs as well. There are 7 residnlgsfound in PLD2, 1 residue is only found
in PLD1, 8 residues are closely similar, but naniical, in both enzymes, and 74 residues are
found in both PLD1 and PLD2 (Figure S2). If thessidues are conserved in plant and human
PLDs, they must be crucial for the catalytic a¢yivand/or the structure of the enzyme, which

leads to the hypothesis that these residues halergmne a selective pressure during evolution.

Deter mining the minimal domain for plant PL Da activity

Although the function of the PLD C-terminal extréynihas already been shown to be crucial for
catalytic activity, both in plants (41) and mamm@®), the exact function of the N-terminal of
the PLDn extremity remains obscure. Using SignalP (56) #rel PLDx sequence fromA.

thaliana no signal peptide was predicted but a cleavatgeveas identified between residues

A35 and N36 with a weak score of 0.168. The ovetpction of this protein expressed fh
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pastoris then purified, led to the identification of N36 tne first residue of the purified protein
(20). We subsequently performed serial deletiothef5’ extremity ofAtPLDa and checked for
PLD activity (Figure 4). The PL&NO was used as the wild-type (wt) representing tmes
sequence afLDa used in the mutagenesis study but cloned, for auewee, in different
restriction sites of pGAPZB. The different constrois were designed by sequential deletions

(Figure 4C) of the C2 domain, principally removieachp strand (Figure 4A).

With the exception of PLBA70, which will be discussed later, none of the etiéht
constructions led to measurable PLD activity, witbtected absorbance in the range of the
background measured with cells transformed by thetg vector (control) (Figure 4B). PLD
activity was measurable only with PuR0. PLDoA35 corresponds to the form of the purified
protein found when PL®is expressed iR. pastoris(20), except that a Met is added at its N-
terminal extremity. Adding this single residue kedan inactive enzyme. When we checked the
expression of the recombinant protein in theseeddfit constructs using an antibody raised in
rabbits against the 117 residues of the C2 domhb& recombinant protein could be detected
from around 90 kDa from the Ploa0 through to the PL@A106 constructs (from a decreasing
theoretical size of 91.7 kDa to 80.1 kDa, respetyiv(Figure 4D), demonstrating that at least
the A35, A50, A82, A93, andA106 versions are inactive forms of the truncate® P&ince the
antibody was not able to recognize the shorterimes\119 toA164, we can only speculate that
these versions are inactive as well, the C2 dorbaing drastically shortened or absent in these
constructs. The case af70 was, at first, puzzling, with inconsistent résddetween activity and
protein detection depending on the clone testedcelehis version of the protein was thought to
be particularly labile. We consequently checkedhbertizyme activity and the presence of the

protein on 9 freshly obtained transformants. Aswsha Figure 4E, the PLD activity was more
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than three times the background of the control7ffout of 9 transformants. The protein could be
detected in clones n°2 to 9, with expression imelo°1 just visible (Figure 4F), proving that the
protein is present. The high variability of PLD iaity ranging from 15 to 78% of the wt activity
between these ninA70 transformants, was observed only for this cowcsityn, the usual

standard deviation of the mutants of Figure 6 beimgaximum of +/- 37% for mutant S348A.

Analysis of the cleavage site of plant PL Da.

We have already demonstrated that the integritthefenzyme is mandatory for catalytic PLD
activity since the single deletion of the propeptldd to an inactive enzyme. Surprisingly, the
propeptide appears to be cleaved when the PLD w@lyzad after purification with
hydrophobic/affinity chromatography (20). This alage might result from the action of a
protease, but, to our knowledge, no such a prateotyeavage has been reported for PLDs.
There is considerable evidence in the literatueg the purified enzyme is truncated by around
35 residues at the N-terminus extremity (20, 22-274 57) Hypotheses range from the
importance of the propeptide in folding of the protand protecting it from degradation (57), to
the idea that it could be a signal peptide (24)epially addressing the protein to the vacuole
(27), or a peptide anchoring the protein to the mame (58) as in the palmitoylation of human
PLD. Suggestions about its function, propertiescleavage are only speculation so far. We
should note, however, that evidence of a poterdi@dvage by a protease is shown by an
interaction, described in cardoon, between an #spanoteinase called cardosin A and the C2
domain of PL, leading to cleavage of the C2 domain when theptexnwas disrupted (59),

the binding motifs for the C2 domains were RGD/K&Hfjuences.
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A similar cleavage was observed in the yeRstpastoriswhen PLD: were recombinantly
expressed (20, 27). This yeast contains the prdei®?EP4 (60), a vacuolar aspartic proteinase
precursor similar t&. cerevisiad’EP4, with 68% of identity and 82% of similarityioreover,
PEP4 is one of the best matches of Cardosin A hogsodmongst yeasts. Cardosin A, PEP4
from P. pastorisand PEP4 fron%. cerevisia@re three aspartic proteinases that bear a mgtchin
interacting motif: RGD for cardoon, KGD fdsaccharomycesnd EGK forPichia. The P.
pastorisstrain SMD1168 was consequently used becauses ofiutation in the aminopeptidase
encoded by the gemep4 We used these strains SMD1168 and X33 to prothecA. thaliana
PLDa fused with a 6xHis-tag at the N-terminus extremity both strains, the specific PLD
activity in the crude extract was the same whetiheprotein had its tag or not. Moreover, it was
not possible to increase the PLD activity in stt@MD1168 after a purification on a Ni-affinity
chromatography (data not shown). Overall, it sedhet the 6xHis-tag at the N-terminus
extremity was cleaved and did not impair the astiaf the protein, and that PEP4 was not

responsible for the cleavage.

Consequently, we decided to mutate the residuesotim sides of the cleavage site using the
6xHis-tag version of the protein, postulating thaidifying the site would prevent its cleavage
by a site-specific protease. The activities of Engutants A35L and N36A and the double
mutant A35H N36M were then compared in the loadfraction on Ni-TED resin. The
expression was checked using an antibody agaiths&reéhe 6xHis-tag or the PLBC2 domain
(Figure 5). The PLD, fused to its tag, could beedetd with each antibody in a crude extract
(Figure 5A), indicating that the protein is expexsand at least part of the protein still has its
tag. The presence of the tag was confirmed withptimfication of the tagged protein by Ni-

affinity chromatography. The PLD was again detectdth each antibody in the purified
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fractions (Figure 5B), demonstrating that the &gresent in the N-terminal PLD extremity, and
that, in these native conditions of purificatione ttag is accessible to bind the resin and is not

buried inside the protein.

As observed in the SMD1168 strain, in the X33 stthie PLD activity was similar in the wild-
type enzyme and in the 6xHis-tag fused enzyme rapnto a soluble crude extract from a clone
transformed with the void plasmid taken as a cor{ffgure 5C). When the PLD activity was
measured in the crude extract, the enzyme actidatgcted with constructions A35L, N36A and
A35H N36M was in the same range as that of therobnhdicating that the mutations A35L
and N36A around the cleavage site and far froncétalytic region abolished the PLD activity.
The result for the double mutant A35H N36M is nefinitive as quite low activity (although

above the background level) was consistently olesknv different sets of experiments.

Unfortunately, the PLD activity in the elution ftaan from the Ni-TED column could not be
measured as the phosphate buffer used for purdicatas, strikingly, the only buffer tested that
did not allow the wild-type enzymeé(estwithout a His-tag) both to bind to the Ni-TED cwin

in a nonspecific way and to be eluted when imidazel added. Moreover, the presence of
phosphate in the enzymatic test induced a pretgitaf the calcium ions added to activate the

enzyme.

Finally, the results for tha36 truncated 6-His tagged version of the proteerent given as they
are equivocal. PLD activity has never been deteicteéde crude extract of all the transformants
tested, but we cannot definitively conclude whetherprotein is produced, as multiple attempts

to demonstrate the protein expression, by immunpkded to provide reproducible data. This
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suggests that the mutated protein is either veorlp@xpressed or is particularly labile and/or

instable.

Mutation of conserved residues among plant PLDa around the

HK D motifs

Our initial attempts to work with the PldDfrom A. thaliana expressed IinE. coli were
unsuccessful. Although the protein was presentigh lamounts, as revealed by SDS-PAGE
analysis in a whole cell extract, no detectable Pdddivity could be measured under these
conditions in the soluble fraction (data not shawmhis result was quite puzzling since the
PLDa from Brassica oleracean organism close #. thaliana(both PLDs having 94% identity)
was expressed iB. coli, purified and found to be active (41). The RLPom R. communisvas
only expressed as a functional enzymekEn coli, when the 30-residue N-terminal leader
sequence was present, the protein being inactivenwhis sequence was omitted (57). Using
1,2-dipalmitoyl-3-phosphatidyl-[methyH]choline as the substrate, the PLD activity (abarD
nmol/min/mg) of the purified wild-type protein hgen measured in a different study (36), at
eight times lower than the PLD activity detectedha crude extract of the protein expressed in
P. pastoris(this work). It is possible that only a small ambof the protein folds properly iB.
coli, and/or that the differences in substrate or insesitivity of the technique used to measure
the PLD activity leads to this disparity. Moreover, pastorisseems to be a more interesting
expression system because of the N-terminal PTMentein these eukaryotic cells, apparently
similar to that found in plants. It is obvious thtDs expressed i. coli are not maturated: the

6-His tag at the N-terminal extremity permitted ipcation with nickel-affinity chromatography
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(36), precluding an autocatalytic mechanism whheeRLD cleaves itself. Interestingly, in our
experiments the non His-tagged version of AtelMilas somehow able to bind to a nickel resin

in a nonspecific way (data not shown).

To verify our initial concept thaP. pastoriswas a suitable expression system for screening
mutations of AtPLIa, we first individually mutated the residues of thhe@ HKD motifs (H332,
K334 and D339 for the first one; H661, K663, andBéor the second one). Replacing each of
these six residues with an alanyl residue ledtmta disappearance of activity, compared to the
wild-type version of the protein, the activity bgicomparable to the background measured in
cells transformed by the empty vector (Figure 6X9.has been previously shown for PLD from
other organisms, such &&rsinia pestig35), cabbage (41), human (33), yeast SPO14 (33),
Streptoverticillium cinnamoneur{61), andStreptomyces septat(62), these residues are also
involved in the AtPLD catalytic mechanism. Using $t&n-blot analysis and an antibody
directed against the C2 domain of AtRi,Dwe showed that the recombinant protein was

expressed in a similar fashion as the wild-typeeno(Figure 6B).

We next searched for other residues that we idedtifising bioinformatic tools. First, H332
thought to be the canonical catalytic residue @& tinst HKD motif is preceded by another
histidyl (H331) that is 100% conserved in all RLMentified (see Figure 3). The mutation
H331A totally abolishes the activity, as does H33@Agure 6). The mechanism currently
accepted for PLD proposes that H332 was responfsiblbe nucleophilic attack of the substrate
which led to a phospho-histidine intermediate @), ®ut no role has been proposed yet for the
downstream residue H331, which also seems to heatrfor catalysis. Furthermore, in the
second HKD motif, the catalytic aspartyl D668 idldawed by another, namely D669. Once

again, this residue is strictly conserved amongitpRLDo (Figure 3) and in human PLDs
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(Figure S2) and its mutation led to an inactiveyemz (Figure 6A). Similarly, all mutations
around the second HKD motif (Y659A, I666A, G675A678A, A677V, N678A, NG8OA,

R682A, S683A, and M684V) abolished the PLD catalgitivity.

Because until now all designed mutations of corestmnesidues in this work have abolished the
PLD catalytic activity, we decided to check the atin of a non-conserved residue. The
randomly obtained mutation A289V was chosen becthisealanyl residue is found in 93% of
the sequences identified in this work (Figure 3)J ansometimes replaced by a valyl residue as
found inRosmarinus officinaligTable S1). The A289V mutation did not dramaticallter the
activity of the recombinant protein (Figure 6A).08és with this mutation showed more than
40% of the wild-type activity and a similar levdl mrotein expression, as detected by Western-

blot analysis (Figure 6B), demonstrating the po&kmnétention of activity after mutation.

Interestingly, during the analysis of mutants, Paddivity could not be detected in 3 independent
transformants for several mutations of strictly senved residues: D669A, D689A, P771A,
G778A and G798A (Figure 6A). Moreover, the recombinprotein was not detected in these
transformants, at least for the single clone thas vested for expression on SDS-PAGE (Figure
6B). Based on our model (Figure 1), we hypothesthad the mutation of these crucial residues
somehow destabilizes the 3D structure of the pmptekposing new regions and, possibly,
leading to the proteolytic degradation of the protdBecause transformation &f. pastoris
implies the random integration of the PLD transgangwhere in the genomic DNA, and to rule
out the transgene integration in a poor transamgion, we analyzed the expression of the
transgene by gPCR in these particular clones upiimgers located at the 3’ extremity of
AtPLDa (Figure 7). Compared to the wild-type clone, theression of the transgene was the

same in almost all of these mutants (Figure 7A)welcer, the recombinant protein in G798A
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could not be detected by Western-blot analysis,piteéein was barely visible in D689A, the
level of expression was quite different among tiree clones tested for P771A and G778A, and
the expression of D669A was much lower than thedsyipe (Figure 7C). These results
demonstrate that transcription was not an issubase mutants, but either translation or folding

were impaired, or that PTM or protein degradatioousred.

Mutation of theresiduesthat arethe sameashuman PLD

AtPLDa and both human PLD1 and 2 share the same catatyiifs, as mentioned previously,
but some other residues also share identity witsdh3 enzymes (Figure S2). Hence, we

investigated the relative importance of some o$¢heonserved residues.

Based on the crystal structure of the PLD fr8tneptomyces sgstrain PMF (14), D202 and
D473 were thought to stabilize H470 and H170, respely, these residues being the histidyls
of the two bacterial HKD motifs (64). A basic aligent of AtPLDx and the PLD from
Streptomyces sptrain PMF allowed the identification of D407 tae equivalent of D202 and
this hypothesis was supported by our models of BidPthat clearly placed D407 at a reasonable
distance from the catalytic histidine H661 (Fige Identifying the equivalent of D473 is not
possible using an alignment, as the C-terminal essecges do not align properly. However, using
our models we can identify D689 or E691 as putativalogs to D473 dbtreptomyces sgtrain
PMF. E691 is probably the best candidate consigesiignment of the two lobes of AtPlkD
(Figure S1). These three residues D407, D689 argd Efre perfectly conserved among plant

PLDa (Figure 3) and in human PLD 1 and 2 (Figure S2heWwe tested the mutations D407A,
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D689A and E691A, the recombinant protein lost igatytic capacity (Figure 7A). Data for
D689A are puzzling as the protein was barely exga@sat the protein level compared to the
background observed in the control (Figure 7C).dhgjing on the clone tested and its detected
protein expression level, it is possible that therticular mutation destabilized the protein
leading to its degradation. As an example, the @lsne of mutations P771A and D669A with
roughly the same RNA expression RNA level (Figurg @nd definitely transformed with the

transgene (Figure 7B), have quite different protipression levels (Figure 6C).

Oppositely, mutation of a strictly conserved residumong eukaryotic PLDs as Q522A did not
alter the ability of the enzyme to hydrolyze thésate (Figure 6A). In the PREPWHDIH motif
(Figure 3), mutations P401A, R402A, P404A, W405Aklahed the PLD activity (Figure 6A).
Hence, this sequence between the two HKD motimntiled as a conserved region between
mammalian and yeast PLD (31, 54), is importantplant PLD catalytic activity too. Mutation
K261A also suppressed the activity, as well denratiag that this residue, in common with

human PLDs (Figure S2), is important as well.

These residues, found both in plants and in humdilRand 2, seem to be crucial for an active

form of the enzyme.

M utation of other conserved residues

At the N-terminal extremity and between the 2 HKDtits, random mutations A85S, R65G,

P208S, and P415T abolished PLD activity (Figure.8A9wever, the nature of the replacing
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residue may explain the loss of activity, for ex#énprolyl residues are known to interrupt

secondary structures, and these mutations coudshégtrands and helixes.

In the hydrophobic motif FTVYVVV, mutation F565A alished PLD activity (Figure 6A).
Finally, all the mutations of the B{/I)T(T/S) motif also suppressed PLD activity asitations
P8B05A, T809A, T809S and T810A led to an inactiveyeme (Figure 6A). The mutations T809A
and T809S indicate that hydroxylation of the residl not sufficient, and both the length and

hydroxylation of the lateral chain of the residue also essential for a functional enzyme.

Discussion

Interestingly, one of the most diverse regionsha sequence alignment of all plant PLDs is
situated at the N-terminal extremity between th8 a8d the 64 residues. It is well known that
the PLDw purified so far have undergone a PTM described adeavage of thirty to forty
residues at the N-terminal extremity (20, 22, 24-57j. This PTM is found both when PLDs are
directly purified from plants and when PLDs are m@gsed in a recombinant system, sucPk.as
pastoris which means that this region is probably recogmhiboth by plant and yeast proteases.
It is also possible as well that during the evaltthis non-conserved region has progressively
evolved in plants with the system responsible fa tleavage, or that this N-terminal region
behaves as a fragile protuberance accessible tegses. Overall, this bioinformatics work

highlights new residues that seem to be of primygoitance for PLD catalytic activity.
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In addition to the fact that adding a single Mefobe A35, mutating either A35 or N36, or
deleting several residues of the C2 domain allisbdhe enzyme activity, this study reveals that
the N-terminal extremity, its length and its reg@diomposition are crucial for an active form of
PLDa. However, the C2 domain does not have to be irftacthe enzyme to be active, As
strands 1 to 3 (Figure 4A), unlike other strandshef C2 domain, are not critical for an active
A70 enzyme. Together, the variable nature of A6 constructs and the collection of inactive

constructs suggest that the entirety of the C2 domassential.

This work also demonstrates that, (i) at leastaxtion of the AtPLI produced does not
undergo a proteolytic cleavage as the tag fuseletgrotein could be still detected, (ii) adding a
6xHis-tag at the N-terminal extremity does not imghe activity of the AtPL[a as does the
same tag but located at the C-terminal extremidy, (dii) the cleavage site is crucial and has to
be preserved for the production of a functionalyemz. It would be quite interesting now to
determine the relative proportions of the cleavad ancleaved forms of PLD, and to check
whether the uncleaved form can be purifieih a C&*-mediated hydrophobic interaction
chromatography on Octyl-Sepharose as performedtHer cleaved form (20). It has been
postulated that this interaction is mediatalthe C2 domain, so a longer C2 domain fused to a

6xHis-tag may modify the PLD interaction with thesin.

It is still unclear which protein is responsible this PTM. Cleavage of PLDby itself can be
excluded as PL expressed if. coliretained its leader sequence (28) and the prbetame
inactive in this system when the leader sequenceramoved by genetic engineering (57). It is
puzzling that exactly the same cleavage site cdnddfound when a PLD is expressed in
organisms as varied as the yeBstpastoris(27) or the insecBpodoptera frugiperd426).

Assuming that an endogenous protease is responf@bléhis cleavage, yeast would be a
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convenient tool for determining which of the di#fat proteases is involved, as several libraries
of clones are available where these enzymes atensgtically mutated. Yeast genome encodes a
total of 121 proteases with a viable knock-out e (65) that could be tested to identify the

protease responsible for the cleavage.

It is striking that PL@. are found in all the land plants that we selected,the origin of this
enzyme in plants remains to be elucidated becaesmn glgae do not contain such a sequence.
The exceptions ar€. subellipsoideaand P. tricornutum where a horizontal transfer from
microbes is suspectedt is possible that other PLD isoforms could repld®LDx as many
different isoforms are detected in algae (53). Sialgae are now used for biomass and lipid
production, and PLD is at the crossroads of trigigglerol and phospholipids pathwayis PA
production, both identity and implication of theffdient PLDs need to be determined for

effective engineering of these cell factories (66).

Using mutation results, the predicted topology Hase primary sequence, the topology built by
homology, and by retaining only the conserved sece® we were able to propose a global
structural topology (Figure 8) with two major feas: (i) both lobes carry at least fauhelices
and sixp-strands as the principal secondary structuresjn(ieach lobe, the siR-strands are
forming ap-sheet with threer-helices in support on one side (exterior of thetgin) and a
fourth a-helix on the other side (facing the other lobd)e Btructural model for AtPLDs could
now be tested in order to provide functional inssgmto structural features and functional

aspects of eukaryotic PLDs.

Mutations affecting the activity are mostly foumdgredicted secondary structures. For plant and

mammalian PLD, the C2, PH and PX regulatory domaingcture have already been solved
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(67-69) but there is still a need to position tegulatory domains relative to the catalytic core.
Structural studies, using a homogenously purifieghipenzyme (45), are required to identify the

position and the dynamics of the C2 domain in pRirD.

Comparing plant and mammal PLDs is a powerful foolidentifying those residues that have
undergone selective pressure during evolution, auially, those regions that have freely
diverged. The C and N-terminal extremities are gréxamples: among plants the C2 domain is
one of the regions with the highest variability ahd C-terminal is better conserved. This C2
domain, together with PH and PX regulatory domaissjot restricted to PLDs and is often
found in other types of enzymes (2). It has beestytated that the C-terminal extremity of
human PLD interacts with the catalytic site (40§l dhe C-terminal extremity of plant PLD is
buried inside the PLD structure (41). Previousragts to modify this extremity have led to an
inactive enzyme (38—-41). As shown for mammalian @adabage PLD (40, 41), and in this work
for plant PLDy, the integrity of the C-terminal extremity of PLi® crucial for catalytic activity,
suggesting an essential role in the mechanism @rsthucture, such as a potentially buried
terminal peptide. It is possible that the overalicture of the enzyme is not governed by the N-
terminal portion that allows the adsorption of reyme to the membranes, and, consequently,
its substrate, but that the catalytic core maythecgired by the C-terminal extremity which has
been less affected by evolution. So far, crystéh thave only been obtained from bacterial PLDs
(14, 35, 70) that do not have regulatory domaimebg@bly because mammalian (2) and plant
PLDs (71) that are totally or partially membraneibo, respectively, are more difficult to purify
for structural studies. The position of the reguigtdomains towards the catalytic core, and their

dynamics during membrane adsorption, remain tdumdated.
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Out of the 31 strictly conserved residues testegtations Q522A and S348A are remarkable
because they are the only ones that did not abtishiPLD catalytic activity. These results are
quite paradoxical. On the one hand the Q522 resglaivays conserved in all PbFigure 3)
but, on the other hand, the mutation did not aler catalytic activity (Figure 6A). It is still
possible that this residue is important for otharctionsin planta such as protein localization or
membrane targeting. It would be interesting to tes particular mutation in the plaptdal
mutant to check if lipid composition is restoredongans where PLbplays a key role (72), and

if this mutation still permits an adequate respotsalrought (73). Mutation S348A is also
remarkable, not only because this mutant is sttiva (Figure 6A), but because the S348 residue
located just after the first HKD motif is a mirronage of S676 in the second HKD motif defined
as HXKX;DXsGSXN (15). To our knowledge, it is the first timteat this particular residue (or
the equivalent in other PLDs) has been mutated sirmlvn to be dispensable for activity.
However, mutation S676A resulted in an inactiveyemz (Figure 6A). Consequently, the model
proposed for the catalytic site of dimeric Nuc (1%here these two seryl residues hydrogen-
bond to the side chain of glutamyl residues habetanodified for the monomeric plant PLD
(52), where these two seryl residues are cleatyegaivalent. We should mention that none of

the hydroxylated residues mutated in this studyehexer been shown to be phosphorylated.

It is interesting to note that H333&ahd D340E mutations of PLD from cabbage (corresponding
to H332A and D339A in the first HKD motif of PLD dm A. thaliang, showing no PLD
activity in vitro, could not be purified by the &amediated hydrophobic interaction
chromatography on Octyl-Sepharose (41) suggedtiaigooint mutation may provoke a different
folding of the protein. It is possible that mutaisoD669A, D689A, P771A, G778A and G798A

dramatically changed the structure and/or the lgtabf the recombinant protein.

39



794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

The F565 residue belongs to the EKF motif of RILDa motif analogous to the DRY motif
present in many GPCRs and through which the enzpule interact with the heterotrimeric G-
proteina-subunit (36). Interestingly, when the same muEG85A was expressed ki coli (36),
any difference in enzyme catalytic activity observeompared to the wild-type, could probably
be explained by the difference in the expressicstesy. P. pastorisis known to glycosylate
recombinant protein (74), which could inactive #@zyme for this particular mutation. This
EKF motif is, nonetheless, mostly conserved amdhBlaDa (Figure 3). Out of 209 sequences,
R564 is found in only 169 sequences having beelaceg sometimes by K or P, but E563 and
F565 are found in 205 and 208 sequences, respigctindicating that these two last residues
have undergone a severe selective pressure dwoigtien. F565 is replaced by L565 in the
single sequence d@ichanthelium oligosanthebut F565 is found in all other PlodDsoforms as
OEL32086.1 or OEL13457.1 in this organism. A se@u@n error in this particular sequence

cannot be excluded.

As far as the mechanisms and catalytic residuesareerned, the two HKD motifs seem not to
be equivalent. The first HKD motif has been desailas HXKXD. However, another strictly
conserved histidyl residue, H331, is located juefbte the H332 of the first HKD. This residue
is strictly conserved among plant PiFigure 3) and in human PLDs (Figure S2). Mutation
H331A led to an inactive enzyme, as did H332A (Fegbl), suggesting that both residues need to
be intact to allow a catalytic reaction. The refatrole of these two identical residues in close
vicinity is not yet clear but, considering the rekadble occurrence of the duplicity of these
residues, we propose an extended version of theHIKD motif as HHXKX,D. This duplicate
residue is absent in Nuc (15), in Zucchini PLD-likaclease (75), and in other members of the

PLD superfamily such as cardiolipin synthase (2, Titerestingly, in bacteria, this duplicate
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residue is found in alignments of the second ntbat could be written as HHK® (14, 76),

suggesting that this particular histidyl may bddid to the nature of the PLD substrates.

The mutation of either D669A or D668A in the secddldD motif also abolished the PLD

activity (Figure 6A). As has been shownYn pestissubstitution of the conserved aspartic acid
in either HKD domain rendered the enzyme Ymt inBtEU35), demonstrating that this residue
is probably crucial for the folding or the stalyiliof the protein. Moreover, this residue is not
buried inside the enzyme, but instead it is locatedhe outside of the enzyme in different PLD
structures (11, 15). It seems that the mutatio®89 drastically changed the protein as the
mutated enzyme either could not be detected ircthde extract (Figure 6B) or it was poorly
expressed compared to the wild-type (Figure 7Ceddmg on the revelation conditions used,

and, in particular, the duration of the chemilunsicence detection.

Preceding the second HKD motif, mutation Y659A adwlished the PLD activity. Inside this
second motif, mutations in 1666, as in G675, SGY&/7, N678, N680, R682, S683 and M684
forming the GSANXNXRSM sequence, abolished the Ridilvity when mutated by an alanyl
(or by a valyl for A677 and M684). The second HKDbtif) described in the literature as
HXKX 4DXsG(G/S)XN, can now be proposed as an extended verko PLDu at least, of this

catalytic motif as YXHXKXIXDDX §GSANXNXRSM.

Overall, the evolution of an ancestral bacteriahetic PLD, with an equivalent HKD opposite,
could have led to a monomeric PLD in eukaryotesresleach HKD motif may have evolved

separately.
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Conclusion

This study identified new key residues, conservedath plant and human PLDs, which are
required for enzyme activity. We were also ableléfine a new consensus sequence around the
two HKD motifs that could be extended beyond thsske residues. The length and residue
composition of the PLD N-terminal extremity were shown to be importamggumably for the
folding of the C2 domain of plant PLDs. We also faoned that the identity of residues at the
PLDa C-terminal extremity is crucial, as has been shpvaviously for mammal PLDs. Overall,
these data support the use of plant PLDs as a nantetool for the study of all HKD-type

PLDs, and as a means of elucidating the structueekaryotic PLDs.
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Figures

Figure 1: Modelization of AtPLDx.

The AtPLDu catalytic core model was built by homology usitg tPhyré v2.0 server in
intensive mode and was displayed using Pymol v2Théa-helices are represented in red and
B-strands in yellow, random coils are not displayd#D residues are drawn as sticks. N: N-

terminus extremity, C: C-terminus extremity.

Figure 2: Phylogenetic relationship and diversity of pl&hDa.

The main plant families are highlighted in coloheTPLDu of Arabidopsis thalianas indicated

with a black arrow
Figure 3: Residue conservation in PkD

The histogram of the consensus sequence indidatescbre of conservation of each residue in
the alignment of 209 plant PlD The Y axis represents the percentage conservafi@ach
residue. Mutated positions Arabidopsis thalianare indicated with red stars and mutations are

shown just below.

44



896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

Figure 4: Expression of AtPLIa minimal domains.

A) Schematic representation of AtPkOC2 domain. Residues highlighted in yellow représen
C& " binding residues, red helices represehelices and green arrows drstrands. Positions of
minimal domains are indicated by a black vertitaé lin the peptide sequence. The blue arrow
represents the cleavage position found in recombipeotein after purification. B) The PLD
activity was measured in crude extract®athia pastorisexpressing either the wt proteinQ),

the empty vector (Ct), or the truncated versionthefenzyme. Activities were calculated relative
to theAOQ value. Values are the mean £+ SD obtained frometimdependent clones (p<0.05 for
all constructs compared #0). The asterisk indicates that the data are repted in part E. C)
Validation that theAtPLDo transgene was inserted in the genomic DNA of redoant clones.
After DNA extraction, a PCR was run with primergadted on the promotor and on the cDNA
790 bp downstream of the end of the C2 domain gpgaguence; note the absence of amplicon
in the control (Ct)D) Western-blot analysis of the expression of AtleLBinimal domains. The
blotted bands were immmunodetected with a speéiffLDo C2-domain antibody raised in
rabbit, and subsequently visualized using a peesadabelled goat anti-rabbit IgG antibody
using enhanced chemiluminescence. E) The PLD &ctwas measured in crude extracts of
Pichia pastorisexpressing either the wt proteifQ), the empty vector (Ct), or th&0 version of
the enzyme. Activities were calculated relativethe AO value (100%). Results shown are on
n=3 (A0), n=4 (Ct) or n = 9 470) independent clones. The horizontal bar reptesbe mean
values. F) Western-blot analysis of the expressibitPLDa minimal domains. The blotted

bands were immmunodetected as mentioned above.
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Figure 5: Western-blot analysis of AtPLD constructs after purification by affinity-

chromatography.

The expression was detected in crude protein @gtlacimmunorevelation d?. pastorisclones
transformed either with the empty vector (Ct) opmssing the wild-type enzyme (wt), the wild-
type enzyme fused with a 6xHis-tag (wt 6xHis) o thfferent mutants fused with a 6xHis-tag.
The blotted bands were immmunodetected with eighspecific AtPLD: C2-domain antibody
(anti-PLD) or an anti-tag 6xHis peroxidase labelatibody. A) Crude extract fractions. B)
Elution fractions after Ni-TED purification. C) THeLD activity was measured in crude extracts
of Pichia pastorisexpressing either the wt protein (wt), the wildgyprotein fused with a 6xHis
tag (wt 6xHis), the empty vector (Ct), or mutantshe cleavage site. Activities were calculated
relative to the wt value (100%). Values are the me&aSD obtained from three independent
clones (p<0.05 for all constructs compared to vHi€xexcept A35H N36M 6xHis mutant that is

not significant (NS)). The arrow indicates the Ph&sition at 92.8 kDa.

Figure 6: Relative enzymatic activity and expression ofyfayne AtPLDx point mutants.

A) Specific activity was measured with 30 pug of tpio from a crude extract d?. pastoris
expressing either the wt protein (wt) of a molecutess of 91,7 kDa, the mutated enzymes or
transformed with the empty vector (Ct). Activitieere then calculated relative to the wt value
(100%). Values are the mean + SD obtained fromethnelependent clones (p<0.05 for all

constructs compared to wt, except S348A and Q52Rfants).
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B) Western-blot analysis of the expression of relmmant AtPLDy mutants. One out of the three
clones mentioned above was randomly chosen for BRSE, the blotted bands were then

immmunodetected with a specific AtPhIZ2-domain antibody.

Figure 7: Expression pattern @&tPLDe in different mutants.

A) Relative levels of mRNA from three independeloihes expressing either the wt protein (wt),
the empty vector (Ct), or the mutated enzyme weterdhined by a real-time polymerase chain
reaction (RT-PCR) using the®2°' quantification method andRG4 mRNA as an internal
reference. Values are the mean + SD obtained froplichte samplesB) Validation that the
AtPLDa transgene was inserted in the genomic DNA of regoamt clones. After DNA
extraction, a PCR was run with primers located o promotor and on the cDNA; note the
absence of amplicon in the control (GT) Western-blot analysis of the expression of AteLD
mutants. The blotted bands were immmunodetecteth witspecific AtPLL C2-domain

antibody.

Figure 8: Schematic topology of the AtPldDcatalytic core.

Cylinders represent thehelices and arrows represent flastrands, N: N-terminus extremity, C:
C-terminus extremity. Mutations obtained in thigdst are displayed as stars. Red and blue stars
indicate the mutations that affect or do not affdlog catalytic activity of the enzyme

respectively. HKD catalytic residues are in unchexti bold letters.
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Supporting Infor mation

Figure S1: Alignment of lobe 1 (L1) and lobe 2 (L2) of thatalytic core of AtPLD.

The four motifs I, 1l, Il and 1V, adapted from [1are highlighted respectively in yellow, green,
red and blue. Prediction of consensus secondanyctstes (ss) was made using the
PROMALS3D serverp-helices (h) are indicated in purple ghdtrands (e) in grey. Secondary
structures of less than four residues and secorsteugtures where the sequences do not match
are omitted. HKD motifs are in red bold letters amdlerlined, mutated residues of this work are

indicated in red bold letters.

Figure S2: Alignment ofHomo sapien®LD1 and 2 andrabidopsis thaliand@LDa.

Residues highlighted in light grey are identicatween HsPLD1, HsPLD2 and AtPlD
Residues highlighted in dark grey share similarppries between at least three of the four
sequences (HsPLD1, HsPLD2 and AtRLP plant consensus sequence presented in Figure 2)
and are conserved at a minimum of 95 %. Residugdiginted in black share similar properties
between at least three of the four sequences (HPHBPLD2 and AtPLR + plant consensus
sequence in Figure 2) and are conserved at 100k.sRrs indicate the mutated residues in

AtPLDoa.
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Figure 1 : Modelization of AtPLDa.

The AtPLDo catalytic core model was built by homology using the Phyre? v2.0
server in intensive mode and was displayed using Pymol v2.0.4. The a-helices are
represented in red and B-strands in yellow, random coils are not displayed. HKD
residues are drawn as sticks. N: N-terminus extremity, C: C-terminus extremity.
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Figure 4 : Expression of AtPLDa minimal domains.

A) Schematic representation of AtPLDo C2 domain. Residues highlighted in yellow represent Ca2+ binding residues,
red helices represent a-helices and green arrows are B-strands. Positions of minimal domains are indicated by a black
vertical line in the peptide sequence. The blue arrow represents the cleavage position found in recombinant protein after
purification. B) The PLD activity was measured in crude extracts of Pichia pastoris expressing either the wt protein
(A0), the empty vector (Ct), or the truncated versions of the enzyme. Activities were calculated relative to the AO value.
Values are the mean + SD obtained from three independent clones (p<0.05 for all constructs compared to AQ). The
asterisk indicates that the data are represented in part E. C) Validation that the A¢tPLDa transgene was inserted in the
genomic DNA of recombinant clones. After DNA extraction, a PCR was run with primers located on the promotor and
on the cDNA 790 bp downstream of the end of the C2 domain coding sequence; note the absence of amplicon in the
control (Ct). D) Western-blot analysis of the expression of AtPLDa minimal domains. The blotted bands were
immmunodetected with a specific AtPLDa C2-domain antibody raised in rabbit, and subsequently visualized using a
peroxidase labelled goat anti-rabbit 1gG antibody using enhanced chemiluminescence. E) The PLD activity was
measured in crude extracts of Pichia pastoris expressing either the wt protein (A0), the empty vector (Ct), or the A70
version of the enzyme. Activities were calculated relative to the AO value (100%). Results shown are on n=3 (AQ),
n=4 (Ct) or n =9 (A70) independent clones. The horizontal bar represents the mean values. F) Western-blot analysis of
the expression of AtPLDa minimal domains. The blotted bands were immmunodetected as mentioned above.
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Figure 5 : Western-blot analysis of AtPLDo constructs after purification by
affinity-chromatography.

The expression was detected in crude protein extracts by immunorevelation of P.
pastoris clones, transformed either with the empty vector (Ct) or expressing the
wild-type enzyme (wt), the wild-type enzyme fused with a 6xHis-tag (wt 6xHis)
or the different mutants fused with a 6xHis-tag. The blotted bands were
immmunodetected with either a specific AtPLDo C2-domain antibody (anti-
PLD) or an anti-tag 6xHis peroxidase labelled antibody. A) Crude extract
fractions. B) Elution fractions after Ni-TED purification. C) The PLD activity
was measured in crude extracts of Pichia pastoris expressing either the wt protein
(wt), the wild-type protein fused with a 6xHis tag (wt 6xHis), the empty vector
(Ct), or mutants of the cleavage site. Activities were calculated relative to the wt
value (100%). Values are the mean £ SD obtained from three independent clones
(p<0.05 for all constructs compared to wt 6xHis, except A35H N36M 6xHis
mutant that is not significant (NS)). The arrow indicates the PLD position at 92.8
kDa.
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Figure 6 : Relative enzymatic activity and expression of forty-one AtPLDa point mutants.

A) Specific activity was measured with 30 ug of protein from a crude extract of P. pastoris expressing either the wt protein
(wt) of a molecular mass of 91,7 kDa, the mutated enzymes or transformed with the empty vector (Ct). Activities were then
calculated relative to the wt value (100%). Values are the mean + SD obtained from three independent clones (p<0.05 for all
constructs compared to wt, except S348A and Q522A mutants).

B) Western-blot analysis of the expression of recombinant AtPLDa mutants. One out of the three clones mentioned above was
randomly chosen for SDS-PAGE, the blotted bands were then immmunodetected with a specific AtPLDa C2-domain
antibody.
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Figure 7 : Expression pattern of A¢PLDa in different mutants.

A) Relative levels of mRNA from three independent clones expressing either the wt protein (wt), the empty
vector (Ct), or the mutated enzyme were determined by a real-time polymerase chain reaction (RT-PCR) using
the 2-2ACt quantification method and ARG4 mRNA as an internal reference. Values are the mean + SD obtained
from duplicate samples. B) Validation that the A¢tPLDa transgene was inserted in the genomic DNA of
recombinant clones. After DNA extraction, a PCR was run with primers located on the promotor and on the
cDNA; note the absence of amplicon in the control (Ct). C) Western-blot analysis of the expression of
AtPLDa mutants. The blotted bands were immmunodetected with a specific AtPLDa C2-domain antibody.
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Figure 8 : Schematic topology of the AtPLDa catalytic core.

Cylinders represent the a-helices and arrows represent the B-strands, N: N-terminus extremity,
C: C-terminus extremity. Mutations obtained in this study are displayed as stars. Red and blue
stars indicate the mutations that affect or do not affect the catalytic activity of the enzyme
respectively. HKD catalytic residues are in underlined bold letters.
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Figure S1 : Alignment of lobe 1 (L1) and lobe 2 (L2) of the catalytic core of AtPLDa.

The four motifs I, 11, 111 and 1V, adapted from [1], are highlighted, respectively, in yellow, green, red
and blue. Prediction of consensus secondary structures (ss) was made using the PROMALS3D
server; a-helices (h) are indicated in purple and B-strands (e) in grey. Secondary structures of less
than four residues and secondary structures where the sequences do not match are omitted. HKD
motifs are in red bold letters and underlined, mutated residues of this work are indicated in red bold
letters.
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Figure S2 : Alignment of Homo sapiens PLD1 and 2 and Arabidopsis thaliana PLDa.

Residues highlighted in light grey are identical between HsPLD1, HsPLD2 and AtPLDa. Residues highlighted in
dark grey share similar properties between at least three of the four sequences (HsPLD1, HsPLD2 and AtPLDa +
plant consensus sequence presented in Figure 2) and are conserved at a minimum of 95 %. Residues highlighted
in black share similar properties between at least three of the four sequences (HsPLD1, HsPLD2 and AtPLDa +
plant consensus sequence in Figure 2) and are conserved at 100 %. Red stars indicate the mutated residues in
AtPLDa.





