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Abbreviations

Lysoplasmalogen (LyPls)-specific phospholipase D (LyPIs-PLD) is an
enzyme that catalyses the hydrolytic cleavage of the phosphoester bond of
LyPls, releasing ethanolamine or choline, and 1-(1-alkenyl)-sn-glycero-
3-phosphate (lysoplasmenic acid). Little is known about LyPls-PLD and
metabolic pathways of plasmalogen (Pls). Reportedly, Pls levels in human
serum/plasma correlate with several diseases such as Alzheimer’s disease
and arteriosclerosis as well as a variety of biological processes including
apoptosis and cell signaling. We identified a LyPIs-PLD from Thermocris-
pum sp. strain RD004668, and the enzyme was purified, characterized,
cloned, and expressed using pET24a(+)/Escherichia coli with a His tag. The
enzyme’s preferred substrate was choline LyPls (LyPlsCho), with only
modest activity toward ethanolamine LyPls. Under optimum conditions
(pH 8.0 and 50 °C), steady-state kinetic analysis for LyPIsCho yielded K,
and ke values of 13.2 pm and 70.6 s~ ', respectively. The ORF of LyPls-
PLD gene consisted of 1005 bp coding a 334-amino-acid (aa) protein. The
deduced aa sequence of LyPls-PLD showed high similarity to those of glyc-
erophosphodiester phosphodiesterases (GDPDs); however, the substrate
specificity differed completely from those of GDPDs and general phospho-
lipase Ds (PLDs). Structural homology modeling showed that two putative
catalytic residues (His46, His88) of LyPls-PLD were highly conserved to
GDPDs. Mutational and kinetic analyses suggested that Ala55, Asn56, and
Phe211 in the active site of LyPls-PLD may participate in the substrate
recognition. These findings will help to elucidate differences among LyPlIs-
PLD, PLD, and GDPD with regard to function, substrate recognition
mechanism, and biochemical roles.

2ME, 2-mercaptoethanol; 4-AA, 4-aminoantipyrine; Cho, choline; COD, choline oxidase; DAGPL(s), diacylglycerophospholipid(s);

DTT, dithiothreitol; Etn, ethanolamine; GDPD, glycerophosphodiester phosphodiesterases; GPC-CP, glycerophosphocholine
cholinephosphodiesterase; GPC, glycerol-3-phosphocholine; GPE-EP, glycerophosphoethanolamine ethanolaminephosphodiesterase;

GPE, glycerol-3-phospho ethanolamine; IAA, iodoacetamide; LPA, 1-stearoyl-2-hydroxy-sn-glycero-3-phosphate; LPC, 1-palmitoyl-2-hydroxy-
sn-glycero-3-phosphocholine; LyPIsA, 1-(1-alkenyl)-sn-glycero-3-phosphate; LyPIsCho, 1-O-1'-(Z)-octadecenyl-2-hydroxy-sn-glycero-3-
phosphocholine (choline lysoplasmalogen); LyPIsEtn, 1-O-1"-(Z)-octadecenyl-2-hydroxy-sn-glycero-3-phosphoethanolamine (ethanolamine
lysoplasmalogen); LyPls, lysoplasmalogen(s); LyPIs-PLD, lysoplasmalogen-specific phospholipase D; NGS, next-generation sequencing; PI,
phosphoinositide; PLA;, phospholipase A;; PLC, phospholipase C; PLD, phospholipase D; PIsA, 2-acyl-1-(1-alkenyl)-sn-glycero-3-phosphate;
Pls, plasmalogen(s); PMSF, phenylmethylsulfonyl fluoride; POD, peroxidase; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; POPE,
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine; SM, sphingomyelin; TODB, N,N-Bis(4-sulfobutyl)-3-methylaniline, disodium salt.
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Data Accessibility
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Thermocrispum sp. strain RD004668 and its 16S rDNA sequence were
deposited in the NITE Patent Microorganisms Depositary (NPMD; Chiba,
Japan) as NITE BP-01628 and in the DDBJ database under the accession
number AB873024. The nucleotide sequences of the 16S rDNA of strain
RD004668 and the LyPls-PLD gene were deposited in the DDBJ database
under the accession numbers AB873024 and AB874601, respectively.

Enzyme

EC number EC 3.1.4.4

Plasmalogens (Pls) are glycerophospholipids with a
vinyl ether bond at the sn-1 position and an ester
bond at the sn-2 position. Pls are broadly found in
organisms from anaerobic bacteria to invertebrate
and vertebrate animals [1]. Pls as well as common
diacylglycerophospholipids (DAGPLs) are important
components of cell membrane. In mammals, Pls con-
stitute 4-32% of the total phospholipid mass, and
are particularly enriched in neural tissue, heart, lung,
and circulating immune cells [2,3]. Although the
functions of Pls have not been fully elucidated, cho-
line Pls (PlsCho) and ethanolamine Pls (PlsEtn)
levels in human serum and plasma correlate with a
variety of biological processes including apoptosis,
cell signaling [4], and various diseases [5-7].
Recently, PIsEtn and PlsCho have been implicated in
several diseases such as Alzheimer’s disease and arte-
riosclerosis [5], respectively. More recently, Maeba
et al. reported that PlsChos, particularly those con-
taining oleic acid (18 : 1) in the sn-2 position, were
strongly associated with a wide range of risk factors
for metabolic syndrome and atherosclerosis and may
therefore be useful biomarkers [7]. As interest grows
in the development of diagnostic reagent kits for
early stage diseases, the Pls-specific enzymes are
receiving increasing attention.

There are several reports on enzymes involved in Pls
metabolism. In mammals, LyPls are formed from Pls by
the action of phospholipase A, (PLA,), which cleaves
the sn-2 acyl bond of DAGPLs to release a free fatty
acid (FFA) [3]. Recently, we also found that phospholi-
pase A; (PLA)), which cleaves the sn-1 acyl bond of
DAGPLs to release FFA, of Streptomyces albidoflavus
NA297 (SaPLA) can hydrolyze PlsCho and PIsEtn to
yield choline lysoplasmalogen (LyPIsCho) and ethanola-
mine lysoplasmalogen (LyPlsEtn), respectively [8]. In
mammals, it is important that removal of the acyl
moiety from sn-2 of Pls by the action of PLA,; is the only
known pathway for generation of lysoplasmalogens
(LyPls). In contrast with Pls, LyPls are amphiphilic and

are normally maintained at very low levels in cell mem-
branes [3]. Wu ef al. reported lysoplasmalogenase
(LyPlsase) identified as an integral membrane protein
TMEMS86B (EC 3.3.2.2 and EC 3.3.2.5) that catalyses
the hydrolytic cleavage of the vinyl ether bond at the sn-
1 position of LyPls, forming fatty aldehyde and sn-gly-
cero-3-phosphoethanolamine (GPE) or sn-glycero-3-
phosphocholine (GPC) [1,9]. They also purified and
characterized LyPlsase from Legionella pneumophila
and cloned its gene [3]. Moreover, they described that
LyPlsase (TMEMS86B) is member of the larger YhhN
family of proteins which are present in 138 species of
eukaryotes and 1205 of bacteria. LyPls can be converted
back into Pls by a transacylase [10]. LyPls can be further
broken down by phospholipase C (PLC) and phospholi-
pase D (PLD) [11-13]. Wolf and Gross reported that
PLC in the cytosolic fraction of canine myocardium can
hydrolyze PIs, releasing the head groups, phospho-
ethanolamine or phosphocholine [14]. Wykle and
Schremmer reported that lysophospholipase D in brain
microsomes can hydrolyze LyPls or 1-O-1'-alkyl-2-
hydroxylglycerophospholipid, releasing ethanolamine
(Etn) or choline (Cho) [11]; however, this enzyme has
not been purified and its gene has not been identified.
We recently found that PLD (PLDgg4) from Strepto-
myces sp. NA684 can hydrolyze PlsCho in the presence
of 0.1-0.2% (w/v) Triton X-100 [15]. To the best of our
knowledge, however, no other information is available
concerning LyPls- or Pls-specific PLD. Also, little is
known about Pls metabolic pathways. Understandably,
their enzymes also remain to be characterized.

In the present study, we describe a novel enzyme,
LyPls-specific PLD (LyPLs-PLD), capable of hydrolyz-
ing LyPls to release the corresponding Cho or Etn
(Fig. 1). Here, we report the purification, characteriza-
tion, molecular cloning of LyPLs-PLD from Thermo-
crispum sp. strain RD004668, as well as its efficient
heterologous production using Escherichia coli. The
identification of LyPls-PLD reveals a new pathway for
Pls metabolism, in particular, in microorganisms. The
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Fig. 1. Hydrolysis of LyPls by LyPIs-PLD.

Table 1. Purification of LyPIs-PLD from Thermocrispum sp. RD004668.

X, choline or ethanoamine

Total Total protein Specific activity Purification

Purification step activity® (U) (mg) (U-mg~" protein) Yield (%) (fold)
84-h culture supernatant 104 588 0.178 100 1.0
85% (NH4),SO,4 ppt 72.8 255 0.285 69.7 1.6
Giga Cap Q-650M 29.4 92.5 0.317 28.1 1.8
PPG-600M 13.4 6.95 1.93 12.8 10.9
RESOURCE Q 12.0 2.09 5.72 1.4 32.2
Superdex 200 7.03 0.778 9.04 6.7 50.9
RESOURCE ISO 2.69 0.157 17.2 2.6 96.8
Mono Q 1.55 3.07 x 1072 50.6 1.5 285

@LyPIs-PLD activity was assayed at 37 °C for 10 min using the reaction mixture containing 80 mm Tris/HCI (pH 8.4), 2 mm CaCl,, and

0.4 mm LyPIsCho.

characterization of LyPls-PLD demonstrates differ-
ences between PLD, the phosphodiesterase family, and
glycerophosphodiester phosphodiesterase (GDPD) [EC
3.1.4.46] with regard to function, substrate recognition
mechanism, and biochemical roles.

Results

Purification and characterization of the wild-type
enzyme

The purified wild-type (WT) enzyme (30.7 pg protein)
with specific activity of 50.6 U-mg~' protein was
obtained from the 1.8-L culture supernatant (Table 1,
Fig. S1A). Next-generation sequencing (NGS) revealed
a predicted ORF of 67 013 base pairs (bp) (Table S1).
The peptide sequence of WT enzyme obtained with LC-
MS was utilized as a probe, and the enzyme gene (/pls-
pld) was identified in the predicted ORF database as
1005 bp encoding a 334-amino acid (aa)-long protein
(Fig. 2). A possible ribosome-binding site (atga) was

FEBS Open Bio 6 (2016) 1113-1130 © 2016 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

identified 40 nucleotides upstream of the start codon,
gtg. Three possible terminator regions (ggccatggceg, ccg-
gacgaggtcegg, and ggteegggee) were found 6-39 nucleo-
tides downstream of the stop codon. Three possible
promoter regions were found ~ 1040 nucleotides
upstream of the start codon: —35, atgtct, tggtcc, and
gtgcta; —10, taaagt and gatgat. Based on SignalP predic-
tion, the N-terminal sequence of the active form of the
enzyme starts at Thr28 of the deduced aa sequence, indi-
cating that the preceding 27-aa residues represent a Sec
signal peptide sequence containing a signal peptidase
recognition site (Ala-Xxx-Ala) that is required for secre-
tion (Fig. 2). The molecular mass of the gene product
(i.e., the 307-aa protein) without the signal sequence is
calculated to be 33 452 Da in agreement with that of the
purified enzyme estimated by SDS/PAGE. The isoelec-
tric point (pI) of the mature enzyme was calculated as
5.55 using GENETYX-MAC version 16.0.8. SOSUI system
analysis [16] indicated that LyPIs-PLD may be a mem-
brane protein with a single transmembrane helix (*'*K
to L**%) and an average hydrophobicity value (—0.227).
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gtgcacccca tgegoagage cgttgtgetg gtegtcacag tegegttggt actggeattt 60

M HPM RRA VVL VVTV ALV L AF 20

cctgggoegg cogeggggga aaccaccaga acgacagaca atccgtgget ggacgegagg 120

PGPA AGE TTR TTDN PWL DAR 40

gtgctcaaca tggcccacge cggeggagaa aatgaagege cagcegaacac getatacgec 180
VLNMAHA GGE NEAP ANT L YA 60

ttcaagcgeg cggtaaaget cggtgegaac atgctcgage tggatgtcca atccaccaag 240

FKRA VKL GAN MLEL DVQ STHK 80

gacgaccagc tggtggtcat ccacaacgcc accgtcgacc agaccaccga cggcaccgge 300

bDbDQ@QL VVI HNA TVDQ@ TTD GTSG 100

aaggtgecgeg acctgacgtt cgagcaagtg cacgagetcg acgeggegta caacttcate 360

KVRD LTF EQV HELD AAY NFII 120

cccggeagge atgeggtgee cggtgageeg ceggagtegt atccactgeg cggtgtgcegg 420

P GRH AVP GEP PESY PLR GVR 140

accggggaaa agaagcecgec gecgggetac cagecgtegg atttcgegat cccgaaactg 480

T GEK KPP PGY QPSD FAI PKTL 160

gecgatgtge tcgaggectt cccgegaacg ccgatcaaca tcgaaatcaa aggcaccage 540

ADVL EAF PRT PINTI ETITK GTS 180

gacgcggaca ttccttegtt cctgcacaac gegaagetgt tggeccgect gttgaaaaag 600

DADI PSF LHN AKLL ARL L KK 200

accggecgea cggacttcat cgtgacgteg ttcaacgacc tcgeggtgge caagttccat 660

T GRT DFI1T VTS FNDL AVA KFH 220

ctgetggege ccgacatcce catcgegect ggaatggecg ggetcgecge gtacttcectg 720

LLAP DIP I AP GMAG LAA YFL 240

ctoggegtca aaccgatgea cggecactgtc gegetgcaaa tteceggtgeg gtatcaggge 780

L GVK PMH GTV ALQTI PVR YAQG 260

ttggaaatcg ccacgecgga gttcatcecge cgggegeacg ccgacggeta cgeggtgeac 840

L EITIA TPE FIR RAHADGY AVH 280

gtgtggttca geggaacgge gocggacgac gaagegacgt acaaccggat catcgactcg 900

vVWFS GTA PDD EATY NRT IDS 300

tgcgecgacg goctgatgee cgectacceg gegetgetgg ageggatcct cgacgagegt 960

CADG LMP AYP ALLERTIL DETR 320

Fig. 2. Deduced amino acid sequence of
LyPIs-PLD. Red letters, conserved active

GGCATCGAGC GTCCGGGCAG GCCGGGCGTG GATCCGTGCG GATGA 1005 center amino acids: underline, signal
G I ER PGR PGV DPCG stop 334 peptide.

1116 FEBS Open Bio 6 (2016) 1113-1130 © 2016 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.
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Table 2. Purification of rLyPIs-PLD produced by E. coli
transformants.
Specific

Total Total activity
Purification  activity®  protein  (U-mg™"  Vield Purification
step (©)] (mg) protein) (%) (fold)
cfe 1318 71.6 18.4 100 1.0
HisTrap HP 340 0.984 345 258 18.8

arLyPIs-PLD activity for LyPIsCho was assayed under standard
assay condition Il (50 °C, pH 8.0, 1-min reaction).

Expression and purification of rLyPls-PLD

High-efficiency production of the recombinant enzyme
(rLyPIs-PLD) was successfully achieved in E. coli BL21
(DE3) and Shuffle T7 cells transformed with pET24a/
Ipls-pld mat_his as well as pET24a/lpls-pld mat. High
specific activity (345 U-mg ' protein) and a large
amount (~ 1 mg protein) of pure rLyPls-PLD were
purified to electrophoretic homogeneity from 200 mL
Shuffle T7 E. coli cells culture carrying pET24a/lpls-pld
mat_his (Fig. SIB and Table 2). Further high-efficiency
extracellular production of rLyPIs-PLD was successfully
achieved in S. lividans cells transformed with an expres-
sion vector pUC702 [15] (data not shown).

Characterization of rLyPIs-PLD

The highest enzyme activity for LyPlsCho hydrolysis
was found at 50 °C and pH 8.0 (Fig. 3). Enzyme activ-
ity was maintained between pH 4.1 and 9.75 at 4 °C
for 4 h. The enzyme was stable between 4 and 37 °C
for 60 min at pH 8.0. LyPls-PLD was activated in the
presence of 0.5-10 mm CaCl, and 25 pm—5 mm AlCl;
but was inhibited by 2 mm MgCl,, EDTA (Table 3),
and > 5 mm AI(IIl) (data not shown). Dithiothreitol
(DTT), 2-mercaptoethanol (2ME), iodoacetamide
(TAA), and phenylmethylsulfonyl fluoride (PMSF) had
no effect on enzyme activity (data not shown).
Although there are two cysteine residues in LyPls-
PLD, no disulfide bond formed judging from the
effects of the reducing reagents (DTT and ITAA).
Enzyme activity decreased with a higher concentration
of Triton X-100 in the reaction mixture (Fig. 4). The
enzyme activity in the absence of Triton X-100 was as
high as that in the presence of 5 ppm Triton X-100.
LyPIs-PLD hydrolyzed liposomal LyPlsCho composed
of 1 mm I-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC)/0.4 mm LyPlsCho with modest activity
(51.6% activity found using micellar LyPIsCho sub-
strate). L-o-Lysophosphatidylcholine (LPC), vr-o-lyso-
phosphatidylethanolamine (LPE), and 1-stearoyl-
2-hydroxy-sn-glycero-3-phosphate  (LPA) inhibited

A novel lysoplasmalogen-specific phospholipase D
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Fig. 3. Effects of pH (A) and temperature (B) on the activity (open
symbols) and stability (closed symbols) of purified rLyPls-PLD. (A)
Enzyme activity was assayed at 37 °C under the standard conditions
in 80 mm of each buffer: sodium acetate (pH 4.0-5.6; open circles),
MES-NaOH (pH 5.6, 6.5; open triangles), BisTris/HCI (pH 6.5, 7.2;
open squares), Tris/HCI (pH 7.2-9.0; open diamonds), and glycine-
NaOH (pH 9.0-9.75; open inverted triangles). To determine pH
stability, the enzyme sample was incubated at 4 °C for 4 h in 50 mm
of each buffer: sodium acetate (pH 4.1-5.5; closed circles), MES-
NaOH (pH 5.5, 6.0; closed triangles), BisTris/HCI (pH 6.0, 7.2; closed
squares), Tris/HCI (pH 7.2-9.0; closed diamonds), and glycine-NaOH
(pH 9.0, 9.5; closed inverted triangles). Residual activity was assayed
under standard assay condition Il (50 °C, pH 8.0). (B) Enzyme activity
(open circles) was assayed at each temperature under standard assay
condition Il. To determine thermal stability, the enzyme sample was
incubated at each temperature for 60 min in 20 mwm Tris/HCI buffer
(pH 8.0), and residual activity (closed circles) was assayed under
standard assay condition Il. Data are the means of experiments
performed in triplicate. Error bars represent the standard deviations.

enzyme activity, but GPC and CDP-choline did not
(Table 4). The enzyme hydrolyzed highly specific for
LyPIsCho; LPC, LyPIsEtn, and LPE were < 5%

FEBS Open Bio 6 (2016) 1113-1130 © 2016 The Authors. Published by FEBS Press and John Wiley & Sons Ltd. 1117
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Table 3. Effect of metal ions on rLyPIs-PLD activity.

Y. Matsumoto et al.

Table 4. Effect of substrate analogs on rLyPIs-PLD activity.

Relative Relative

Chemicals activity (%)? Substrate analogs activity (%)?
None 37.3 +£ 0.6 None 100 + 0.6
CaCl, 100 + 0.7 LPC 60.7 + 0.5
MgCl, 54 + 0.3 LPE 509 £ 04
NaCl 38.1 £ 0.6 LPA 89.8 £ 0.3
KCl 379+ 05 GPC 99.0 + 0.3
AlICl5 84.5 + 0.7 CDP-choline 99.4 + 0.5
EDTA 0

2 rLyPIs-PLD activity was assayed under standard assay condition .
The relative activity was determined by defining the activity with-
out chemicals as 100%. Data represent the means and standard
deviations of experiments performed in triplicate.

100
80
60

40

Relative activity (%)

20 B

aaaal Lo a sl L poaa il n Lo4uaaa
0.001 0.01 0.1 1
[Triton X-100] (%, W/v)

Fig. 4. Effect of Triton X-100 concentration on enzyme activity.
LyPIs-PLD activity was assayed under standard assay condition |
containing each Triton X-100 concentration. Data shown represent
the mean =+ standard deviation (n = 3).

activity compared with that found using LyPlsCho
(Fig. 5). However, POPC, 1-palmitoyl-2-oleoyl-sn-gly-
cero-3-phosphoethanolamine (POPE), PlsCho, PIsEtn,
sphingomyelin (SM), and GPC were not hydrolyzed in
any Triton X-100 concentration tested (data not
shown).

Comparative sequence analysis of LyPls-PLD

A homology search performed using the BLAST algo-
rithm demonstrated that the aa sequence of the mature
LyPIs-PLD shared 68% and 31% identity with
GDPDs from Stackebrandtia nassauensis (snGDPD,;
UniProt accession no. D3QI1US5) [17] and Ther-
moanaerobacter tengcongensis ~ (ttGDPD;  UniProt
accession no. Q8RB32) [18], and showed high similar-
ity with other GDPDs as well (Fig. 6). However, most

@ rLyPIs-PLD activity was assayed under standard assay condition |
containing 4 mm of each substrate analog. The relative activity was
determined by defining the activity without substrate analog as
100%. Data represent the means and standard deviations of exper-
iments performed in triplicate.

T LA A L B
r [ rLyPIs-PLD T
100 4
L | | PLD_,
SR ]
> L
2 60H ]
&} L
©
)
= r 1
s 40 H g
> L ]
[any
20 H 4
0 i I . T P B rr-r-_
LyPIsCho LPC LyPIsEtn LPE

Substrate

Fig. 5. Substrate specificities of rLyPIs-PLD (open bar) and PLDggy4
(closed bar). rLyPIs-PLD and PLDggs activities [15] were assayed
under standard assay condition |. Data shown represent the
mean + standard deviation (n = 3).

of them remain to be biochemically and functionally
characterized. The deduced aa sequence of LyPls-PLD
shared no similarity to those of PLDs and contained
no HKD motifs conserved in many PLDs [19]. A dis-
tance-based phylogenetic analysis revealed that LyPls-
PLD belonged to a member of the GDPD family and
was clearly separated from a group containing PLD
(Fig. 7). Intriguingly, this suggests that GDPD might
be an ancestor protein of PLD. Moreover, LyPIs-PLD
was clearly separated from at a group containing
ptGDPD, pmGDPD, and tmGDPD. Pfam analysis
[20] showed that the N terminus (residues 19-271) of
LyPIs-PLD was assigned as a GDPD family domain
and shared structural similarity with ttGDPD (Protein
Data Bank code: 2PZ0) and GDPD from Parabac-
teroides distasonis (pdGDPD; Protein Data Bank code:
3NO3).

1118 FEBS Open Bio 6 (2016) 1113-1130 © 2016 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.
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Homology modeling analysis and molecular
docking

VERIFY3D showed that the modeled structure exhib-
ited 116.6 of 3D-1D total score (i.e., high modeling
quality), suggesting that it is sufficient for comparative
structural discussion. The modeled structure of LyPls-
PLD showed high similarity to the crystal structures of
GDPDs such as Protein Data Bank code: 3L12,
4R70, 200G, 3QVQ, and 3KS6 and adopted a TIM
barrel fold (Fig. 8). ttGDPD is one of the few GDPDs
that have been well studied and characterized. Thus,
we compared the structural feature of LyPls-PLD and
ttGDPD. Twin arm structure and deep hydrophobic
pocket were observed in LyPIs-PLD, but not in
ttGDPD (Fig. 8C,D). The H46, E73, D75, H88, E175,
F211, and W282 residues in LyPls-PLD were highly
conserved with ttGDPD (Figs 6 and 8G). We specu-
lated that E73, D75, and E175 are probably cal-
ciumion (Ca®")-binding sites. The docking simulation
indicated that the calculated free energy of LyPlsCho
analog binding was —4.2 kJ-mol~'. It also suggested
that H46 and H88 of the putative catalytic residues
were located near phosphate group of the substrate
analog, and E50, AS55, and N56 were observed near
the head group of the substrate analog (Fig. 8G).

Mutational analysis

Except for A55N/D, N56D/Q, E175A, and F211A, we
were unable to successfully express other mutant
enzymes. The E175A variant was inactive, suggesting
that the residue may be important for enzyme activity.
For LyPIsCho, the enzyme activities of mutants AS5N/
D, N56D/Q, and F211A were remarkably decreased
compared with that of WT enzyme, especially N56D
and F211A (Table 5). For LyPIsEtn, the enzyme activi-
ties of AS5N/D and N56D variants were also markedly
declined compared with that of WT enzyme; however,
in the N56Q and F211A variants, there were slight
decrease in the activities. Interestingly, the F211A vari-
ant exhibited higher activity toward PIsEtn than WT
enzyme, but the enzyme activity of the N56Q variant
markedly declined. Also, the other mutations had
almost no effect on PIsEtn hydrolysis.

Enzyme kinetics

Kinetic parameters were summarized in Table 6. WT
enzyme exhibited much higher affinity toward for
LyPlsCho and catalytic efficiency for LyPIsCho
hydrolysis than LyPIsEtn. The V. value was
123 ymol-min~'mg~"' protein (62.5 ummin~"). The
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apparent K, and k., /K, values were 13.2 um and
5345 s 'mm !, respectively (Fig. S2). The catalytic
efficiency (keat/Kn) of F211A mutant for LyPlsCho
was remarkably decreased as compared with LyPIsEtn.

Discussion

There is limited information on Pls metabolic path-
ways and its key enzymes in living organisms. We
identified and characterized a novel LyPls-PLD
involved in PIs metabolism, in particular, in microor-
ganisms (Fig. 9). Moreover, the ORF of /lpls-pld was
identified with NGS, and the peptide was sequenced
with LC-MS. We also efficiently produced rLyPls-PLD
using E. coli.

The putative gtg translational start codon of LyPls-
PLD was similar to ttg in Streptoverticillium cinna-
moneum PLD (StvPLD) [21]. The signal peptide of
LyPIs-PLD had a typical Sec signal sequence, suggest-
ing that it should be secreted via the secretory pathway
(Sec-system  secretion) [22]. Most  Streptomyces
phospholipases are secreted via the Sec-system path-
way [15,23-26] except for PLC [23] and C-type
enzymes such as glycerophosphocholine cholinephos-
phodiesterase (GPC-CP) [27] and glycerophospho-
ethanolamine ethanolaminephosphodiesterase (GPE-EP)
[28] that are secreted via a Tat-system pathway. The
deduced aa sequence of LyPls-PLD showed high simi-
larity to those of other bacterial GDPDs such as
snGDPD [17] and ttGDPD, but no similarity to those
of known PLDs. The catalytic reaction of LyPls-PLD
is identical to those of GDPD and PLD in terms of
hydrolysis of the same phosphoester bond; however,
the substrate specificity differs completely from those
of GDPD and PLD. In general, GDPDs display broad
specificity for glycerophosphodiesters; GPC, GPE,
glycerophosphoglycerol, and bis(glycerophosphoglyc-
erol) [18,29]. Conversely, LyPIs-PLD exhibited no
activity toward GPC, DAGPLs, or PIs but high speci-
ficity to LyPIsCho. Moreover, the phylogenetic analy-
sis revealed that LyPls-PLD belongs to GDPD
superfamily because of clear separation from a group
containing one other GDPD group as well as PLD. It
also indicates that the GDPD gene could be an ances-
tral gene of PLD. According to Pfam, the GDPD fam-
ily is a member of the clan PLC (CL0384), which
contains two GDPD families and two phosphoinosi-
tide (PI)-PLC families. The GDPD family appears to
have weak similarity to mammalian PI-PLCs, suggest-
ing that the family may adopt a TIM barrel fold
(PF00388).

The enzyme activity of LyPls-PLD was maximal at
pH 8.0, resembling that of Streptomyces chromofuscus
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Fig. 6. Multiple-sequence alignment of LyPls-PLD and GDPDs. The alignment was performed using GeneTyx-mac ver. 17.0.8 (GENETYX
Corp., Tokyo, Japan). snGDPD, GDPD from Stackebrandtia nassauensis strain DSM 44728 (UniprotKB accession number D3Q1U5);
cwGDPD, GDPD from Conexibacter woesei strain DSM 14684 (D3F5R1); ttGDPD, GDPD from Caldanaerobacter subterraneus subsp.
tengcongensis (Thermoanaerobacter tengcongensis) strain DSM 15242 (Q8RB32); ptGDPD, GDPD from Pelotomaculum thermopropionicum
strain  DSM 13744 (A5D3P2); pmGDPD, GDPD from Pseudomonas mendocina strain ymp (A4XQ14); tmGDPD, GDPD from
Thermaerobacter marianensis strain ATCC 700841 (E6SMM5). Highly conserved amino acids are shaded in black and gray for each protein.
Symbols: open triangles, putative catalytic residues; closed circles, putative metal ion-binding sites; open squares, predictive substrate

recognition residues.

ptGDPD (264 aa)

pmGDPD (304 aa)

Fig. 7. Tree view exhibiting amino acid

tmGDPD (626 aa)

sequence similarity of LyPls-PLD with the
other GDPDs and PLDs. The tree was

#GDPD (240 aa)

constructed using ClustalW. The 0.1 scale
represents a genetic unit reflecting 10%
of the amino acid substitutions. The

cwGDPD (433 aa)

31% identity
snGDPD (334 aa)

phylogenetic tree drawn using TreeView
includes the following: ptGDPD, pmGDPD, |
tmGDPD, ttGDPD, cwGDPD, snGDPD,

SaPLD of Streptomyces antibioticus

(UniprotKB accession number Q53728),

68% identity
LyPIs-PLD (334 aa)

and PLDggs (DDBJ accession number
AB771745).

PLD (ScPLD; pH 7.5-8.5) [30] or ttGDPD (pH 9.0)
[31] and E. coli GDPD (pH 9.0) [29], but not the other
Streptomyces PLDs (pH 5.0-6.0) [23.24,32]. The pre-
dicted pI 5.55 of LyPIs-PLD was much lower than pI 8
of PLD from Streptomyces racemochromogenes strain
10-3 [33] but similar to those of ScPLD [30], plant PLDs
such as Arabidopsis thaliana [34], and Vitis vinifera [35],
which are 5.1, 5.6, and 6.27, respectively. We hypothe-
sized that the higher maximal pH of LyPls-PLD is per-
haps required for Ca®>' to act as the electrophile
(Fig. S3). The observed maximum temperature of
enzyme activity (50 °C) is almost the same as those of
other Streptomyces PLDs (50-60 °C) [23,24,32]. It is
lower than Streptomyces tendae PLD (70 °C) [32] and
Streptomyces olivochromogenes PLD (75 °C) [32] but
matches the optimum growth temperature (45 °C) of
strain RD004668. LyPls-PLD was stable over a broad
pH range (pH 4-10) at 4 °C for 4 h and at 4-37 °C (pH
8.0) for 1 h; however, incubation at 70 °C for 1 h (pH
8.0) decreased relative activity to < 10%, indicating that
the enzyme is somewhat heat unstable compared with
other PLDs. As for GDPD, there is no published infor-
mation about these characteristics.

Liang et al. proposed that ttGDPD binds substrate
via the coordination effect of a metal ion, and a possi-
ble role for the ion in the catalytic reaction would be
acting as an electrophile to stabilize the reaction

0.1

SaPLD (556 aa)
} 89% identity

L PLDg, (538 aa)

intermediate [18]. This is similar to the coordination
effect of metal ion on PI-PLC. Almost all Strepto-
myces PLDs exhibit Ca’"-independent activity [19];
however, some PLDs such as from S. racemochromo-
genes [33], S. olivochromogenes [36], and S. tendae [32]
are Ca’"-dependent enzymes, and the iron-containing
enzyme ScPLD is activated by Ca®" [19,37]. Addition-
ally, both Ca®"-dependent and -independent PLDs
have been found in mammals, yeasts, bacteria, and
nearly all plants; these PLDs also require a micro- to
millimolar Ca®" concentration to stimulate activity
[38]. Because LyPls-PLD is a Ca®*-dependent enzyme,
the catalytic mechanism of LyPls-PLD might be simi-
lar to that of Ca?"-dependent PLD or GDPDs. In
fact, H46 and H88 in LyPIs-PLD were highly con-
served with those in the catalytic residues of GDPDs
as well as PLD. The X-ray crystal structure analysis of
ttGDPD revealed that E44, D46, E119, two water
molecules, and the OH group of glycerol compose an
octahedral arrangement that exhibits tetragonal
bipyramidal coordination with a glycerol molecule
binding at one Ca®"’ ion; however, native ttGDPD
activity requires Mg>" but not Ca’>’ as a cofactor
[18]. It is well known that hard acids such as Ca®"
and Mg®>" form a complex with hard bases such as
water molecules, OH™, COO™, phosphate (PO?‘), and
RNH,. Thus, most phosphodiesterases such as acid

FEBS Open Bio 6 (2016) 1113-1130 © 2016 The Authors. Published by FEBS Press and John Wiley & Sons Ltd. 1121


http://www.uniprot.org/uniprot/Q53728
http://www.uniprot.org/uniprot/A5D3P2

A novel lysoplasmalogen-specific phospholipase D Y. Matsumoto et al.

LyPIs-PLD

Twin arm

+5

Side view

Fig. 8. Ribbon representation of ttGDPD
structure (panel A, Protein Data Bank
code: 2PZ0) and homology-modeled
structure of LyPIs-PLD (B). The structures
are represented in ribbon models from the
same viewpoint. The secondary structural
elements are shown in magenta (a-helix)
and yellow (B-strand). Surface
representations of ttGDPD (C, E) and
LyPIs-PLD (D, F, G). Panels C and D, the
surface models are colored according to
the electrostatic potential, from —5 (red,
negative charge) to +5 (blue, positive
charge). Panels E and F, the surface
models are colored according to the
hydrophobicity, from magenta (hydrophilic)
to yellow (hydrophobic) in five steps.
Panel G, putative active site of LyPIs-PLD.
Amino acid residues are depicted as stick
model. The active site computationally
docked with C3-alkenyl-LyPIsCho of the
substrate analog depicted as a stick-and-
ball model. The putative Ca®*-binding
position is shown as a black ball.

Hydrophilic Hydrophobic

Top view Active center
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Table 5. Hydrolytic activities of WT enzyme and mutants with
LyPls and PIsEtn.

Relative activity (%)?

Variants LyPIsCho LyPIsEtn PIsEtn
WT 100 6.48 0.971
AB5N 51.6 2.94 0.784
AB5D 47.0 3.78 1.01
N56D 8.38 1.83 0.811
N56Q 55.2 5.42 0.410
F211A 20.0 5.53 1.24

WT = wild-type enzyme.

@ The enzyme activity was assayed under standard assay condition
Il. The relative activity was determined by defining the activity of
WT enzyme as 100%.

phosphatase from Francisella tularensis (Protein Data
Bank code: 2D1G) [39] and GPC-CP [27] and GPE-
EP [28] from Streptomyces sanglieri appear to utilize
Ca’" to activate the serine OH group and form a
covalent serine-phosphoryl intermediate. The inhibitor
test demonstrated that active serine and cysteine resi-
dues would not affect LyPls-PLD activity. Interest-
ingly, LyPIs-PLD was activated by Ca>" and inhibited
by Mg>": however, ttGDPD exhibits high activity in
the presence of Mg®" but lower activity in the pres-
ence of Ca’>" [18]. The reason underlying the dis-
crepant metal ion-dependency between ttGDPD and
LyPIls-PLD remains unclear. With regard to LyPls-
PLD, calcium ion may play a key role in stabilizing
phosphate group of the substrate and the reaction pro-
duct, lysoplasmenic acid (LyPIsA; 1-(1-alkenyl)-sn-gly-
cero-3-phosphate) as well as role as electrophile
(Fig. S3). The LyPIs-PLD hydrolytic activity was also
enhanced ~ 2-fold in the presence of 0.1-1 mm AlCI;,
The effect of AI(IIT) on LyPls-PLD activity seems be
the intrinsic property. Likewise, PLD hydrolytic activ-
ity from Actinomadura sp. No. 362 was also stimulated
~ 1.4-fold by 1 mm AICI;, [40]. Ogino et al. reported
that the transphosphatidylation activity for PC and PE
of StvPLD was enhanced by AI(III) (~ 2.5-fold); how-
ever, the hydrolytic activity was unaffected with up to
5 mMm AI(IIT) and was completely inhibited by > 5 mm
AI(IIT) [21]. We hypothesize that the physical

Table 6. Steady-kinetic parameters of WT enzyme and F211A mutant.
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condition of the substrate micelles (e.g., size and form)
was changed with the concentration of AI(III), thus
affecting activity. We previously reported a similar
result upon enhancement of sphingomyelinase activity
by Mg " ions [41].

We also assessed the effect of Triton X-100 on
LyPlIs-PLD activity. The hydrolytic activity of Strepto-
myces phospholipases are generally stimulated by Tri-
ton X-100 [25,26,32,42-44] because their substrate
recognition mechanisms appear to depend on substrate
form such as emulsified substrate or mixed micelle sub-
strate with Triton X-100 [15]. In contrast, LyPls-PLD
activity declined with increasing Triton X-100 concen-
tration in the reaction mixture. We recently reported
that the substrate recognition mechanism of PLDggy
depended on substrate forms and preferred mixed
micelle substrates to liposomal substrates [15]. Like-
wise, LyPls-PLD  preferred the micelle-formed
LyPIsCho substrate to the liposomal LyPlsCho com-
posed of 1 mm POPC/0.4 mm LyPlsCho with modest
activity  (51.6%  activity found using micellar
LyPIsCho). This indicates that LyPls-PLD may prefer
unimolecular micelle or liposomal substrate but not
Triton X-100/LyPlsCho-mixed micelle.

The structure modeling analysis suggested that
LyPlIs-PLD would be similar to the crystal structure of
ttGDPD as well as other GDPDs but not those of bac-
terial PLDs [19,45]. Also, the model structure of LyPls-
PLD appeared to adopt a TIM barrel fold. Surpris-
ingly, conjugated polyketone reductase C2 (Protein
Data Bank code: 4H8N) from Candida parapsilosis
(NADPH-dependent ketopantoyl lactone reductase)
also adopts a TIM barrel fold, and its active site inter-
acts with the two phosphate groups of NADPH [46].
Thus, the TIM barrel fold could play a key role in the
interaction with the phosphate group. Shi er al. [18]
discussed the catalytic mechanism of ttGDPD using its
crystal structure. Based on their findings, we speculated
that the catalytic mechanism of LyPls-PLD would be
similar to those of ttGDPD and PLD [47]. Namely,
LyPIs-PLD would bind the substrate via the coordina-
tion effect of Ca®>", and two histidines (H46 and H88)
certainly play a role as acid-base catalyst like in
ttGDPD and PLD (Fig. S3). With regard to the

keat (s71) Ken (M) Kool K (7 "-mim ™)

LysPIsCho LysPIsEtn LysPIsCho LysPIsEtn LysPIsCho LysPIsEtn
WT 70.6 4.51 1.32 x 1072 0.456 5345 9.9
F211A 24.8 2.88 0.112 0.281 221 10.3

WT = wild-type enzyme.
The enzyme activity was assayed under standard assay condition .
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Fig. 9. Predicted pathway and enzymes concerned with Pls metabolism. a, 71-alkenyl-2-acylglycerol choline phosphotransferase
(EC 2.7.8.22); b, PLC (EC 3.1.4.3); c, ethanolamine phosphotransferase (EC 2.7.8.1); d, PLD (EC 3.1.4.4); e, 1-alkenylglycerophosphocholine
O-acyltransferase (EC 2.3.1.25); f, 1-alkenylglycerophosphoethanolamine O-acyltransferase (EC 2.3.1.23); g, PLA, (EC 3.1.1.4); h,
alkenylglycerophosphocholine hydrolase (EC 3.3.2.2); i, alkenylglycerophosphoethanolamine hydrolase (EC 3.3.2.5); ENPP6, ectonucleotide
pyrophosphatase/phosphodiesterase family member 6 (EC 3.1.4.-) [56]; SaPLA;, PLA; from S. albidoflavus NA297; PIsA, 2-acyl-1-(1-alkenyl)-

sn-glycero-3-phosphate; LyPIsA, 1-(1-alkenyl)-sn-glycero-3-phosphate; un, unknown.

catalytic residue, two histidines were conserved between
LyPIs-PLD and ttGDPD, as well as in other GDPDs
and PLDs. Interestingly, GPC-CP and GPE-EP (i.e., a
PLC-like enzyme), which cleave GPC or GPE into
glycerol and phosphocholine or phosphoethanolamine,
utilize two histidines to bind the substrate’s phosphate
[28]. However, the substrate specificity of LyPls-PLD
completely differs from those of GDPD and PLD.
Mutational analysis demonstrated that AS55 and
N56 might be involved in the head group recognition.
The N56D mutant, which changes from amide group
of Asn to the negative charge of carboxyl group of
Asp residue at reaction pH 8, unexpectedly exhibited a
remarkable decrease of LyPlsCho hydrolysis activity
but had a minimal effect on PIsEtn hydrolysis activity.
However, the same mutation had a small effect on
LyPIsEtn hydrolysis activity compared with LyPlsCho.
Most interestingly, the N56Q variant, in spite of locat-
ing distant from sn-2 acyl chain of PIsEtn, exhibited
~40% activity for PIsEtn compared with the activity
of the WT enzyme, whereas the other variants, except
for F211A, had a modest and almost no effect on

1124

PIsEtn hydrolysis. Based on these results, we reasoned
that replacement of Asn56 with Gln is a mutation that
permits LyPIsEtn hydrolysis but not PlsEtn, while a
longer chain might interrupt LyPIsCho binding due to
a bulky Cho rather than an Etn head group. More-
over, the kinetic analysis demonstrated that the affinity
of LyPIsCho to the enzyme markedly decreased in
F211A mutant due to the replacement of Phe, which
has a bulky and hydrophobic side chain, by Ala with
a small methyl group. This suggests that the Cho head
group might interact hydrophobically with Phe group
of F211 when the enzyme incorporates the substrate.
However, F211 and W282 were located in close prox-
imity to sn-1 ether bond and its alkyl chain of the sub-
strate analog, but not near the Cho head group. Thus,
we considered that F211 and W282 residues could
interact with the sn-1 ether bond and its alkyl chain of
LyPls substrate. Further investigation into the pro-
tein’s structure is required to elucidate the mechanisms
responsible for LyPls-PLD substrate recognition. Crys-
tal structure determination and more detailed mutation
analyses are currently in progress.
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The inhibition study results suggested that com-
pounds such as GPC and CDP-choline with no acyl
chain and ether bond were not LyPls-PLD substrates
and were unable to enter enzyme’s active center. Com-
pared with LPC and LPE, the inhibitory effect of LPA
was weak; however, LPC and LPE can be LyPIs-PLD
substrates. Additionally, LyPIs-PLD preferred the Cho
head group over Etn of lysophospholipids as well as
LyPls. Wu et al. [1] reported that 50% of LyPlsase
activity was inhibited with 50 um LPA. As for LyPls-
PLD inhibition, a concentration of 4 mm analog (10-
fold higher concentration toward LyPlsCho substrate)
was required to inhibit enzyme activity (Table 4). Sub-
strate specificity profiling of LyPls-PLD showed that the
enzyme recognizes a vinyl ether bond at the sn-1 posi-
tion and the head group (Fig. 5, Tables 5 and 6). Taken
together, we concluded that LyPls-PLD would preferen-
tially recognize the sn-1 vinyl ether bond and then the
head group. Yet, LyPls-PLD likely prefers vinyl ether
bond over acyl ester bond at the sn-1 position.

Finally, we concluded that LyPIs-PLD is a novel
LyPIsCho-specific enzyme that is clearly different from
any known PLD as well as GDPD; however, the cat-
alytic mechanism of LyPls-PLD seems similar to that
of ttGDPD rather than PLD (Fig. S3). The identifica-
tion of LyPIs-PLD reveals a new pathway for Pls meta-
bolism, in particular, in microorganisms. We showed
that LyPIs-PLD is obviously different from PLD and
the phosphodiesterase families containing GDPD with
regard to the catalytic function, substrate recognition
mechanism, and biochemical roles. More detailed
mutation analyses are currently in progress to elucidate
the substrate recognition mechanism of LyPls-PLD.
Further advances in this area could lead to the develop-
ment of diagnostic reagent kits for early stages of dis-
eases such as Alzheimer’s disease and arteriosclerosis.

Materials and methods

Materials

1-0-1"-(Z)-octadecenyl-2-hydroxy-sn-glycero-3-phosphocho-
line (LyPlsCho), 1-(1Z-octadecenyl)-2-arachidonoyl-sn-
glycero-3-phosphocholine (PlsCho), LPC, LPA, POPC,
1-O-1"-(Z)-octadecenyl-2-hydroxy-sn-glycero-3-phosphoetha-
nolamine (LyPlIsEtn), 1-(1Z-octadecenyl)-2-arachidonoyl-sn-
glycero-3-phosphoethanolamine (PlsEtn), and POPE were
purchased from Avanti Polar Lipids, Inc. (Alabaster, AL,
USA). LPE was purchased from Doosan Serdary Research
Laboratories (Toronto, ON, Canada). SM and Etn
hydrochloride were purchased from Sigma-Aldrich Japan
Co., LLC (Tokyo, Japan). GPC was purchased from
Bachem AG (Torrance, CA, USA). CDP-choline and Cho
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hydrochloride were purchased from Wako Pure Chemical
Industries Ltd. (Osaka, Japan). Bacto-peptone and Bacto-
malt extract were purchased from Becton, Dickinson and
Company (Franklin Lakes, NJ, USA). Toyopearl Giga Cap
Q-650M and Toyopearl PPG-600M were purchased from
Tosoh (Tokyo, Japan). RESOURCE Q, RESOURCE ISO,
Mono Q, Superdex 200 10/300 GL, and HisTrap HP col-
umns were purchased from GE Healthcare Japan (Tokyo,
Japan). Choline oxidase (COD) from Arthrobacter globi-
formis was from Asahi Kasei Pharma (Tokyo, Japan).
Peroxidase (POD) and yeast extract BSP-B were purchased
from Oriental Yeast Co., Ltd. (Tokyo, Japan). 4-Aminoan-
tipyrine (4-AA) was purchased from Nacalai Tesque Inc.
(Kyoto, Japan). N,N-Bis(4-sulfobutyl)-3-methylaniline, dis-
odium salt (TODB) was purchased from Dojindo Labora-
tories (Kumamoto, Japan). His6-tagged recombinant amine
oxidase (rSrAOX) from Syncephalastrum racemosum was
produced using pET24a(+)/E. coli and purified using affin-
ity column chromatography with HisTrap HP [48]. All
other chemicals were of the highest or analytical grade.

Bacterial strains, plasmids, and culture
conditions

Approximately 200 actinomycetes strains were obtained
from NBRC (the NITE Biological Resource Center, Chiba,
Japan), and LyPls-PLD producers were screened with
enzyme activity assays. Strain RD004668 (RD4668) showed
the highest LyPls-PLD activity in 5 mL cultivation and was
selected for further investigation. Strain RD4668 from excre-
ment of Kanagawa, Japan was identified as Thermocrispum
sp., a near relative of Thermocrispum municipal, based on
morphological, physiological, biochemical characterizations,
and 16S rDNA sequence analysis. The 16S rDNA sequence
of strain RD4668 was deposited in the DDBJ database under
accession number AB873024. Strain RD4668 was deposited
as NITE BP-01628 in the NITE Patent Microorganisms
Depositary (NPMD; Chiba, Japan). The optimum growth
temperature of strain RD4668 is 45 °C. Strain RD4668 was
incubated in 5 mL ISP2 medium (1% malt extract, 0.4%
yeast extract, 0.4% glucose, pH 7.3) supplemented with
0.41 mm Brij35 at 45 °C for 48 h with shaking (160 strokes
per min). Next, I mL of the 48-h culture was transferred into
a 500-mL flask containing 100 mL ISP2 medium and incu-
bated at 45 °C for 84 h with shaking (180 rpm).

Purification of LyPls-PLD

All procedures were performed at 4 °C. The culture super-
natant was obtained from the 2.4 L culture by centrifuga-
tion (18 800 g, 10 min) after 84 h of culturing. The
1.8 L culture supernatant was placed in
(NH4),SOy4 solution at 85% saturation containing buffer A
(20 mm Tris/HCI buffer, pH 8.0) for 2 h. The precipitation
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was collected by centrifugation (18 800 g, 10 min) and sus-
pended in buffer B (buffer A, pH 9.0), followed by dialyz-
ing against buffer B. After removing insoluble materials by
centrifugation (21 800 g, 10 min), the obtained supernatant
was loaded onto a Toyopearl Giga Cap Q-650M column
(2.5 x 4.0 cm) equilibrated with buffer B. After washing
the column with three column volumes (3 CV), the bound
proteins were eluted with a linear gradient (20 CV) of 0 to
1 M NaCl in buffer B at 2 cm-min~'. Ammonium sulfate
was added to the active fractions to 1.5 m followed by load-
ing onto a Toyopearl PPG-600M column (2.5 x 4.0 cm)
equilibrated with 1.5 M (NH,4),SOy4/buffer A. After washing,
the proteins were eluted with a linear gradient (15 CV) of
1.5 to 0 M (NH4),SO4 in buffer A and with buffer A (10
CV) at 2 cm'min~'. The active fractions were pooled, and
the buffer was replaced with buffer B using Vivaspin 20—
10 000 MWCO (Sartorius AG, Goettingen, Germany) fol-
lowed by loading onto a RESOURCE Q column (1 mL)
equilibrated with buffer B. The proteins were eluted with a
linear gradient (40 CV) of 0 to 0.5 m NaCl in buffer B at
6 cm-min~'. The active fractions were concentrated using
Vivaspin followed by loading onto a Superdex 200 column
(24 mL) equilibrated with 0.15 m NaCl/buffer A. The pro-
teins were eluted with the same buffer at 37.5 cm-h~'. The
active fractions were exchanged to 1.5 m (NHy4),SOy4/buffer
A using Vivaspin followed by loading onto a RESOURCE
ISO column (1 mL) equilibrated with the same buffer.
After washing, the proteins were eluted with a linear gradi-
ent (40 CV) of 1.5 to 0 m (NH4),SO4 in buffer A at
6 cmmin~'. The buffer of the active fractions was
exchanged to buffer B using Vivaspin followed by loading
onto a Mono Q column (1 mL) equilibrated with the same
buffer. After washing, the proteins were eluted with a linear
gradient (40 CV) of 0 to 0.4 wm NaCl in buffer B at
6 cm-min~'. Fractions exhibiting high specific LyPls-PLD
activity and running as a single band on SDS/PAGE were
pooled and used in subsequent investigations.

Enzyme activity assays

The WT enzyme activity for LyPlsCho was assayed by
measuring the Cho formation rate as follows. Solutions of
TODB, 4-AA, and POD were prepared in distilled water.
The standard assay mixture (50 pL) containing 80 mwm
Tris/HCI (pH 8.0), 0.4 mm LyPlIsCho, and 2 mm CaCl, was
incubated at 37 °C for 5 min. The assay was started by
addition of 10% (v/v) enzyme solution and further incuba-
tion at 37 °C for 10 min (standard assay condition ). A
colorimetric solution (200 pL) containing 0.03% (w/v) 4-
AA, 0.02% (w/v) TODB, 0.75 U-mL~' COD, 5 U-mL™!
POD, and 10 mm EDTA was added to the enzyme reaction
mixture to stop the reaction and determine the concentra-
tion of Cho ([Cho]) released by the enzyme reaction.
Absorbance at 550 nm (Assg) based on a quinone dye gen-
erated by the coupling reaction of H,O, with 4-AA and
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TODB was measured using a Multiskan FC microplate
reader (Thermo Fisher Scientific K.K., Kanagawa, Japan).
The concentration of produced H,O, ([H,O,]) was deter-
mined by measuring the absorbance at 550 nm (Assg) using
a calibration curve generated from known [H,0,]. One unit
(U) of enzyme activity was defined as the amount of
enzyme that released 1 pmol Cho from LyPlsCho per min.
The enzyme activity for LyPIsEtn was assayed by measur-
ing the rate of Etn formation. The concentration of Etn
([Etn]) released by the enzyme reaction with the standard
assay mixture containing 0.4 mm LyPIsEtn was determined
using 0.75 UmL™" rSrAOX instead of COD, and the
others were determined as described above.

NGS and ORF prediction

The chromosomal DNA of strain RD4668 was purified
according to Pospiech and Neumann [49]. The genome
sequencing was performed using Illumina HiSeq 2000 (Illu-
mina Inc., San Diego, CA, USA) in accordance with the
manufacturer’s instructions. Adaptor trimming and assem-
bling were performed using cutadapt (https://cutadapt.
readthedocs.io/en/stable/) and Velvet (http://www.ebi.ac.uk/
~zerbino/velvet/), respectively. ORFs were predicted by getorf
(http://emboss.bioinformatics.nl/cgi-bin/emboss/getorf). The
OREF database was constructed and utilized for the PROTEINLYNX
GLOBAL SERVER database.

Protein analyses

The protein concentration was determined with a bicin-
choninic acid protein assay reagent kit (Thermo Fisher Sci-
entific K.K.) with bovine serum albumin as the standard.
SDS/PAGE analysis was carried out according to the
Laemmli method [50]. Internal terminal aa sequencing of the
~ 35-kDa band was performed with nanoLC-MS/MS on a
Xevo QTOF MS system (Waters Corp., Milford, MA, USA)
as described previously [25]. The enzyme gene was identified
on PROTEINLYNX GLOBAL SERVER, version 2.3 (Waters) using
the ORF database based on the NGS results.

Nucleotide and peptide sequence accession
numbers

The nucleotide sequences of the 16S rDNA of strain
RD4668 and the LyPls-PLD gene, designated Ipls-pld, were
deposited in the DDBJ database under the accession num-
bers AB873024 and AB874601, respectively.

Functional expression and purification of
recombinant LyPls-PLD

An expression vector pET24a(+) (Merck KGaA, Darm-
stadt, Germany) was used, and two recombinant plasmid
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vectors, pET24a/lpls-pld mat (without His tag) and pET24a/
Ipls-pld mat_his (with His tag), were constructed to produce
active LyPls-PLD as previously reported [28]. The recombi-
nant vector pET24a/lpls-pld mat carried the gene for mature
LyPIs-PLD, Ipls-pld mat, between the Ndel and EcoRI sites
of pET24a(+), while pET24a/lpls-pld mat_his contained Ipls-
pld mat between the Ndel site and a C-terminal His6 tag.
To construct pET24a/lpls-pld mat, PCR primers were
designed based on the ORF of /pis-pld identified in the ORF
database. The forward primer 5'-ttcatatgaccaccagaacgacaga-
caatc-3’ containing the N-terminal codon (Ndel, single
underline; Thr, italics) and the reverse primer 5'-
ttgaattctcatccgeacggategacgeee-3' containing the stop codon
and EcoRI site were used. One Shot BL21 (DE3) Chemi-
cally Competent E. coli (Thermo Fisher Scientific K.K.)
cells were transformed with the recombinant expression vec-
tors, after which the transformants were selected on Luria—
Bertani (LB) agar plates containing 50 pg-mL ™' ampicillin
(LBA) and then confirmed by colony PCR. Each transfor-
mant was screened for LyPls-PLD activity during 5 mL cul-
tivation in LBA broth, and those exhibiting the highest
activity were selected. To construct pET24a/lpls-pld mat_his,
His6 tag was joined to the C-terminal aa sequence of LyPlIs-
PLD by inverse PCR as previously reported [48] using
pET24a/lpls-pld mat as a template and the inverse primers
5’-caccaccaccaccaccactg-3’ and 5'-tccgcacggatcgacgeecgg-3’.
SHuffle® T7 Express Competent E. coli cells (New England
Biolabs Japan, Tokyo, Japan) were transformed with the
recombinant expression vectors, after which the transfor-
mants were selected on LB agar plates containing
30 pgmL™' kanamycin (LBK). Finally, a transformant
exhibiting the highest activity was selected as above. Shuffle
T7 E. coli cells harboring pET24a/lpis-pld mat_his were
inoculated into a test tube containing 5 mL LBK seed med-
ium and cultivated overnight at 30 °C with shaking
(160 strokes-min~'). Thereafter, 1% (v/v) inocula were
transferred to 500-mL flasks containing 100 mL of LBK
fermentation medium and cultivated at 30°C with shaking
(160 rpm). After 24 h, 0.4 mm isopropyl-p-p-thiogalacto-
pyranoside was added, and the cultures were continued for
an additional 4 h at 30°C. Two hundred milliliters of the
recombinant E. coli cell cultures were then centrifuged
(18 800 g, 20 min), and the resulting cell paste (~ 2 g wet
weight) was washed twice and suspended in buffer A. The
cells were disrupted using a sonicator UD-201 (Tomy Seiko
Co., Ltd., Tokyo, Japan; 100 W, 20 kHz, 10 min, on ice)
and centrifuged at 21 800 g for 20 min. The cell-free
extracts (cfe) were then loaded onto a HisTrap HP column
(5 mL) equilibrated with 0.5 M NaCl, 5 mm imidazole/
50 mm buffer A. After washing, the proteins were eluted
with a linear gradient (15 CV) of 5 to 500 mm imidazole in
the same buffer at 1.5 cm-min~'. Fractions exhibiting high
specific activity with high purity were pooled followed by
buffer exchange into buffer A as described above and used
for subsequent investigation.
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Enzymatic characterization

The purified rLyPls-PLD was used for enzymatic character-
ization. Except for LyPIsCho, LyPlsEtn, SM, and GPC, the
insoluble substrates such as PlsCho, PlsEtn, and PLs were
dispersed in distilled water by vortexing and sonication.
The liposomal substrate composed of I mM POPC/0.4 mM
LyPlsCho was prepared according to the hydration method
and used as liposomal substrate [26,51]. The enzyme activ-
ity toward each substrate was assayed under standard assay
condition I. The effect of metal ions on enzyme activity
was investigated under standard assay condition I with the
same buffer containing 2 mm metal ion, EDTA, or 1 mm
inhibitor. Inhibitors assessed were DTT, 2ME, TAA, and
PMSEF. The effect of Triton X-100 concentration ([Triton
X-100]) and Ca®" concentration ([Ca>"]) on enzyme activ-
ity was investigated under standard assay condition I. The
effect of substrate analogs on LyPls-PLD activity was
examined under standard assay condition I containing
0.4 mm LyPIsCho and 4 mm substrate analog. All experi-
ments were carried out three times independently.

Each buffer (sodium acetate, MES-NaOH, BisTris/HCI,
Tris/HCI, and glycine-NaOH) was used to investigate the
effect of pH on enzyme activity and stability. The opti-
mum pH was examined under standard assay condition I
(37 °C, 1 min) with 0.4 mm LyPIsCho and 2 mm CaCl, in
80 mm of each buffer. To determine pH stability, the
enzyme sample was incubated at 4 °C for 4 h in 50 mm of
each buffer. The residual activity was assayed under stan-
dard assay condition I (50 °C, pH 8.0 for 1 min: standard
assay condition II). The optimum temperature was deter-
mined by measuring enzyme activity at each temperature
under standard assay condition II. To determine thermal
stability, the enzyme sample was incubated at each temper-
ature for 60 min in 20 mm Tris/HCI buffer (pH 8.0), and
the residual activity was assayed under standard assay con-
dition II. All experiments were independently carried out
three times.

Steady-state kinetics

For rLyPIs-PLD, the initial velocity (v) of the enzymatic
reaction for 30 s (LyPlsCho) or 3 min (LyPIsEtn) was
determined at several substrate concentrations ([LyPlsCho])
under standard assay condition II. The concentration of
rLyPls-PLD in the reaction mixture was held constant at
0.508 pg-L~" (14.8 nm) for LyPIsCho and 148 nwm for LyPI-
sEtn calculated as a monomeric protein with molecular
mass of 34 405.58 Da with a His6 tag and Met start codon,
without the signal peptide. The corresponding v versus
[LyPIsCho] plot was evaluated using the Michaelis-Menten
equation. For the WT enzyme, the kinetic constants K,
Viax, and ke, were determined using nonlinear regression
(KALEIDAGRAPH, Synergy Software, Reading, PA, USA).
For the mutant enzyme, F211A, kinetic constants were
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determined by extrapolation using the Hanes—Woolf plot
([S]/v versus [S]) by linear regression (KALEIDAGRAPH). The
K, and V. were determined from the x-intercept and
slope of the regression line, respectively.

Homology modeling of LyPls-PLD and docking
model with substrate analog

Based on a template of five proteins (Protein Data Bank
code, 3L12, 4R70, 200G, 3QVQ, 3KS6), the homology
model of LyPIs-PLD was created using an HHPRED
search (http://toolkit.tuebingen.mpg.de/hhpred) [52] and
Modeller 9.16 (http://toolkit.tuebingen.mpg.de/modeller)
[53]. VERIFY3D (http://services.mbi.ucla.edu/Verify_3D/)
[54] was used to assess the quality of the predicted models,
which were drawn using MOLFEAT Version 5.1.0.24 (FiatLux
Corp., Tokyo, Japan). The docking model between LyPls-
PLD and LyPIsCho analog with a short chain (C3)-alkenyl
ether bond at sn-1 was simulated using AutoDock [55].

Site-directed mutagenesis

We speculated that the highly conserved residues of H46,
E73, D75, H88, E175, F211, and W282 in LyPls-PLD are
likely concerned with catalytic function. Moreover, based
on the substrate analog docking simulation analysis, we
considered that E50, A55, and N56 located near the nitro-
gen atom of choline in the substrate analog may be
involved in recognizing the substrate head group. We then
tried to generate the mutant enzymes of rLyPls-PLD,
H46A/R, ES0D, A55N/D/E, N56E/D/Q, E73A/R, D75A/
R, H88A/R, EI175A/R, F211A/R, and W282A/R using
pET24a/lpls-pld mat_his as the template and our previ-
ously described inverse PCR method [15]. The PCR pro-
duct was treated with Dpnl to digest the parental DNA
template and select for mutation-containing synthesized
DNA. The pET24 vector DNA incorporating the desired
mutations was then transformed into Shuffle T7 E. coli
cells. The mutants were selected and cultured in 5 mL
LBK broth as described for rLyPls-PLD production. The
variant enzymes were purified using the HisTrap column
as above.
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rLyPls-PLD produced using transformed E. coli (B).
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Fig. S3. Predicted catalytic mechanism of LyPls-PLD.
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