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Abstract 21 

Phospholipase D (PLD) is a key enzyme involved in numerous processes in all living organisms. 22 

Hydrolysis of phospholipids by PLD allows the release of phosphatidic acid which is a crucial 23 

intermediate of multiple pathways and signaling reactions, including tumorigenesis in mammals 24 

and defense responses in plants. One common feature found in the plant alpha isoform (PLDα), 25 

in some PLD from microbes and in all PLD from eukaryotes, is a duplicated motif named HKD 26 

involved in the catalysis. However, other residues are strictly conserved among these organisms 27 

and their role remains obscure. To gain further insights into PLD structure and the role of these 28 

conserved residues, we first looked for all the plant PLDα sequences available in public 29 

databases. With more than 200 sequences retrieved, a generic sequence was constructed showing 30 

that 138 residues are strictly conserved among plant PLDα, with some of them identical to 31 

residues found in mammalian PLDs. Using site-directed mutagenesis of the PLDα from 32 

Arabidopsis thaliana, we demonstrated that mutation of some of these residues abolished the 33 

PLD activity. Moreover, mutation of the residues around both HKD motifs enabled us to re-34 

define the consensus sequence of these motifs. By sequential deletions of the N-terminal 35 

extremity, the minimum length of the domain required for catalytic activity was determined. 36 

Overall, this work furthers our understanding of the structure of eukaryotic PLDs and it may lead 37 

to the discovery of new regions involved in the catalytic reaction that could be targeted by small 38 

molecule modulators of PLDs.39 
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Introduction 40 

The phospholipase D (PLD) superfamily is a diverse group of enzymes found in microbes, fungi, 41 

viruses, plants and animals (1). Members of the PLD superfamily include several classes of 42 

enzymes that all show activity on the phosphodiester bond; as classical PLDs (EC 3.1.4.4) 43 

catalyzing the hydrolysis of the distal phosphoester bond of phospholipids; as cardiolipin 44 

synthases and phosphatidylserine synthases, which catalyze a phosphatidyl transfer reaction; and 45 

in some bacterial nucleases, such as Nuc, that catalyzes the hydrolysis of DNA phosphodiester 46 

bonds (2). 47 

In plants, where PLD activity was first discovered (3), several types of PLDs exist but the alpha 48 

isoform (PLDα) is particularly widespread. Different PLD isoforms are implicated in stress 49 

physiology and signal transduction via hydrolysis of phospholipids. More generally, PLDs are 50 

involved in a broad range of cellular and physiological processes (2), notably in numerous 51 

pathological disorders in mammals (4–6). As an example, phosphatidic acid (PA), which is a 52 

product of the PLD-catalyzed hydrolysis of various phospholipids, is able to recruit and regulate 53 

numerous membrane-associated proteins, such as the mammalian target of rapamycin (mTOR) 54 

or the proto-oncogenic serine/threonine kinase Raf-1, making PLD an important therapeutic 55 

target (5–9).  56 

In addition to their hydrolytic reactions, PLDs are also able to catalyze a transphosphatidylation 57 

reaction between a phospholipid and a primary alcohol that permits the exchange of the polar 58 

head of phospholipids and, consequently, contributes to the diversity of phospholipids (2). 59 

PLD enzymes can be divided into two distinct groups based on their primary structure: the non-60 

HKD group and the HKD group (2). The non-HKD PLD group is made up of well-studied 61 
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enzymes, such as the PLDs from Streptomyces chromofuscus (10) or from the spider Loxosceles 62 

(11) that belong to the superfamily of PLC-like phosphodiesterases (12).The HKD group, which 63 

is a member of the PLD superfamily, is characterized by the presence of a conserved His, Lys 64 

and Asp in a typical HXKX4D consensus sequence, also called the HKD motif, where X denotes 65 

any kind of residue. This motif is reported to be mostly found in mammals, with the PLD1 and 66 

PLD2 isoforms present in Homo sapiens; in plants, with the predominant PLDα isoform; in 67 

yeast, with SPO14 (13); and in some microbes, with the crystallized PLD from Streptomyces sp. 68 

strain PMF (14). In plants, mammals and in some bacteria, the HKD motif is duplicated in the 69 

primary structure and both motifs are thought to be close together in the tertiary structure, 70 

forming a catalytic site at the interface of the bi-lobed enzyme (1). 71 

In plants, as in the model plant A. thaliana, multiple PLD genes encoding isoforms are grouped 72 

into six classes : α, β, γ, δ, ε and ζ, based on the genic architecture, sequence similarities, domain 73 

structures, and biochemical properties (15–17). The conventional PLDα, in contrast to other PLD 74 

isoforms, is phosphatidylinositol-4,5-bisphosphate (PIP2)-independent and requires millimolar 75 

levels of Ca2+ for in vitro activity at a physiological pH (18, 19).  76 

The PLDα isoforms bear a C2 domain of around 150 residues, at the N-terminal extremity, that 77 

are involved in the Ca2+-dependent membrane binding and adsorption of the enzyme (15, 20, 78 

21). We have recently demonstrated that the Arabidopsis PLDα C2 domain binds 79 

phosphatidylglycerol in a Ca2+-independent manner, whilst PA and phosphatidylserine bindings 80 

were found to be enhanced in the presence of Ca2+ (20). However, because the mature PLDα is 81 

cleaved at its N-terminal extremity, it is not yet clear which residues of this C2 domain are 82 

necessary for the Ca2+-dependent membrane binding. Indeed, this region undergoes a post-83 

translational modification (PTM), described as a cleavage of thirty to forty residues at the N-84 
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terminal C2 domain extremity. This PTM is found in two situations, either when the PLDα is 85 

purified directly from plant tissues, such as Brassica oleracea (22), Ricinus communis (23), 86 

Oriza sativa (24), and Glycine max (25), or when the protein is purified in a recombinant way. 87 

Examples of the latter include Vigna unguiculata PLDα, expressed in insect cells (26) or in P. 88 

pastoris (27), and A. thaliana PLDα expressed in P. pastoris (20). An exception is the PLD from 89 

Brassica oleracea (28) expressed in E. coli, where the absence of this PTM seems not to impair 90 

the catalytic activity. Consequently, the importance and the role of the N-terminal extremity is 91 

questionable and requires further investigation. There is no evidence in the literature that PLDα 92 

undergoes numerous kinds of PTM in the way that human PLDs do (2), with the exception of 93 

phosphorylation that has been observed in a couple of hydroxylated residues (29). 94 

Recombinant plant PLDα is easy to produce in large amounts and requires only Ca2+ as a 95 

cofactor, compared to other plant isoforms and to mammalian PLDs that require numerous 96 

cofactors such as G proteins, PIP2, fatty acids, etc (2). Moreover, plant PLDα activity can be 97 

measured easily, either discontinuously or in a direct and continuous way using an assay based 98 

on the chelation-enhanced fluorescence property of 8-hydroxyquinoline following Ca2+-99 

complexation with PLD-generated PA (30). This is in contrast to mammalian PLDs that have to 100 

be assayed discontinuously using radiolabeled substrates in end-point kinetics. Hence, plant 101 

PLDα is a valuable tool for studying the structural and functional properties of eukaryotic PLDs. 102 

The importance of the invariant charged motif HXKX4D was first reported and defined in 1995 103 

(31). Eukaryotic PLDs are thought to follow a two-step ping-pong reaction mechanism between 104 

the two HKD domains that requires both to be present (32) and intact to result in a biochemical 105 

reaction. This means that the duplicated motifs do not function independently, as has been 106 

demonstrated for the human PLD1 (33), signifying that a single mutation in these motifs 107 
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abolishes the catalytic activity (33). The tridimensional (3D) structure of the endonuclease Nuc 108 

from Salmonella typhimurium, a prokaryotic PLD family member which bears only one HKD 109 

motif, was solved in 1999 (34). The Nuc enzyme crystallizes as a dimer in which the two HKD 110 

motifs come together to form a functional catalytic site at the interface of the subunits, and the 111 

consensus sequence of the HKD motif has been defined as HXKX4DX6GSXN (34). The 112 

structural position of the two HKD domains was further confirmed in the crystallized form of the 113 

monomeric bacterial PLD from the Streptomyces sp. strain PMF (14). Because the HKD motif 114 

has only been described in the extended version HXKX4DX6GSXN, which does not differentiate 115 

the first motif from the second one, and also because this version relies on sequence alignment 116 

exclusively, we propose a reevaluation of each one of the HKD motifs based on biochemical 117 

enzymatic evidence. 118 

The importance of some residues of PLD family members has already been verified, for example 119 

in Ymt, the Yersinia pestis murine toxin (35), where the H, K, and S residues of both motifs were 120 

mutated. In plants, as far as the PLDα isoform is concerned, only a few conserved domains have 121 

been identified so far. Mutations of the EFK motif, analogous to the DRY motif, have shown that 122 

this motif facilitates the interaction between the Gα subunit of the G-protein and the PLDα 123 

isoform (36, 37).  124 

The N-terminus extremity of human PLDs which is not conserved among mammalian PLDs was 125 

shown not to be critical. Expression of mutants lacking the first 325 residues of PLD1 (38) or the 126 

first 308 residues of PLD2 (39) remained catalytically active. However, the importance of the C-127 

terminal extremity has been proven to be crucial: mutation of the C-terminal threonine of PLD2 128 

by an alanine conferred essentially wild-type PLD activity but the addition of a single residue 129 

dramatically altered the catalytic activity (39) and when the carboxyl terminus of PLD1 was 130 
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deleted, the enzyme was found to be inactive (38). The addition of a hexahistidine tag at the C-131 

terminal extremity of PLD1 led to a complete attenuation of the activity (40). In cabbage, it is 132 

postulated that the C-terminus also contributes to the functional conformation of active PLDα 133 

when expressed in E. coli (41). In addition, this latter study analyzed the involvement of some 134 

conserved residues in the hydrolytic and the transphosphatidylation reactions. 135 

PLDs are now an important target in human health care (42), especially for cancer treatment 136 

(43). Since plant and mammalian PLDs share unique and common features, we used PLDα, the 137 

major isoform found in plants, in this study to investigate the importance of the conserved 138 

residues and to further our understanding of their involvement in PLD catalysis.  139 
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Material and Methods 140 

Material 141 

Zeocin was obtained from InvivoGen (Toulouse, France), and Zymolyase and Ampicillin were 142 

purchased from Euromedex (Souffelweyersheim, France). P. pastoris X-33 strain was from 143 

Invitrogen. 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC), choline oxidase from 144 

Arthrobacter globiformis, horseradish peroxidase (type VI), and bovine serum albumin (BSA) 145 

were obtained from Sigma-Aldrich Chimie (Saint-Quentin-Fallavier, France). All other 146 

chemicals and solvents of highest quality were obtained from local suppliers. 147 

 148 

Pichia pastoris transformation 149 

An isolated clone of P. pastoris was cultured overnight in 50 mL of Yeast Peptone Dextrose 150 

(YPD) medium, at 30°C, and the OD was then measured. Cells were harvested by centrifugation, 151 

for 5 min at 1,500 x g, and then washed twice with 40 mL of sterile water and twice with 20 mL 152 

1 M sorbitol at room temperature. Cells were finally resuspended in a volume of 1 M sorbitol 153 

with an OD equivalent to 75. 154 

Competent cells were transformed with 0.4 – 2.0 µg of AvrII linearized plasmid purified using 155 

the Qiaquick kit from Qiagen. Briefly, 80 µL of cells were mixed with DNA in an 156 

electroporation cuve and received an electric shock of 2 kV for 6 ms. Cells were then 157 

resuspended in 1 mL of 1 M sorbitol and incubated, for 90 min at 30°C, then plated onto solid 158 
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YPD with Zeocin at 0.1 mg/mL. After 2 days of incubation at 30°C, clones were then re-streaked 159 

onto YPD medium containing Zeocin at 0.2 mg/mL. 160 

 161 

Protein expression  162 

Each mutant, and the appropriate controls, was cultured for 48 h at 30°C, under orbital shaking 163 

(180 rpm), in 4 mL of YPD medium supplemented with 0.1 mg/mL Zeocin. The cells were then 164 

harvested by centrifugation and lysed using either a Mini Beadbeater or a FastPrep-24™ 5G 165 

Instrument (Biospec), for 5 times 30 s, with samples conserved on ice in between, using 1 mL of 166 

glass beads (425 - 600 µm diameter) in lysis buffer composed of Tris 20 mM pH 8.0, NaCl 150 167 

mM and sucrose 200 mM. The soluble fraction was obtained after 10 min of centrifugation at 168 

9,500 x g at 4°C. The protein concentrations were measured using Bradford’s method (44) with 169 

Bio-Rad Dye Reagent and BSA as the standard. 170 

 171 

PLD activity measurement 172 

PLD activity was assayed according to (45). Briefly, the protein extract to be tested was added to 173 

the assay mixture (100 µL final volume), composed of 0.4 mM DMPC, 1.24 mM SDS, 1.24 mM 174 

Triton X-100, Tris-HCl 50 mM with 20 mM CaCl2 pH 8.0, and incubated for 10 minutes at 175 

30°C. The reaction was stopped by adding 25 µL of 500 mM EDTA pH 8.0 and the PLD activity 176 

was revealed by adding 25 µL of chromogenic mixture composed of 280 mM Tris-HCl pH 8.0, 177 

0.5 U choline oxidase, 0.5 U peroxidase, 10 mM 4-aminoantipyrine and 54 mM sodium 2-178 

hydroxy-3,5-dichlorobenzene sulfonate. The PLD-generated choline was quantified with end 179 
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point measurements by recording the absorbance at 500 nm, based on a standard curve obtained 180 

with pure choline. Control assays were performed simultaneously in the absence of PLD. 181 

Alternatively, PLD activity was assayed with 8-hydroxyquinoline, as described previously (30). 182 

 183 

Immunoblotting analysis 184 

Crude protein extracts (10 µg) were separated using SDS-PAGE on 10% gels, as described by 185 

Laemmli (46). Proteins were electroblotted onto nitrocellulose membranes for 90 min at 250 mA 186 

in a transfer buffer composed of 25 mM Tris, 200 mM glycine, and 20% (v/v) ethanol, using a 187 

Trans-Blot apparatus (Bio-Rad). Nonspecific protein binding sites were blocked by incubating 188 

membranes for 1 h in a blocking solution containing 5% (w/v) BSA and 0.1% (v/v) Tween 20 in 189 

Tris Buffer Saline (TBS). Membranes were then incubated overnight at 4°C with polyclonal 190 

antibodies (serum diluted at 1: 4,000), raised in rabbit against a peptide corresponding to the last 191 

117 residues of the A. thaliana PLDα C2 domain (20), in TBS containing 0.1% (v/v) Tween 20 192 

and 1% (w/v) BSA. Unbound primary antibodies were removed by four washes (5 min each) 193 

with TBS containing 0.1% (v/v) Tween 20 (TBS-T). The membranes were incubated with 194 

peroxidase conjugated goat anti-rabbit IgG (Sigma) (diluted 1: 10,000 with TBS-T) for 1 h 195 

followed by four washes (5 min each) with TBS-T and then revealed with enhanced 196 

chemiluminescence Western blotting solutions (Amersham) according to the manufacturer’s 197 

instructions. 198 

Because of the numerous clones, the expression level of PLDα cannot be normalized between all 199 

samples. The SDS-PAGE technique was used for one out of three independent clones to prove 200 
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that the protein was expressed or not and no consideration of relative activity between different 201 

mutants can be inferred. 202 

Monoclonal anti-polyhistidine-peroxydase antibody (reference A7058-1VL, Sigma-Aldrich) 203 

produced in mouse was incubated overnight at 4°C (dilution 1: 2,000). Unbound antibodies were 204 

removed by four washes (5 min each) with TBS-T and revealed with enhanced 205 

chemiluminescence Western blotting solutions (Amersham) according to the manufacturer’s 206 

instructions. 207 

 208 

Data mining 209 

To gather a maximum of PLDα sequences we used as a seed the A. thaliana PLDα sequence 210 

(U36381) (47) which harbors the following natural variations R26M, A218T, L323S, I498T, and 211 

E580G, compared to AT1G52570. We carried out a tBLASTn search on the NCBI database, 212 

with default parameters, to acquire a first set of sequences. Then we performed a BLASTp 213 

search, using the keyword “PLD”, on the Phytozome v12.1 database. With these sequences, we 214 

implemented the following criteria (i, ii, and iii) to screen all the remaining plant alpha-type PLD 215 

(Table S1) from 31 different databases whether they were properly annotated or not. (i) The 216 

nucleotide sequences should be complete from the starting methionine to the stop codon, and the 217 

length should be within the range of 800 to 840 residues. All partial fragments were excluded, 218 

explaining the absence of some organisms such as Secale cereale. (ii) The sequences should 219 

contain all the following markers, from the N-terminus to the C-terminus, that have been found 220 

in published PLDα: (a) directly downstream of the starting methionine a consensus sequence 221 

HGX5I; (b) a sequence (I/V)(Y/C)(I/V)XGWS(V/I) between the 220th and 240th residues; (c) 222 
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then a conserved (M/V)XT(H/G)D sequence; (d) a first HKD catalytic motif HXKX4D; (e) a 223 

conserved motif (F/Y)(I/V)Y(I/V)ENQYF(L/I)GX4W around the 520th residues with a typical 224 

(Y/F)(I/V)XAIRXA motif upstream; (f) then the second HKD motif HXKX4D; (g) and, finally, a 225 

consensus sequence PX2(L/I)T(T/S). (iii) It is important that the sequences had been correctly 226 

spliced. Twenty-five sequences were manually corrected because some introns were identified 227 

and not correctly in silico spliced. Typically, for Aegilops sharonensis and A. speltoides, as for 228 

Triticum durum and T. monoccocum, Cannabis sativa, Dianthus caryophyllus, Oryza punctata 229 

and Pinus taeda, the same introns were manually spliced both in the N-terminus region and 230 

downstream of the second HKD motif. For Aquilegia coerulea, Citrullus lanatus and Ipomoea 231 

trifida, an intron was manually spliced at the N-terminus extremity. Fragments of sequences 232 

have been assembled to build the Arabis alpina, Digitalis purpurea, Dioscorea villosa, Hevea 233 

brasiliensis, Picea sitchensis and Valeriana officinalis PLDα sequences. For Arachis duranensis, 234 

a missing fragment at the N-terminus extremity was added from another coding DNA sequence 235 

(CDS). There was an erroneous splicing in the Pimpinella brachycarpa sequence, where an 236 

intron was found to replace the missing (F/Y)(I/V)Y(I/V)ENQYF(L/I)Gx4W consensus motif. 237 

This was corrected with the appropriate exon. Because there were some X in the sequences of 238 

Chenopodium quinoa, Gincko biloba, Nelumbo nucifera and Nicotiana tabacum, we replaced 239 

those with the corresponding residues found in the corresponding genomic sequence. Also, the 240 

sequences of Oryza glumipatula and Quercus rubra that did not start at the usual methionine 241 

were manually corrected by removing the peptide that did not fit the alignment. 242 

In the case where several sequences were identified in a single organism, corresponding to 243 

multiple α isoforms, we deliberately selected the closest isoform, in term of sequence identity, to 244 
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our PLDα model from A. thaliana. The purpose was to retain only one PLD per organism and 245 

not to influence the consensus sequence. 246 

It should be stated that a similar PLDα sequence has been found in the bat Rhinolophus sinicus 247 

recently sequenced (48). First, this sequence bore a striking resemblance to plant PLDα. 248 

Secondly, bats, and particularly Rhinolophus sinicus, exhibit, in their genomic databases, typical 249 

PLDs found in mammals, and, finally, such a plant-like sequence has not been found in complete 250 

sequenced genomes from other bats or mammals. Consequently, we presume that this sequence 251 

is due to a biological contamination during the sequencing. Nevertheless, because this sequence 252 

increased diversity in the sampling of PLDα we retained it, despite its doubtful origin. 253 

 254 

Cloning of PLDα from Coccomyxa subellipsoidae C-169. 255 

This unicellular green alga (49) was obtained from the Van Etten laboratory (University of 256 

Nebraska-Lincoln, USA). Cultures were shaken at 60 rpm, for 14 days at 20°C, and grown on 257 

Modified Bold’s basal Medium (MBBM), containing 10 µg/µL of tetracycline, under a cycle of 258 

10 h of light and 14 h of dark in a New Brunswick Scientific Innova 4340 incubator. 259 

Total mRNAs were extracted using the kit “RNA isolation from plant” from Macherey-Nagel. 260 

One µg of RNA was then reverse transcribed using either random hexamers or a polyT primer, 261 

and SuperScript™ II Reverse Transcriptase (Invitrogen). PCR reactions were performed using a 262 

subset of primers whose designs were based on the genomic sequence (49). Several PCR 263 

fragments were obtained, cloned into the pGEM-T Easy vector and sequenced (Eurofins 264 

Genomics, Ebersberg, Germany). Three fragments called A, B and C, and covering the whole 265 
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sequence, were used. First, fragment A was amplified by PCR using flanking primers bearing the 266 

EcoRI and NheI restriction sites at the 5’ and 3’ end, respectively. Secondly, fragments B and C 267 

were then fused by Splicing by Overlap Extension (SOEing), to obtain the fragment B-C. This 268 

was further amplified using flanking primers harboring NheI and NotI restriction sites, 269 

respectively, at the 5’ and 3’end. The fragments A and B-C were then digested by EcoRI, NheI 270 

and NotI and sequentially ligated together, into the yeast expression vector pGAPZB, to build the 271 

full length cDNA of 2460 bp encoding the PLDα of this green alga. The sequence was deposited 272 

in Genbank under the reference MG807645. 273 

 274 

Cloning of the different constructs of PLDα from Arabidopsis 275 

thaliana. 276 

The 6-His tagged version of AtPLDα was constructed, by PCR, using the forward primer 222 277 

encoding the 6-His tag and the reverse primer 97 (see Table S2 for primer sequences). The PCR 278 

product was then digested and cloned into the SacII and NotI restriction sites of the pGAPZB 279 

plasmid. This construction harbors, at the 5’ extremity, an NdeI restriction site, CATATG, 280 

formed by the last codon CAT of the tag and the first ATG of the coding PLD. The double 281 

mutant A35H-N36M, of the 6-His tagged version, harbors a second NdeI restriction site, 282 

CATATG, where the two mutations take place. Therefore, we digested this construction using 283 

NdeI to remove the 36-residue long propeptide and ligated back together the remaining 284 

extremities to build the ∆36 truncated 6-His tagged version of AtPLDα. 285 

 286 
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Mutagenesis 287 

AtPLD mutations were generated using the GeneArt® Site-Directed Mutagenesis PLUS system 288 

from Invitrogen with cDNA cloned into the pGAPZB as a template (20). Primers listed in Table 289 

1 were used mostly to substitute each targeted residue with an alanyl residue. The A. thaliana 290 

PLDα cDNA (U36381) was a gift from Dr. X Wang (Donald Danforth Plant Science Center, St 291 

Louis, Missouri, USA) and was used as the template to mutate the wild-type version of the 292 

protein. The 6 His-tagged version of AtPLDα was used to mutate the N-terminal propeptide. 293 

 294 

Random mutations isolation 295 

Several runs of site-directed mutagenesis resulted in random point-mutations, that were further 296 

isolated from designed point-mutations. Mutation P208S, initially fused with H661A, was 297 

isolated using the two MfeI restriction sites located in both the promotor and in the AtPLD gene 298 

at the nucleotide position 1394. The MfeI-MfeI fragment of 1410 bp, bearing the P208S 299 

mutation, was then transferred into the wild-type construction, digested by MfeI and then 300 

dephosphorylated. The same operation was conducted to isolate the mutation A289V fused with 301 

Y659A. The correct orientation of the fragments was verified by PCR, with the appropriate 302 

primers, and the entire constructions were then sequenced to check their authenticity of the 303 

construct. Single mutations H661A and Y659A have been obtained during other runs of site-304 

directed mutagenesis. 305 

The mutation A85S, fused with H332A, was isolated using the two HindIII restriction sites 306 

located at positions 434 and 2206 of AtPLD. The HindIII-HindIII  fragment of 1772 bp, bearing 307 
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the mutation H332A, was then transferred into the wild-type construct digested by the same 308 

enzyme and dephosphorylated. The HindIII-HindIII  wild-type fragment was also transferred 309 

back into the construct containing the random mutation A85S. The same exchange has been 310 

conducted to isolate the mutation R65G fused with S348A. 311 

Finally, P415T was separated from the A35L mutation, using the XhoI-NotI fragments of 1708 312 

bp to remove P415T, and transferred into the wild-type construct digested under the same 313 

conditions. The A35L mutation was isolated, using an XhoI-XhoI fragment of 763 bp, and 314 

transferred into the 6-His tagged version of AtPLD. 315 

 316 

Cloning of the AtPLD minimal domain 317 

Deleted versions of AtPLD, named ∆70 and ∆164, were synthetized using primers that restrict 318 

the length to 2,223 or 1,941 bp by omitting at the 5’ end 210 or 492 nucleotides, respectively, 319 

and these were amplified using the forward primers 244 and 246, respectively, and the reverse 320 

primer 97 (the primers are listed in the Table S2), using the Q5® High-Fidelity DNA Polymerase 321 

(New England Biolabs). For the constructions N∆82, N∆93, N∆106, N∆119 and N∆141, 322 

AtPLDα was amplified using primers that restrict the length by 246, 279, 318, 357 and 423 323 

nucleotides, respectively, using forward primers 405, 406, 407, 408 and 409 respectively and the 324 

reverse primer 97 using the Phusion High Fidelity DNA Polymerase (Thermo Scientific). All 325 

constructs harbor a SacII restriction site at the 5’ end and a NotI restriction site at the 3’ end. 326 

PCR products were purified using the Qiaquick PCR Purification Kit, and then incubated with 327 

the Taq DNA polymerase (Euromedex) and dNTP to build an A-tail at both extremities. The 328 

products were then ligated into the pGEM®-T Easy vector (Promega), transformed and selected 329 
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into JM109 E. coli competent cells according to the manufacturer’s protocol. To obtain deleted 330 

versions of AtPLD named ∆0, ∆35, ∆50, ∆152, a small fragment of the 5’ part of the gene was 331 

amplified with the Taq DNA polymerase (Euromedex) using forward primers 241, 242, 243, 332 

245, respectively, and the reverse primer 102 for ∆0, ∆35, ∆50 and primer 387 for ∆152. PCR 333 

products were ligated into the pGEM®-T Easy vector, as previously described. 334 

For the constructions ∆0, ∆35, ∆50, the plasmid was then transformed into the dam-3 E. coli 335 

strain GM48 to avoid plasmid methylation of BclI sites, and purified. Then, using SacII and BclI 336 

restriction sites, the 5’ extremity of the ∆70 minimal domain cloned into the pGEM®-T Easy 337 

vector was replaced by the SacII/BclI insert of the constructions ∆0, ∆35 and ∆50. For the 338 

construction of AtPLD ∆152, using SacII and XhoI restriction sites, the 5’ extremity of the ∆164 339 

minimal domain, cloned into the pGEM®-T Easy vector, was replaced by the SacII/XhoI insert 340 

of the construction ∆152. 341 

Finally, all constructions were sequenced using the T7 promotor and SP6 promotor primers 342 

found in the pGEM®-T Easy vector before being transferred into the pGAPZB P. pastoris 343 

expression vector, using SacII and NotI restrictions sites. The final PLD constructions were 344 

entirely sequence-verified using primers located on the pGAP promotor, the pGAP terminator 345 

and on the AtPLD sequence. 346 

 347 

Protein purification  348 

Proteins were extracted in a phosphate buffer containing 50 mM NaH2PO4 and 300 mM NaCl 349 

pH 8.0. First, the Protino® Ni-TED packed column (Macherey-Nagel) was equilibrated using 2 350 
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mL of the phosphate buffer described above. Soluble proteins (2.8 mg) were then loaded onto the 351 

column and it was washed with 4 mL of the same buffer. Proteins were eluted with the same 352 

buffer supplemented with 250 mM of imidazole and fractions of 250 µL were collected. 353 

 354 

Quantitative PCR 355 

Total RNAs were extracted from around 2.5 x 107 yeast cells obtained from a 48 h culture using 356 

a Monarch® Total RNA Miniprep kit (New England Biolabs), according to the manufacturer’s 357 

instructions. Briefly, yeast cells were lysed using 1 mL of glass beads (425 - 600 µm), for 5 358 

times 30 seconds, in a bead-beater. Genomic DNA was retained on a Monarch gDNA removal 359 

column and then total RNAs were retained on an RNA purification column. Following an on-360 

column DNAse I treatment, for 15 min at room temperature, total RNAs were eluted with water. 361 

Each RNA sample (5000 ng) was used for retrotranscription, which was performed under 362 

standard conditions with Superscript II reverse transcriptase (Invitrogen) and random hexamer 363 

primers. Quantitative PCR was performed on a 5-fold diluted sample using iTaq™ Universal 364 

SYBR® Green Supermix (Bio-Rad). A fragment of AtPLD (100 bp) was amplified using the 365 

primers 5’-GCCTTGGCATGACATTCACT-3’ and 5’-GAGCAAGCAGGGTGGTAAAG-3’, 366 

and the reference gene ARG4 (50) was also quantified in parallel using 5’- 367 

GTGGGCAGAAGGGAAGTTTG-3’ and 5’-TTGGTCGTGGAATCTCTGGT-3’. Authenticity 368 

of the amplicons was confirmed by sequencing the PCR product. Relative quantification of the 369 

copy number was performed using the 2-∆∆Ct method (51) with ∆Ct = Ct of target (AtPLD) – Ct 370 

of reference (ARG4).  371 
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 372 

Statistical analysis 373 

Data are expressed as means ± S.D. Statistical significance was determined by one-way ANOVA 374 

with a post-hoc test. Samples were considered to be significantly different for P <0.05. 375 
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Results 376 

A new structural model proposed for eukaryotic PLDs 377 

So far, only the crystal structure of the prokaryotic PLD from Streptomyces sp. PMF has been 378 

solved (14). This structure shows a bilobed enzyme with each lobe bearing an HKD motif. There 379 

are no 3D-structures of eukaryotic PLDs, although a SAXS model shows a symmetric enzyme 380 

with an ovoid shape and loosely structured tops (52). Based on these observations and on 381 

previous results, we decided to build a new model for the structure of the catalytic core of plant 382 

PLDα. 383 

PLDs mostly differ in their regulatory domains (C2, PH or PX domains for example) where no 384 

sequence homology is found. Four typical motifs called, I, II, III and IV, are well conserved 385 

among PLDs and are repeated twice in the primary sequence (1), forming a catalytic core. 386 

Consequently, we postulated that the global topology of AtPLDα would be conserved. To 387 

understand the topology of PLDs, we used the AtPLDα sequence deleted of its C2 domain. Thus, 388 

the catalytic core of the enzyme, starting at residue V151, is 660-residue long and is presumably 389 

composed of two lobes, like other HKD-type PLDs (14). Separating the catalytic core in equal 390 

halves is a possibility for distinguishing the two lobes. However, an individual lobe secondary 391 

structure prediction shows that a common β-strand can align itself between the beginning and the 392 

end of the N-terminal lobe. Hence, we decided to build a first lobe shortened by 23 residues and 393 

finishing at E457, giving a 307-residue long lobe, and the second lobe, starting at D458, is 353-394 

residue long (Figure S1). 395 
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A sequence alignment of the two lobes of AtPLDα shows that the four motifs mostly match 396 

together and are quite well aligned, in addition to their similar biochemical properties. The 397 

PROMALS3D server, that predicts secondary structures, shows that each motif has the same 398 

secondary structure in both lobes. Therefore, we postulate that the two lobes have the same 399 

topology (Figure S1). 400 

To describe the common topology found in both lobes we decided to omit the secondary 401 

structures of less than four residues and the secondary structures where the sequences do not 402 

match together. Thus, we predicted that each lobe would share a topology as follows: β-β-α-β-α-403 

β-α-β-β-β-β-α-α-β (Figure S1). 404 

In parallel, we built a 3D homology model of the AtPLDα catalytic core by using the Phyre2 405 

server in intensive mode (Figure 1). This server searches for a homologous structure and it used 406 

the PLD of Streptomyces sp. strain PMF (PDB id: 1F0I), which shares only 18% of sequence 407 

identity with AtPLDα. However, both AtPLDα and PLD from Streptomyces have the same 408 

catalytic function and their four typical motifs are aligned together, so we hypothesized that both 409 

proteins would share a similar structure: (i) the two lobes are facing each other i.e. a mirror 410 

image, and (ii) the protein is in a horse saddle shape with the catalytic site in the middle. A 411 

comparison between the predicted topology (Figure S1) and the topology built on the basis of 412 

homology (Figure 1) highlights two major differences. First, there were two supplementary α-413 

helices in the N-terminal lobe, one was modelized at the place of a β-strand at the beginning of 414 

the sequence, and the other was non-existent in our prediction. Secondly, the C-terminal lobe 415 

was also quite different without the first two β-strands and with an α-helix replacing a β-strand at 416 

the end of the sequence. These differences are mostly due to our omission of the shorter 417 

secondary structures and those structures that did not match between each lobe.  418 
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 419 

Analysis of plant PLDα protein sequences 420 

First, we used various public databases to gather a maximum of α-type plant PLDs, with the 421 

PLDα from the model organism A. thaliana as bait. All PLDs found needed to have the typical 422 

HKD catalytic motif duplicated in their primary structure. We were able to retrieve a complete α-423 

type PLD sequence from >200 different organisms, including mosses, liverworts, Gymnosperms 424 

and Angiosperms (Figure 2). At least one PLDα sequence was obtained from most of the 425 

organisms we analyzed, and several fragments of PLDα were even found in the fern Adiantum 426 

capillus-veneris (TST39A01NGRL0007_D22, TST39A01NGRL0026_O22) demonstrating that 427 

this lipolytic enzyme is well conserved and distributed among all plant families. Phylogeny 428 

analysis shows that PLDα from diverse organisms are often reassembled inside their own 429 

families. For example, the PLDα from Brassicaceae are grouped together as are the PLDα from 430 

Solenaceae (Figure 2), suggesting that PLDα have been maintained in genomes during plant 431 

evolution and have evolved from a single ancestor. 432 

Our initial work of collecting PLD sequences from green plants did not allow us to identify 433 

sequences in algae using the criteria that we proposed for identifying canonical PLDα. However, 434 

an unusual PLD from the microalga Coccomyxa subellipsoidea was detected. Strikingly, as 435 

described recently (53), this sequence did not harbor one of the two classical HKD motifs, the 436 

second one being substituted by an unorthodox HKS motif, and also some internal residues 437 

seemed to be missing. It is possible that the catalytic motif is different among Viridiplantae, and 438 

that PLD from algae might have a completely different structure compared to PLDα from 439 

Embryophytes. However, by examining carefully the recently published genomic sequence of 440 
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this microalga (49), the edited ORF around the catalytic motifs seems doubtful. We then decided 441 

to clone and sequence the cDNA obtained by RT-PCR using primers designed according to the 442 

genomic sequence uphill of the presumed ATG and downhill of the presumed stop codon. The 443 

cloned sequence obtained showed undoubtedly that this PLD from C. subellipsoidea harbors two 444 

HKD sequences, and that the previous sequence obtained by in silico splicing contained several 445 

mistakes. A corrected sequence has been deposited in Genbank under the accession number 446 

MG807645. Interestingly, using this microalgal PLD as bait, we were able to identify another 447 

PLD of the α type in the diatom Phaeodactylum tricornutum (XM_002180282.1). It is of interest 448 

because this microalga is a model for lipid engineering, and the PA-releasing PLD is at the 449 

crossroads of both phospholipids and triglycerides metabolic pathways. 450 

All of the 209 plant PLDα found (Table S1) were then aligned, and a new consensus sequence 451 

has been built both to identify the conserved residues and to show its score of conservation 452 

(Figure 3). This consensus sequence is 924-residue long, consisting of 807 positions filled with a 453 

residue and the remaining 117 positions as gaps in most of the sequences. The PLDs retrieved 454 

contain between 800 and 834 residues, with an average of 810 residues. Out of the 924 residues, 455 

138 (15%) are strictly conserved among all 209 plant PLDs, 376 (41%) are more than 95% 456 

conserved and 479 (52%) are more than 90% conserved. Although some residues, such as those 457 

of both HKD motifs were already known to be conserved, this alignment highlights some new 458 

regions that are conserved and are probably extremely important for PLD function. 459 

Two motifs appear to be particularly well conserved (the following underlined residues are 460 

conserved at 100%). First, the consensus P471-H479 (PREPWHDIH) (Figure 3) was identified, 461 

as a conserved region between mammalian and yeast PLD (31, 54). Secondly, the consensus 462 

G777-D786 (GSANINQRSM), also called the GSRS motif (or conserved region IV, CRIV) (33), 463 
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was described as being involved in a critical step of catalysis through modification of seryl 464 

residues by transphosphatidylation during the catalytic step of enzyme activation (33). Another 465 

consensus sequence F609-G619 (FIYIENQYFLG), that has been used to retrieve PLDα, was 466 

also known to be a IYIENQFF motif (or conserved region III, CRIII) (33). It is thought to 467 

facilitate the interaction between the choline head of PC and PLD via the aromatic residues of 468 

this sequence (55). In contrast, the conserved region Ib (CRIb) (33), around residues L314-D331 469 

has undergone more variation during plant evolution, and only L314, G321 and W329 have been 470 

strictly conserved (Figure 3). 471 

Moreover, it appears that some of these 138 strictly conserved residues in plant PLDα are also 472 

present in human PLDs as well. There are 7 residues only found in PLD2, 1 residue is only found 473 

in PLD1, 8 residues are closely similar, but not identical, in both enzymes, and 74 residues are 474 

found in both PLD1 and PLD2 (Figure S2). If these residues are conserved in plant and human 475 

PLDs, they must be crucial for the catalytic activity and/or the structure of the enzyme, which 476 

leads to the hypothesis that these residues have undergone a selective pressure during evolution. 477 

 478 

Determining the minimal domain for plant PLDα activity 479 

Although the function of the PLD C-terminal extremity has already been shown to be crucial for 480 

catalytic activity, both in plants (41) and mammals (40), the exact function of the N-terminal of 481 

the PLDα extremity remains obscure. Using SignalP (56) and the PLDα sequence from A. 482 

thaliana, no signal peptide was predicted but a cleavage site was identified between residues 483 

A35 and N36 with a weak score of 0.168. The overproduction of this protein expressed in P. 484 
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pastoris, then purified, led to the identification of N36 as the first residue of the purified protein 485 

(20). We subsequently performed serial deletion of the 5’ extremity of AtPLDα and checked for 486 

PLD activity (Figure 4). The PLDα∆0 was used as the wild-type (wt) representing the same 487 

sequence as PLDα used in the mutagenesis study but cloned, for convenience, in different 488 

restriction sites of pGAPZB. The different constructions were designed by sequential deletions 489 

(Figure 4C) of the C2 domain, principally removing each β strand (Figure 4A). 490 

With the exception of PLDα∆70, which will be discussed later, none of the different 491 

constructions led to measurable PLD activity, with detected absorbance in the range of the 492 

background measured with cells transformed by the empty vector (control) (Figure 4B). PLD 493 

activity was measurable only with PLDα∆0. PLDα∆35 corresponds to the form of the purified 494 

protein found when PLDα is expressed in P. pastoris (20), except that a Met is added at its N-495 

terminal extremity. Adding this single residue led to an inactive enzyme. When we checked the 496 

expression of the recombinant protein in these different constructs using an antibody raised in 497 

rabbits against the 117 residues of the C2 domain, the recombinant protein could be detected 498 

from around 90 kDa from the PLDα∆0 through to the PLDα∆106 constructs (from a decreasing 499 

theoretical size of 91.7 kDa to 80.1 kDa, respectively) (Figure 4D), demonstrating that at least 500 

the ∆35, ∆50, ∆82, ∆93, and ∆106 versions are inactive forms of the truncated PLD. Since the 501 

antibody was not able to recognize the shorter versions ∆119 to ∆164, we can only speculate that 502 

these versions are inactive as well, the C2 domain being drastically shortened or absent in these 503 

constructs. The case of ∆70 was, at first, puzzling, with inconsistent results between activity and  504 

protein detection depending on the clone tested. Hence, this version of the protein was thought to 505 

be particularly labile. We consequently checked both enzyme activity and the presence of the 506 

protein on 9 freshly obtained transformants. As shown in Figure 4E, the PLD activity was more 507 
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than three times the background of the control for 7 out of 9 transformants. The protein could be 508 

detected in clones n°2 to 9, with expression in clone n°1 just visible (Figure 4F), proving that the 509 

protein is present. The high variability of PLD activity ranging from 15 to 78% of the wt activity 510 

between these nine ∆70 transformants, was observed only for this construction, the usual 511 

standard deviation of the mutants of Figure 6 being a maximum of +/- 37% for mutant S348A.  512 

 513 

Analysis of the cleavage site of plant PLDα 514 

We have already demonstrated that the integrity of the enzyme is mandatory for catalytic PLD 515 

activity since the single deletion of the propeptide led to an inactive enzyme. Surprisingly, the 516 

propeptide appears to be cleaved when the PLD is analyzed after purification with 517 

hydrophobic/affinity chromatography (20). This cleavage might result from the action of a 518 

protease, but, to our knowledge, no such a proteolytic cleavage has been reported for PLDs. 519 

There is considerable evidence in the literature that the purified enzyme is truncated by around 520 

35 residues at the N-terminus extremity (20, 22, 24–27, 57). Hypotheses range from the 521 

importance of the propeptide in folding of the protein and protecting it from degradation (57), to 522 

the idea that it could be a signal peptide (24), potentially addressing the protein to the vacuole 523 

(27), or a peptide anchoring the protein to the membrane (58) as in the palmitoylation of human 524 

PLD. Suggestions about its function, properties or cleavage are only speculation so far. We 525 

should note, however, that evidence of a potential cleavage by a protease is shown by an 526 

interaction, described in cardoon, between an aspartic proteinase called cardosin A and the C2 527 

domain of PLDα, leading to cleavage of the C2 domain when the complex was disrupted (59), 528 

the binding motifs for the C2 domains were RGD/KGE sequences.  529 
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A similar cleavage was observed in the yeast P. pastoris when PLDα were recombinantly 530 

expressed (20, 27). This yeast contains the proteinase PEP4 (60), a vacuolar aspartic proteinase 531 

precursor similar to S. cerevisiae PEP4, with 68% of identity and 82% of similarity. Moreover, 532 

PEP4 is one of the best matches of Cardosin A homologs amongst yeasts. Cardosin A, PEP4 533 

from P. pastoris and PEP4 from S. cerevisiae are three aspartic proteinases that bear a matching 534 

interacting motif: RGD for cardoon, KGD for Saccharomyces and EGK for Pichia. The P. 535 

pastoris strain SMD1168 was consequently used because of its mutation in the aminopeptidase 536 

encoded by the gene pep4. We used these strains SMD1168 and X33 to produce the A. thaliana 537 

PLDα fused with a 6xHis-tag at the N-terminus extremity. In both strains, the specific PLD 538 

activity in the crude extract was the same whether the protein had its tag or not. Moreover, it was 539 

not possible to increase the PLD activity in strain SMD1168 after a purification on a Ni-affinity 540 

chromatography (data not shown). Overall, it seems that the 6xHis-tag at the N-terminus 541 

extremity was cleaved and did not impair the activity of the protein, and that PEP4 was not 542 

responsible for the cleavage.  543 

Consequently, we decided to mutate the residues on both sides of the cleavage site using the 544 

6xHis-tag version of the protein, postulating that modifying the site would prevent its cleavage 545 

by a site-specific protease. The activities of single mutants A35L and N36A and the double 546 

mutant A35H N36M were then compared in the loading fraction on Ni-TED resin. The 547 

expression was checked using an antibody against either the 6xHis-tag or the PLDα-C2 domain 548 

(Figure 5). The PLD, fused to its tag, could be detected with each antibody in a crude extract 549 

(Figure 5A), indicating that the protein is expressed, and at least part of the protein still has its 550 

tag. The presence of the tag was confirmed with the purification of the tagged protein by Ni-551 

affinity chromatography. The PLD was again detected with each antibody in the purified 552 
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fractions (Figure 5B), demonstrating that the tag is present in the N-terminal PLD extremity, and 553 

that, in these native conditions of purification, the tag is accessible to bind the resin and is not 554 

buried inside the protein.  555 

As observed in the SMD1168 strain, in the X33 strain the PLD activity was similar in the wild-556 

type enzyme and in the 6xHis-tag fused enzyme, contrary to a soluble crude extract from a clone 557 

transformed with the void plasmid taken as a control (Figure 5C). When the PLD activity was 558 

measured in the crude extract, the enzyme activity detected with constructions A35L, N36A and 559 

A35H N36M was in the same range as that of the control, indicating that the mutations A35L 560 

and N36A around the cleavage site and far from the catalytic region abolished the PLD activity. 561 

The result for the double mutant A35H N36M is not definitive as quite low activity (although 562 

above the background level) was consistently observed in different sets of experiments.  563 

Unfortunately, the PLD activity in the elution fraction from the Ni-TED column could not be 564 

measured as the phosphate buffer used for purification was, strikingly, the only buffer tested that 565 

did not allow the wild-type enzyme (id est without a His-tag) both to bind to the Ni-TED column 566 

in a nonspecific way and to be eluted when imidazole is added. Moreover, the presence of 567 

phosphate in the enzymatic test induced a precipitation of the calcium ions added to activate the 568 

enzyme.  569 

Finally, the results for the ∆36 truncated 6-His tagged version of the protein are not given as they 570 

are equivocal. PLD activity has never been detected in the crude extract of all the transformants 571 

tested, but we cannot definitively conclude whether the protein is produced, as multiple attempts 572 

to demonstrate the protein expression, by immunoblot, failed to provide reproducible data. This 573 
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suggests that the mutated protein is either very poorly expressed or is particularly labile and/or 574 

instable. 575 

 576 

Mutation of conserved residues among plant PLDα around the 577 

HKD motifs 578 

Our initial attempts to work with the PLDα from A. thaliana expressed in E. coli were 579 

unsuccessful. Although the protein was present in high amounts, as revealed by SDS-PAGE 580 

analysis in a whole cell extract, no detectable PLD activity could be measured under these 581 

conditions in the soluble fraction (data not shown). This result was quite puzzling since the 582 

PLDα from Brassica oleracea an organism close to A. thaliana (both PLDs having 94% identity) 583 

was expressed in E. coli, purified and found to be active (41). The PLDα from R. communis was 584 

only expressed as a functional enzyme in E. coli, when the 30-residue N-terminal leader 585 

sequence was present, the protein being inactive when this sequence was omitted (57). Using 586 

1,2-dipalmitoyl-3-phosphatidyl-[methyl-3H]choline as the substrate, the PLD activity (around 1.0 587 

nmol/min/mg) of the purified wild-type protein has been measured in a different study (36), at 588 

eight times lower than the PLD activity detected in the crude extract of the protein expressed in 589 

P. pastoris (this work). It is possible that only a small amount of the protein folds properly in E. 590 

coli, and/or that the differences in substrate or in the sensitivity of the technique used to measure 591 

the PLD activity leads to this disparity. Moreover, P. pastoris seems to be a more interesting 592 

expression system because of the N-terminal PTM present in these eukaryotic cells, apparently 593 

similar to that found in plants. It is obvious that PLDs expressed in E. coli are not maturated: the 594 

6-His tag at the N-terminal extremity permitted purification with nickel-affinity chromatography 595 
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(36), precluding an autocatalytic mechanism where the PLD cleaves itself. Interestingly, in our 596 

experiments the non His-tagged version of AtPLDα was somehow able to bind to a nickel resin 597 

in a nonspecific way (data not shown). 598 

To verify our initial concept that P. pastoris was a suitable expression system for screening 599 

mutations of AtPLDα, we first individually mutated the residues of the two HKD motifs (H332, 600 

K334 and D339 for the first one; H661, K663, and D668 for the second one). Replacing each of 601 

these six residues with an alanyl residue led to a total disappearance of activity, compared to the 602 

wild-type version of the protein, the activity being comparable to the background measured in 603 

cells transformed by the empty vector (Figure 6A). As has been previously shown for PLD from 604 

other organisms, such as Yersinia pestis (35), cabbage (41), human (33), yeast SPO14 (33), 605 

Streptoverticillium cinnamoneum (61), and Streptomyces septatus (62), these residues are also 606 

involved in the AtPLD catalytic mechanism. Using Western-blot analysis and an antibody 607 

directed against the C2 domain of AtPLDα, we showed that the recombinant protein was 608 

expressed in a similar fashion as the wild-type protein (Figure 6B). 609 

We next searched for other residues that we identified using bioinformatic tools. First, H332 610 

thought to be the canonical catalytic residue of the first HKD motif is preceded by another 611 

histidyl (H331) that is 100% conserved in all PLDα identified (see Figure 3). The mutation 612 

H331A totally abolishes the activity, as does H332A (Figure 6). The mechanism currently 613 

accepted for PLD proposes that H332 was responsible for the nucleophilic attack of the substrate 614 

which led to a phospho-histidine intermediate (2, 63), but no role has been proposed yet for the 615 

downstream residue H331, which also seems to be critical for catalysis. Furthermore, in the 616 

second HKD motif, the catalytic aspartyl D668 is followed by another, namely D669. Once 617 

again, this residue is strictly conserved among plant PLDα (Figure 3) and in human PLDs 618 



 

 32

(Figure S2) and its mutation led to an inactive enzyme (Figure 6A). Similarly, all mutations 619 

around the second HKD motif (Y659A, I666A, G675A, S676A, A677V, N678A, N680A, 620 

R682A, S683A, and M684V) abolished the PLD catalytic activity. 621 

Because until now all designed mutations of conserved residues in this work have abolished the 622 

PLD catalytic activity, we decided to check the mutation of a non-conserved residue. The 623 

randomly obtained mutation A289V was chosen because this alanyl residue is found in 93% of 624 

the sequences identified in this work (Figure 3) and is sometimes replaced by a valyl residue as 625 

found in Rosmarinus officinalis (Table S1). The A289V mutation did not dramatically alter the 626 

activity of the recombinant protein (Figure 6A). Clones with this mutation showed more than 627 

40% of the wild-type activity and a similar level of protein expression, as detected by Western-628 

blot analysis (Figure 6B), demonstrating the potential retention of activity after mutation.  629 

Interestingly, during the analysis of mutants, PLD activity could not be detected in 3 independent 630 

transformants for several mutations of strictly conserved residues: D669A, D689A, P771A, 631 

G778A and G798A (Figure 6A). Moreover, the recombinant protein was not detected in these 632 

transformants, at least for the single clone that was tested for expression on SDS-PAGE (Figure 633 

6B). Based on our model (Figure 1), we hypothesized that the mutation of these crucial residues 634 

somehow destabilizes the 3D structure of the protein, exposing new regions and, possibly, 635 

leading to the proteolytic degradation of the protein. Because transformation of P. pastoris 636 

implies the random integration of the PLD transgene anywhere in the genomic DNA, and to rule 637 

out the transgene integration in a poor transcript region, we analyzed the expression of the 638 

transgene by qPCR in these particular clones using primers located at the 3’ extremity of 639 

AtPLDα (Figure 7). Compared to the wild-type clone, the expression of the transgene was the 640 

same in almost all of these mutants (Figure 7A). However, the recombinant protein in G798A 641 
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could not be detected by Western-blot analysis, the protein was barely visible in D689A, the 642 

level of expression was quite different among the three clones tested for P771A and G778A, and 643 

the expression of D669A was much lower than the wild-type (Figure 7C). These results 644 

demonstrate that transcription was not an issue in these mutants, but either translation or folding 645 

were impaired, or that PTM or protein degradation occurred.  646 

 647 

Mutation of the residues that are the same as human PLD 648 

AtPLDα and both human PLD1 and 2 share the same catalytic motifs, as mentioned previously, 649 

but some other residues also share identity with these 3 enzymes (Figure S2). Hence, we 650 

investigated the relative importance of some of these conserved residues.  651 

Based on the crystal structure of the PLD from Streptomyces sp. strain PMF (14), D202 and 652 

D473 were thought to stabilize H470 and H170, respectively, these residues being the histidyls 653 

of the two bacterial HKD motifs (64). A basic alignment of AtPLDα and the PLD from 654 

Streptomyces sp. strain PMF allowed the identification of D407 as the equivalent of D202 and 655 

this hypothesis was supported by our models of AtPLDα that clearly placed D407 at a reasonable 656 

distance from the catalytic histidine H661 (Figure 1). Identifying the equivalent of D473 is not 657 

possible using an alignment, as the C-terminal sequences do not align properly. However, using 658 

our models we can identify D689 or E691 as putative analogs to D473 of Streptomyces sp. strain 659 

PMF. E691 is probably the best candidate considering alignment of the two lobes of AtPLDα 660 

(Figure S1). These three residues D407, D689 and E691, are perfectly conserved among plant 661 

PLDα (Figure 3) and in human PLD 1 and 2 (Figure S2). When we tested the mutations D407A, 662 
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D689A and E691A, the recombinant protein lost its catalytic capacity (Figure 7A). Data for 663 

D689A are puzzling as the protein was barely expressed at the protein level compared to the 664 

background observed in the control (Figure 7C). Depending on the clone tested and its detected 665 

protein expression level, it is possible that this particular mutation destabilized the protein 666 

leading to its degradation. As an example, the first clone of mutations P771A and D669A with 667 

roughly the same RNA expression RNA level (Figure 7A) and definitely transformed with the 668 

transgene (Figure 7B), have quite different protein expression levels (Figure 6C).  669 

Oppositely, mutation of a strictly conserved residue among eukaryotic PLDs as Q522A did not 670 

alter the ability of the enzyme to hydrolyze the substrate (Figure 6A). In the PREPWHDIH motif 671 

(Figure 3), mutations P401A, R402A, P404A, W405A abolished the PLD activity (Figure 6A). 672 

Hence, this sequence between the two HKD motifs, identified as a conserved region between 673 

mammalian and yeast PLD (31, 54), is important for plant PLD catalytic activity too. Mutation 674 

K261A also suppressed the activity, as well demonstrating that this residue, in common with 675 

human PLDs (Figure S2), is important as well. 676 

 677 

These residues, found both in plants and in human PLD1 and 2, seem to be crucial for an active 678 

form of the enzyme. 679 

 680 

Mutation of other conserved residues 681 

At the N-terminal extremity and between the 2 HKD motifs, random mutations A85S, R65G, 682 

P208S, and P415T abolished PLD activity (Figure 6A). However, the nature of the replacing 683 
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residue may explain the loss of activity, for example prolyl residues are known to interrupt 684 

secondary structures, and these mutations could extend strands and helixes.  685 

In the hydrophobic motif FTVYVVV, mutation F565A abolished PLD activity (Figure 6A). 686 

Finally, all the mutations of the PX2(L/I)T(T/S) motif also suppressed PLD activity as mutations 687 

P805A, T809A, T809S and T810A led to an inactive enzyme (Figure 6A). The mutations T809A 688 

and T809S indicate that hydroxylation of the residue is not sufficient, and both the length and 689 

hydroxylation of the lateral chain of the residue are also essential for a functional enzyme. 690 

 691 

 692 

Discussion 693 

Interestingly, one of the most diverse regions in the sequence alignment of all plant PLDs is 694 

situated at the N-terminal extremity between the 18th and the 64th residues. It is well known that 695 

the PLDα purified so far have undergone a PTM described as a cleavage of thirty to forty 696 

residues at the N-terminal extremity (20, 22, 24–27, 57). This PTM is found both when PLDs are 697 

directly purified from plants and when PLDs are expressed in a recombinant system, such as P. 698 

pastoris, which means that this region is probably recognized both by plant and yeast proteases. 699 

It is also possible as well that during the evolution this non-conserved region has progressively 700 

evolved in plants with the system responsible for the cleavage, or that this N-terminal region 701 

behaves as a fragile protuberance accessible to proteases. Overall, this bioinformatics work 702 

highlights new residues that seem to be of prime importance for PLD catalytic activity. 703 
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In addition to the fact that adding a single Met before A35, mutating either A35 or N36, or 704 

deleting several residues of the C2 domain all abolish the enzyme activity, this study reveals that 705 

the N-terminal extremity, its length and its residue composition are crucial for an active form of 706 

PLDα. However, the C2 domain does not have to be intact for the enzyme to be active, as β 707 

strands 1 to 3 (Figure 4A), unlike other strands of the C2 domain, are not critical for an active 708 

∆70 enzyme. Together, the variable nature of the ∆70 constructs and the collection of inactive 709 

constructs suggest that the entirety of the C2 domain is essential.  710 

This work also demonstrates that, (i) at least a fraction of the AtPLDα produced does not 711 

undergo a proteolytic cleavage as the tag fused to the protein could be still detected, (ii) adding a 712 

6xHis-tag at the N-terminal extremity does not impair the activity of the AtPLDα as does the 713 

same tag but located at the C-terminal extremity (20), (iii) the cleavage site is crucial and has to 714 

be preserved for the production of a functional enzyme. It would be quite interesting now to 715 

determine the relative proportions of the cleaved and uncleaved forms of PLD, and to check 716 

whether the uncleaved form can be purified via a Ca2+-mediated hydrophobic interaction 717 

chromatography on Octyl-Sepharose as performed for the cleaved form (20). It has been 718 

postulated that this interaction is mediated via the C2 domain, so a longer C2 domain fused to a 719 

6xHis-tag may modify the PLD interaction with the resin. 720 

It is still unclear which protein is responsible for this PTM. Cleavage of PLDα by itself can be 721 

excluded as PLDα expressed in E. coli retained its leader sequence (28) and the protein became 722 

inactive in this system when the leader sequence was removed by genetic engineering (57). It is 723 

puzzling that exactly the same cleavage site could be found when a PLD is expressed in 724 

organisms as varied as the yeast P. pastoris (27) or the insect Spodoptera frugiperda (26). 725 

Assuming that an endogenous protease is responsible for this cleavage, yeast would be a 726 
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convenient tool for determining which of the different proteases is involved, as several libraries 727 

of clones are available where these enzymes are systematically mutated. Yeast genome encodes a 728 

total of 121 proteases with a viable knock-out phenotype (65) that could be tested to identify the 729 

protease responsible for the cleavage. 730 

It is striking that PLDα are found in all the land plants that we selected, but the origin of this 731 

enzyme in plants remains to be elucidated because green algae do not contain such a sequence. 732 

The exceptions are C. subellipsoidea and P. tricornutum, where a horizontal transfer from 733 

microbes is suspected. It is possible that other PLD isoforms could replace PLDα as many 734 

different isoforms are detected in algae (53). Since algae are now used for biomass and lipid 735 

production, and PLD is at the crossroads of triacylglycerol and phospholipids pathways via PA 736 

production, both identity and implication of the different PLDs need to be determined for 737 

effective engineering of these cell factories (66).  738 

Using mutation results, the predicted topology based on primary sequence, the topology built by 739 

homology, and by retaining only the conserved sequences, we were able to propose a global 740 

structural topology (Figure 8) with two major features: (i) both lobes carry at least four α-helices 741 

and six β-strands as the principal secondary structures, (ii) in each lobe, the six β-strands are 742 

forming a β-sheet with three α-helices in support on one side (exterior of the protein) and a 743 

fourth α-helix on the other side (facing the other lobe). The structural model for AtPLDs could 744 

now be tested in order to provide functional insights into structural features and functional 745 

aspects of eukaryotic PLDs. 746 

Mutations affecting the activity are mostly found in predicted secondary structures. For plant and 747 

mammalian PLD, the C2, PH and PX regulatory domains structure have already been solved 748 
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(67–69) but there is still a need to position the regulatory domains relative to the catalytic core. 749 

Structural studies, using a homogenously purified plant enzyme (45), are required to identify the 750 

position and the dynamics of the C2 domain in plant PLD.  751 

Comparing plant and mammal PLDs is a powerful tool for identifying those residues that have 752 

undergone selective pressure during evolution, and, equally, those regions that have freely 753 

diverged. The C and N-terminal extremities are perfect examples: among plants the C2 domain is 754 

one of the regions with the highest variability and the C-terminal is better conserved. This C2 755 

domain, together with PH and PX regulatory domains, is not restricted to PLDs and is often 756 

found in other types of enzymes (2). It has been postulated that the C-terminal extremity of 757 

human PLD interacts with the catalytic site (40) and the C-terminal extremity of plant PLD is 758 

buried inside the PLD structure (41). Previous attempts to modify this extremity have led to an 759 

inactive enzyme (38–41). As shown for mammalian and cabbage PLD (40, 41), and in this work 760 

for plant PLDα, the integrity of the C-terminal extremity of PLD is crucial for catalytic activity, 761 

suggesting an essential role in the mechanism or the structure, such as a potentially buried 762 

terminal peptide. It is possible that the overall structure of the enzyme is not governed by the N-763 

terminal portion that allows the adsorption of the enzyme to the membranes, and, consequently, 764 

its substrate, but that the catalytic core may be structured by the C-terminal extremity which has 765 

been less affected by evolution. So far, crystal data have only been obtained from bacterial PLDs 766 

(14, 35, 70) that do not have regulatory domains, probably because mammalian (2) and plant 767 

PLDs (71) that are totally or partially membrane bound, respectively, are more difficult to purify 768 

for structural studies. The position of the regulatory domains towards the catalytic core, and their 769 

dynamics during membrane adsorption, remain to be elucidated. 770 
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Out of the 31 strictly conserved residues tested, mutations Q522A and S348A are remarkable 771 

because they are the only ones that did not abolish the PLD catalytic activity. These results are 772 

quite paradoxical. On the one hand the Q522 residue is always conserved in all PLDα (Figure 3) 773 

but, on the other hand, the mutation did not alter the catalytic activity (Figure 6A). It is still 774 

possible that this residue is important for other functions in planta, such as protein localization or 775 

membrane targeting. It would be interesting to test this particular mutation in the plant pldα1 776 

mutant to check if lipid composition is restored in organs where PLDα plays a key role (72), and 777 

if this mutation still permits an adequate response to drought (73). Mutation S348A is also 778 

remarkable, not only because this mutant is still active (Figure 6A), but because the S348 residue 779 

located just after the first HKD motif is a mirror image of S676 in the second HKD motif defined 780 

as HXKX4DX6GSXN (15). To our knowledge, it is the first time that this particular residue (or 781 

the equivalent in other PLDs) has been mutated and shown to be dispensable for activity. 782 

However, mutation S676A resulted in an inactive enzyme (Figure 6A). Consequently, the model 783 

proposed for the catalytic site of dimeric Nuc (15), where these two seryl residues hydrogen-784 

bond to the side chain of glutamyl residues has to be modified for the monomeric plant PLD 785 

(52), where these two seryl residues are clearly not equivalent. We should mention that none of 786 

the hydroxylated residues mutated in this study have ever been shown to be phosphorylated.  787 

It is interesting to note that H333D and D340E mutations of PLD from cabbage (corresponding 788 

to H332A and D339A in the first HKD motif of PLD from A. thaliana), showing no PLD 789 

activity in vitro, could not be purified by the Ca2+-mediated hydrophobic interaction 790 

chromatography on Octyl-Sepharose (41) suggesting that point mutation may provoke a different 791 

folding of the protein. It is possible that mutations D669A, D689A, P771A, G778A and G798A 792 

dramatically changed the structure and/or the stability of the recombinant protein. 793 
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The F565 residue belongs to the EKF motif of PLDα1, a motif analogous to the DRY motif 794 

present in many GPCRs and through which the enzyme could interact with the heterotrimeric G-795 

protein α-subunit (36). Interestingly, when the same mutant F565A was expressed in E. coli (36), 796 

any difference in enzyme catalytic activity observed, compared to the wild-type, could probably 797 

be explained by the difference in the expression system. P. pastoris is known to glycosylate 798 

recombinant protein (74), which could inactive the enzyme for this particular mutation. This 799 

EKF motif is, nonetheless, mostly conserved among all PLDα (Figure 3). Out of 209 sequences, 800 

R564 is found in only 169 sequences having been replaced sometimes by K or P, but E563 and 801 

F565 are found in 205 and 208 sequences, respectively, indicating that these two last residues 802 

have undergone a severe selective pressure during evolution. F565 is replaced by L565 in the 803 

single sequence of Dichanthelium oligosanthes, but F565 is found in all other PLDα isoforms as 804 

OEL32086.1 or OEL13457.1 in this organism. A sequencing error in this particular sequence 805 

cannot be excluded. 806 

As far as the mechanisms and catalytic residues are concerned, the two HKD motifs seem not to 807 

be equivalent. The first HKD motif has been described as HXKX4D. However, another strictly 808 

conserved histidyl residue, H331, is located just before the H332 of the first HKD. This residue 809 

is strictly conserved among plant PLDα (Figure 3) and in human PLDs (Figure S2). Mutation 810 

H331A led to an inactive enzyme, as did H332A (Figure 6), suggesting that both residues need to 811 

be intact to allow a catalytic reaction. The relative role of these two identical residues in close 812 

vicinity is not yet clear but, considering the remarkable occurrence of the duplicity of these 813 

residues, we propose an extended version of the first HKD motif as HHXKX4D. This duplicate 814 

residue is absent in Nuc (15), in Zucchini PLD-like nuclease (75), and in other members of the 815 

PLD superfamily such as cardiolipin synthase (2, 76). Interestingly, in bacteria, this duplicate 816 
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residue is found in alignments of the second motif that could be written as HHKX4D (14, 76), 817 

suggesting that this particular histidyl may be linked to the nature of the PLD substrates. 818 

The mutation of either D669A or D668A in the second HKD motif also abolished the PLD 819 

activity (Figure 6A). As has been shown in Y. pestis, substitution of the conserved aspartic acid 820 

in either HKD domain rendered the enzyme Ymt insoluble (35), demonstrating that this residue 821 

is probably crucial for the folding or the stability of the protein. Moreover, this residue is not 822 

buried inside the enzyme, but instead it is located on the outside of the enzyme in different PLD 823 

structures (11, 15). It seems that the mutation of D669 drastically changed the protein as the 824 

mutated enzyme either could not be detected in the crude extract (Figure 6B) or it was poorly 825 

expressed compared to the wild-type (Figure 7C) depending on the revelation conditions used, 826 

and, in particular, the duration of the chemiluminescence detection.  827 

Preceding the second HKD motif, mutation Y659A also abolished the PLD activity. Inside this 828 

second motif, mutations in I666, as in G675, S676, A677, N678, N680, R682, S683 and M684 829 

forming the GSANXNXRSM sequence, abolished the PLD activity when mutated by an alanyl 830 

(or by a valyl for A677 and M684). The second HKD motif, described in the literature as 831 

HXKX 4DX6G(G/S)XN, can now be proposed as an extended version, for PLDα at least, of this 832 

catalytic motif as YXHXKX2IXDDX 6GSANXNXRSM. 833 

Overall, the evolution of an ancestral bacterial dimeric PLD, with an equivalent HKD opposite, 834 

could have led to a monomeric PLD in eukaryotes where each HKD motif may have evolved 835 

separately. 836 

 837 
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Conclusion 838 

 839 

This study identified new key residues, conserved in both plant and human PLDs, which are 840 

required for enzyme activity. We were also able to define a new consensus sequence around the 841 

two HKD motifs that could be extended beyond these sole residues. The length and residue 842 

composition of the PLDα N-terminal extremity were shown to be important, presumably for the 843 

folding of the C2 domain of plant PLDs. We also confirmed that the identity of residues at the 844 

PLDα C-terminal extremity is crucial, as has been shown previously for mammal PLDs. Overall, 845 

these data support the use of plant PLDs as a convenient tool for the study of all HKD-type 846 

PLDs, and as a means of elucidating the structure of eukaryotic PLDs. 847 
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 879 

Figures 880 

Figure 1: Modelization of AtPLDα. 881 

The AtPLDα catalytic core model was built by homology using the Phyre2 v2.0 server in 882 

intensive mode and was displayed using Pymol v2.0.4. The α-helices are represented in red and 883 

β-strands in yellow, random coils are not displayed. HKD residues are drawn as sticks. N: N-884 

terminus extremity, C: C-terminus extremity.  885 

 886 

Figure 2: Phylogenetic relationship and diversity of plant PLDα. 887 

The main plant families are highlighted in color. The PLDα of Arabidopsis thaliana is indicated 888 

with a black arrow 889 

Figure 3: Residue conservation in PLDα.  890 

The histogram of the consensus sequence indicates the score of conservation of each residue in 891 

the alignment of 209 plant PLDα. The Y axis represents the percentage conservation of each 892 

residue. Mutated positions in Arabidopsis thaliana are indicated with red stars and mutations are 893 

shown just below.  894 

 895 
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Figure 4: Expression of AtPLDα minimal domains. 896 

A) Schematic representation of AtPLDα C2 domain. Residues highlighted in yellow represent 897 

Ca2+ binding residues, red helices represent α-helices and green arrows are β-strands. Positions of 898 

minimal domains are indicated by a black vertical line in the peptide sequence. The blue arrow 899 

represents the cleavage position found in recombinant protein after purification. B) The PLD 900 

activity was measured in crude extracts of Pichia pastoris expressing either the wt protein (∆0), 901 

the empty vector (Ct), or the truncated versions of the enzyme. Activities were calculated relative 902 

to the ∆0 value. Values are the mean ± SD obtained from three independent clones (p<0.05 for 903 

all constructs compared to ∆0). The asterisk indicates that the data are represented in part E. C) 904 

Validation that the AtPLDα transgene was inserted in the genomic DNA of recombinant clones. 905 

After DNA extraction, a PCR was run with primers located on the promotor and on the cDNA 906 

790 bp downstream of the end of the C2 domain coding sequence; note the absence of amplicon 907 

in the control (Ct). D) Western-blot analysis of the expression of AtPLDα minimal domains. The 908 

blotted bands were immmunodetected with a specific AtPLDα C2-domain antibody raised in 909 

rabbit, and subsequently visualized using a peroxidase labelled goat anti-rabbit IgG antibody 910 

using enhanced chemiluminescence. E) The PLD activity was measured in crude extracts of 911 

Pichia pastoris expressing either the wt protein (∆0), the empty vector (Ct), or the ∆70 version of 912 

the enzyme. Activities were calculated relative to the ∆0 value (100%). Results shown are on 913 

n = 3 (∆0), n = 4 (Ct) or n = 9 (∆70) independent clones. The horizontal bar represents the mean 914 

values. F) Western-blot analysis of the expression of AtPLDα minimal domains. The blotted 915 

bands were immmunodetected as mentioned above. 916 

 917 
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Figure 5: Western-blot analysis of AtPLDα constructs after purification by affinity-918 

chromatography.  919 

The expression was detected in crude protein extracts by immunorevelation of P. pastoris clones 920 

transformed either with the empty vector (Ct) or expressing the wild-type enzyme (wt), the wild-921 

type enzyme fused with a 6xHis-tag (wt 6xHis) or the different mutants fused with a 6xHis-tag. 922 

The blotted bands were immmunodetected with either a specific AtPLDα C2-domain antibody 923 

(anti-PLD) or an anti-tag 6xHis peroxidase labelled antibody. A) Crude extract fractions. B) 924 

Elution fractions after Ni-TED purification. C) The PLD activity was measured in crude extracts 925 

of Pichia pastoris expressing either the wt protein (wt), the wild-type protein fused with a 6xHis 926 

tag (wt 6xHis), the empty vector (Ct), or mutants of the cleavage site. Activities were calculated 927 

relative to the wt value (100%). Values are the mean ± SD obtained from three independent 928 

clones (p<0.05 for all constructs compared to wt 6xHis except A35H N36M 6xHis mutant that is 929 

not significant (NS)). The arrow indicates the PLD position at 92.8 kDa.  930 

  931 

Figure 6: Relative enzymatic activity and expression of forty-one AtPLDα point mutants. 932 

A) Specific activity was measured with 30 µg of protein from a crude extract of P. pastoris 933 

expressing either the wt protein (wt) of a molecular mass of 91,7 kDa, the mutated enzymes or 934 

transformed with the empty vector (Ct). Activities were then calculated relative to the wt value 935 

(100%). Values are the mean ± SD obtained from three independent clones (p<0.05 for all 936 

constructs compared to wt, except S348A and Q522A mutants). 937 
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B) Western-blot analysis of the expression of recombinant AtPLDα mutants. One out of the three 938 

clones mentioned above was randomly chosen for SDS-PAGE, the blotted bands were then 939 

immmunodetected with a specific AtPLDα C2-domain antibody. 940 

 941 

Figure 7: Expression pattern of AtPLDα in different mutants. 942 

A) Relative levels of mRNA from three independent clones expressing either the wt protein (wt), 943 

the empty vector (Ct), or the mutated enzyme were determined by a real-time polymerase chain 944 

reaction (RT-PCR) using the 2-∆∆Ct quantification method and ARG4 mRNA as an internal 945 

reference. Values are the mean ± SD obtained from duplicate samples. B) Validation that the 946 

AtPLDα transgene was inserted in the genomic DNA of recombinant clones. After DNA 947 

extraction, a PCR was run with primers located on the promotor and on the cDNA; note the 948 

absence of amplicon in the control (Ct). C) Western-blot analysis of the expression of AtPLDα 949 

mutants. The blotted bands were immmunodetected with a specific AtPLDα C2-domain 950 

antibody. 951 

 952 

Figure 8: Schematic topology of the AtPLDα catalytic core. 953 

Cylinders represent the α-helices and arrows represent the β-strands, N: N-terminus extremity, C: 954 

C-terminus extremity. Mutations obtained in this study are displayed as stars. Red and blue stars 955 

indicate the mutations that affect or do not affect the catalytic activity of the enzyme 956 

respectively. HKD catalytic residues are in underlined bold letters. 957 

 958 



 

 48

 959 

Supporting Information 960 

 961 

Figure S1: Alignment of lobe 1 (L1) and lobe 2 (L2) of the catalytic core of AtPLDα.  962 

The four motifs I, II, III and IV, adapted from [1], are highlighted respectively in yellow, green, 963 

red and blue. Prediction of consensus secondary structures (ss) was made using the 964 

PROMALS3D server; α-helices (h) are indicated in purple and β-strands (e) in grey. Secondary 965 

structures of less than four residues and secondary structures where the sequences do not match 966 

are omitted. HKD motifs are in red bold letters and underlined, mutated residues of this work are 967 

indicated in red bold letters. 968 

 969 

Figure S2: Alignment of Homo sapiens PLD1 and 2 and Arabidopsis thaliana PLDα. 970 

Residues highlighted in light grey are identical between HsPLD1, HsPLD2 and AtPLDα. 971 

Residues highlighted in dark grey share similar properties between at least three of the four 972 

sequences (HsPLD1, HsPLD2 and AtPLDα + plant consensus sequence presented in Figure 2) 973 

and are conserved at a minimum of 95 %. Residues highlighted in black share similar properties 974 

between at least three of the four sequences (HsPLD1, HsPLD2 and AtPLDα + plant consensus 975 

sequence in Figure 2) and are conserved at 100 %. Red stars indicate the mutated residues in 976 

AtPLDα. 977 

 978 
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Figure 1 : Modelization of AtPLDα.
The AtPLDα catalytic core model was built by homology using the Phyre2 v2.0
server in intensive mode and was displayed using Pymol v2.0.4. The α-helices are
represented in red and β-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 2 : Phylogenetic relationship and diversity of plant PLDα.
The main plant families are highlighted in color. The PLDα of Arabidopsis thaliana is indicated with a black arrow.
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Figure 3 : Residue conservation in PLDα.
The histogram of the consensus sequence indicates the score of conservation of each residue in the alignment of 209
plant PLDα. The Y axis represents the percentage conservation of each residue. Mutated positions in Arabidopsis
thaliana are indicated with red stars and mutations are shown just below.
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Figure 4 : Expression of AtPLDα minimal domains.
A) Schematic representation of AtPLDα C2 domain. Residues highlighted in yellow represent Ca2+ binding residues,
red helices represent α-helices and green arrows are β-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
(∆0), the empty vector (Ct), or the truncated versions of the enzyme. Activities were calculated relative to the ∆0 value.
Values are the mean ± SD obtained from three independent clones (p<0.05 for all constructs compared to ∆0). The
asterisk indicates that the data are represented in part E. C) Validation that the AtPLDα 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 AtPLDα minimal domains. The blotted bands were
immmunodetected with a specific AtPLDα C2-domain antibody raised in rabbit, and subsequently visualized using a
peroxidase labelled goat anti-rabbit IgG antibody using enhanced chemiluminescence. E) The PLD activity was
measured in crude extracts of Pichia pastoris expressing either the wt protein (∆0), the empty vector (Ct), or the ∆70
version of the enzyme. Activities were calculated relative to the ∆0 value (100%). Results shown are on n = 3 (∆0),
n = 4 (Ct) or n = 9 (∆70) independent clones. The horizontal bar represents the mean values. F) Western-blot analysis of
the expression of AtPLDα minimal domains. The blotted bands were immmunodetected as mentioned above.
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Figure 5 : Western-blot analysis of AtPLDα 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 AtPLDα 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 AtPLDα point mutants.
A) Specific activity was measured with 30 µg 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 AtPLDα mutants. One out of the three clones mentioned above was
randomly chosen for SDS-PAGE, the blotted bands were then immmunodetected with a specific AtPLDα C2-domain
antibody.
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Figure 7 : Expression pattern of AtPLDα 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-∆∆Ct quantification method and ARG4 mRNA as an internal reference. Values are the mean ± SD obtained
from duplicate samples. B) Validation that the AtPLDα 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
AtPLDα mutants. The blotted bands were immmunodetected with a specific AtPLDα C2-domain antibody.
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Figure 8 : Schematic topology of the AtPLDα catalytic core.
Cylinders represent the α-helices and arrows represent the β-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 AtPLDα.
The four motifs I, II, III and IV, adapted from [1], are highlighted, respectively, in yellow, green, red
and blue. Prediction of consensus secondary structures (ss) was made using the PROMALS3D
server; α-helices (h) are indicated in purple and β-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.

L1 VEEDRNWNMGIKSAKFPGVPYTFFSQRQGCKVSLYQDAHIPDNFV---------PRIPLAGGKNYEPQRC 
L2 ---D----------------------HDVWNVQLFRSIDGGAAAGFPESPEAAAEAGLVSGKDNITDRSI 
ss:                              eeeeeee                        eeeehhhhh 
 
L1 WEDIFDTISNAKHLIYITGWSVYAEIALV------RDSRRPKPGGDVTIGELLKKKASEG--VRVLLLVW  
L2 QDAYIHAIRRAKDFIYVENQYFLGSSFAWAADGITPEDINALHLIPKELSLKIVSKIEKGEKFRVYVVVP 
ss:hhhhhhhhhhhh eeeeeeeeeeee             hhhhhhhhhhhhhh        eeeeeeee 
 
L1  DD--------RTSVDVLKKDGLMATHDEETENFFRGSDVH-----CILCP-----------------RNP 
L2  MWPEGLPGSGSAQAILDWQRRTMEMMYKDVIQALRAQGLEEDPRNYLTFFCLGNREVKKDGEYEPAEKPD  
ss:          hhhhhhhhhhhhhhhhhhhhhhhhhhhh         eeee                     
 
L1  DDGGSIVQSSQISTMFTHHQKIVVVDSEMPSRGGSEMRRIVSFVGGIDLCDGRYDTPFHSLFRTLDTVHH 
L2  PDTDYMRAQEARRFMIYVHTKMMIVD------------DEYIIIGSANINQRSMDGA-------------   
ss:                 eeeeeeeee              eeeeeee                         
 
L1  DDFHQPNFTGAAITKGGPREPWHDIHSRLEG--------PIAWDVMYNFEQRWSKQGGKDILVKLRD--- 
L2  -----------RD---------SEIAMGGYQPHHLSHRQPARGQIHGFRMSLWYEHLGMLDETFLDPSSL  
ss:                       eeeeeeee           hhhhhhhhhhhhhhh    hhhh      
 
L1  ---------------------------------------LSDIIITPSPVMFQE---------------- 
L2  ECIEKVNRISDKYWDFYSSESLEHDLPGHLLRYPIGVASEGDITELPGFEFFPDTKARILGTKSDYLPPI  
ss:                                           eeee             
 
L1  --- 
L2  LTT 
ss: 



Figure S2 : Alignment of Homo sapiens PLD1 and 2 and Arabidopsis thaliana PLDα.
Residues highlighted in light grey are identical between HsPLD1, HsPLD2 and AtPLDα. Residues highlighted in
dark grey share similar properties between at least three of the four sequences (HsPLD1, HsPLD2 and AtPLDα +
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 AtPLDα +
plant consensus sequence in Figure 2) and are conserved at 100 %. Red stars indicate the mutated residues in
AtPLDα.

                 10        20        30        40        50        60        70        80        90       100                   
        ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
HsPLD1  MSLKNEPRVNTSALQKIAADMSNIIENLDTRELHFEGEEVDYDVSPSDPKIQEVYIPFSAIYNTQGFKEPNIQTYLSGCPIKAQVLEVERFTSTTRVPSI 100   
AtPLDα  MA-----------------------QHLLHGTLH------------------------ATIYEVDAL--------------------------------- 20    
HsPLD2  MTATPESLFPTG-------------DELDSSQLQMESDEVDTLKEGEDP--ADRMHPFLAIYELQSLKVHPL-VFAPGVPVTAQVVGTERYTSGSKVGTC 84    
 
                110       120       130       140       150       160       170       180       190       200          
        ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
HsPLD1  NLYTIELTHGEFKWQVKRKFKHFQEFHRELLKYKAFIRIPIPTRRHTFRRQNVREE-PREMPSLPRSS-ENMIREEQFLGRRKQLEDYLTKILKMPMYRN 198   
AtPLDα  --------HG--------------------------------------------------------GG---------------VMQGFLGKILA-----N 36    
HsPLD2  TLYSVRLTHGDFSWTTKKKYRHFQELHRDLLRHKVLMSL-LPLARFAVAYSPARDAGNREMPSLPRAGPEGSTRHAA--SKQKYLENYLNRLLTMSFYRN 181   
 
                210       220       230       240       250       260       270       280       290       300          
        ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
HsPLD1  YHATTEFLDI----SQLSFIHDLGPKGIEGMIMKRSGGHRIPGLNCCGQGRACYRWSKRWLIVKDSFLLYMKPDSGAIAFVLLVDKEFKIKVGKKETETK 294   
AtPLDα  ---VEETIGVGKGETRLYATIDL-QKARVGRTRKIKNEPKNPKWYESFHIYCAHLASDIIFTVKDDNPIGATLIGRAYIPVDQVINGEEVDQWVEILDND 132   
HsPLD2  YHAMTEFLEV----SQLSFIPDLGRKGLEGMIRKRSGGHRVPGLTCCGRDQVCYRWSKRWLVVKDSFLLYMCLETGAISFVQLFDPGFEVQVGKRSTEAR 277   
 
                310       320       330       340       350       360       370       380       390       400          
        ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
HsPLD1  YGIRIDNLSRTLILKCNSYRHARWWGGAIEE----------FIQKHGTN---FLKDHRFGSYAAIQENALAKWYVNAKGYFEDVANAMEEANEEIFITDW 381   
AtPLDα  RNPIQGGSKIHVKLQYFHVEEDRNWNMGIKSAKFPGVPYTFFSQRQGCKVSLYQDAHIPDNFVPRIPLAGGKNY-EPQRCWEDIFDTISNAKHLIYITGW 231   
HsPLD2  HGVRIDTSHRSLILKCSSYRQARWWAQEITE----------LAQGPGRD---FLQLHRHDSYAPPRPGTLARWFVNGAGYFAAVADAILRAQEEIFITDW 364   
 
                410       420       430       440       450       460       470       480       490       500          
        ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
HsPLD1  WLSPEIFL------KRPVVEGNRWRLDCILKRKAQQGVRIFIML-YKEVELALGINSEYTKRTLMRLHPN--------------IKVMRHPDHVSSTV-- 458   
AtPLDα  --SVYAEIALVRDSRRP-KPGGDVTIGELLKKKASEGVRVL-LLVWDDRTSVDVLKKDG----LMATHDEETENFFRGSDVHCIL-CPRNPDDGGSIVQS 322   
HsPLD2  WLSPEVYL------KRP-AHSDDWRLDIMLKRKAEEGVRVSI-LLFKEVELALGINSGYSKRALMLLHPN--------------IKVMRHPDQVT----- 437   
  
                510       520       530       540       550       560       570       580       590       600          
        ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
HsPLD1  ----YLWAHHEKLVIID------------QSVAFVGGIDLAYGRWDDNEHRLTDVGSVKRVTSGPSLGSLPPAAMESMESLRLKDKNEPVQNLPIQKSID 542   
AtPLDα  SQISTMFTHHQKIVVVDSEMPSRGGSEMRRIVSFVGGIDLCDGRYDTPFHSLFR-T-LDTVHHDDFHQPNFTGAAITK---------------------- 398   
HsPLD2  -----LWAHHEKLLVVD------------QVVAFLGGLDLAYGRWDDL-H--YRLTDLGDSSESAASQPPTPRPDSPATPDLSHNQFFWLGKDYSNLITK 517   
 
                610       620       630       640       650       660       670       680       690       700          
        ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
HsPLD1  DVDSKLKGIGKPRKFSKFSLYKQLHRHHLHDADSISSIDSTSSYFNHYRSHHNLIHGLKPHFKLFHPSSESEQGLTRPHADTGSIRSLQTGVGELHGETR 642   
AtPLDα  ---------------------------------------------------------------------------------------------------- 398   
HsPLD2  DWVQLDRPFEDFID-------------------------------------------------------------------------------------- 531   
 
                710       720       730       740       750       760       770       780       790       800          
        ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
HsPLD1  FWHGKDYCNFVFKDWVQLDKPFADFIDRYSTPRMPWHDIASAVHGKAARDVARHFIQRWNFT--KIMKSKYRSLSYPFLLPKSQTTAHELRYQVPGSVHA 740   
AtPLDα  -----------------------------GGPREPWHDIHSRLEGPIAWDVMYNFEQRWSKQGGKDILVKLRDLSDIIITPSP------VMFQEDHDV-W 462   
HsPLD2  ---------------------------RETTPRMPWRDVGVVVHGLPARDLARHFIQRWNFT--KTTKAKYKTPTYPYLLPKSTSTANQLPFTLPGGQCT 602   
 
                810       820       830       840       850       860       870       880       890       900          
        ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
HsPLD1  NVQLLRSAAD-WSAG------------------IKYHEESIHAAYVHVIENSRHYIYIENQFFISCA----------DDKVVFNKIGDAIAQRIL-KAHR 810   
AtPLDα  NVQLFRSI-DGGAAAGFPESPEAAAEAGLVSGKDNITDRSIQDAYIHAIRRAKDFIYVENQYFLGSSFAWAADGITPEDINALHLIPKELSLKIVSKIEK 561   
HsPLD2  TVQVLRSV-DRWSAG--------------------TLENSILNAYLHTIRESQHFLYIENQFFISCS----------DGRTVLNKVGDEIVDRIL-KAHK 670   
 
                910       920       930       940       950       960       970       980       990       1000         
        ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
HsPLD1  ENQKYRVYVVIPLLPGFEGDISTGGGNALQAIMHFNYRTMCRGENSI-LGQLKAE-LGNQWINYIS-FC-GLRTHAELEGNLVTE--------------- 891   
AtPLDα  -GEKFRVYVVVPMWP--EG---LPGSGSAQAILDWQRRTM-EMMYKDVIQALRAQGLEEDPRNYLTFFCLGNREVKKDGEYEPAEKPDPDTDYMRAQEAR 654   
HsPLD2  QGWCYRVYVLLPLLPGFEGDISTGGGNSIQAILHFTYRTLCRGEYSILHRLKAA--MGTAWRDYIS-IC-GLRTHGELGGHPVSE--------------- 751   
 
                1010      1020      1030      1040      1050      1060      1070      1080      1090      1100         
        ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
HsPLD1  --LIYVHSKLLIADDNTVIIGSANINDRSMLGKRDSEMAVIVQDTETVPSVMDGKEYQAGRFARGLRLQCFRVVLGYLDDPSEDIQDPVSDKFFKEV--W 987   
AtPLDα  RFMIYVHTKMMIVDDEYIIIGSANINQRSMDGARDSEIAM----GGYQPHHLSHRQPARGQI-HGFRMSLWYEHLGMLD---ETFLDPSSLECIEKV--- 743   
HsPLD2  --LIYIHSKVLIADDRTVIIGSANINDRSLLGKRDSELAVLIEDTETEPSLMNGAEYQAGRFALSLRKHCFGVILGANTRPDLDLRDPI---CDDFFQLW 846   
 
                1110      1120      1130      1140      1150      1160      1170      1180      1190      1200         
        ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|. 
HsPLD1  VSTAARNATIYDKVFRCLPNDEVHNLIQLRDFINKPVLAKEDPIRAEEELKKIRGFLVQFPFYFLSEESL--LPS-----------VGTKEAIVPMEVWT  1074  
AtPLDα  ------N-RISDKYW---------------DFYSSESLEHDLP-----------GHLLRYPIGVASEGDITELPGFEFFPDTKARILGTKSDYLPPIL-TT 810   
HsPLD2  QDMAESNANIYEQIFRCLPSNATRSLRTLREYVAVEPLATVSPPLARSELTQVQGHLVHFPLKFLEDESL--LPP-----------LGSKEGMIPLEVWT  933   
 
    




