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ABSTRACT. Two widely expressed mammalian phosphatidylcholine (PC)-specific phospholipases D (PLD),
PLD1 and PLD2, have been identified. Recombinantly expressed PLD2 has high basal activity and is
insensitive to GTP-binding protein activators of PLD1 [Colley, W. C., et al. (19¥#Y. Biol. 7, 191~

201]. To investigate the regulation of PLD2 we isolated PLD2, from mouse brain by immunoaffinity
chromatography. The native and recombinant proteins have indistinguishable properties: PLD2 is potently
activated by phosphoinositides with a vicinal 4,5-phosphate pair but is not stimulated by guariesine 5
O-(3-thio triphosphate)-activated ADP-ribosylation factor-1, Rho family GTP-binding proteins, or protein
kinases Ca, or -31. We used recombinant PLD2 in a reconstitution assay to search for regulators in cell
and tissue extracts. Bovine brain contains a heat-stable protein factor that inhibits PLD2 activity in vitro.
This factor was purified to homogeneity and identified as a mixtureaofand S-synucleins by
microsequencing and Western blotting. Recombinantly expressaalds-synucleins inhibit PLD2 activity

in vitro (Kos 10 nM). Inhibition is not overcome by the protein or lipid activators of PLD1. Synucleins
have been implicated in Parkinson’s and Alzheimer’s diseases. Our findings suggest that inhibition of
PLD2 may be a function of synucleins. Modulation of PLD2 activity by synucleins may play a role in
some aspects of the pathophysiologies that characterize these neurodegenerative diseases.

Phospholipases D (PLB)nitiate the formation of lipid- 17). cDNAs encoding PLD1 and PLD2, two members of
derived intra- and intercellular mediators by the hydrolysis the phosphoinositide-dependent class of PLD enzymes, have
of phosphatidylcholine (PC)1( 2). The primary lipid been cloned, expressed in insect cells, and purified to
product of these enzymes, phosphatidic acid (PA), exhibits homogeneity. PLD1 has low basal catalytic activity and can
a number of biological activities in vitro and may be an be activated by monomeric GTP-binding proteins of the ARF
important mediator of processes controlling vesicular trans- and Rho families and by protein kinase C in vitd8(19).
port and changes in cell morphology—{8). Further In contrast, when expressed and purified, PLD2 is consider-
metabolism of PA by phosphohydrolase and phospholipaseably more active than PLD1 and appears to be insensitive
A, activities is clearly important in the generation of to further stimulation by the known activators of PLIXD).
diacylglycerol (DG) for activation of protein kinase C (PKC) PLD2 has also been expressed in yeast and reported to be
isoenzymes and in the formation of lysoPA and arachidonic insensitive to activation by ARF and Rho GTP-binding
acid metabolites which are active at cell-surface receptorsproteins 21). These findings were surprising since, although
(9—-11). PLD2 RNA can be readily detected in many tissues and cell

PLD activity is widely expressed, and biochemical studies lines 22, 23), reports from a number of different laboratories
suggest that mammalian systems contain two classes of thesbad described only PLD1-like activities in a variety of
enzymes. One of these is stimulated by phosphoinositides,systems. These findings raised the possibility that the
and the other is insensitive to these lipids but stimulated by properties of PLD2 expressed and purified from sf9 cells
fatty acids. Phosphoinositide-dependent PLD activities in were aberrant or that PLD2 activity in cell and tissue extracts
brain and HL-60 cells can be increased by ARF and Rho was attenuated by an unidentified inhibitory factor. Lending
family GTP-binding proteins and by protein kinase 12¢ weight to the latter possibility, several laboratories have

described protein inhibitors of both crude PLD activities and
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activity in vitro. Although the cellular function of synucleins Plant and Bacterial PLD EnzymesA cabbage PLD

is not known, genetic and histological evidence implicates preparation (type 1), a peanut PLD preparation (type Il), and
these proteins in familial Parkinson’s and Alzheimer's a Streptomyces chromofusc®i.D preparation (type VI)
diseases8—34). Our findings raise the possibility that were obtained from Sigma Chemical Co. The lyophilized
inhibition of PLD2 may be a normal function of synucleins enzyme preparations were reconstituted in buffer containing
and that regulation of PLD2 plays a role in the pathophysi- 25 mM Tris, pH 7.5, 1 mM EDTA and stored frozen in
ology that accompanies these neurodegenerative diseasesliquots. Analysis of all three preparations by SEFSFAGE

revealed multiple proteins (not shown).
EXPERIMENAL PROCEDURES SDS-PAGE and Western BlottingProteins were ana-

: e lyzed by SDS-PAGE with detection by staining with silver
Expression and Purification of PLD1 and PLD2LD1 . . .
and PLD2 were expressed in Sf9 cells and purified by or Coomassie blue as described previoug)( Western

: - ; ; . blotting was performed using anti-synuclein polyclonal
|mmynoaff|n|ty c_hromatography using minor adap7tat|ons of antiserum 80) and previously described methods with
previously despnbed methodi 20). Bngfly, o x 10.cells detection using an alkaline phosphatase-conjugated secondary
were plated into 300 cinflasks and infected with the antibody @0)

appropriate baculovirus at a multiplicity of infection of 5. PLD Assa)./ PLD activity was determined usingH]PC

e Calre and a basc assy e ht s descrbed previasy(
P >upp . GTP-binding proteins and protein kinase C were expressed
and yeast hydrosylate containing 10% fetal bovine serum.

; in insect cells using baculovirus vectors and purified using
ngr?eg ‘Ztni:% pwgggﬁgtggifﬁgzvsegﬁﬁgg;giﬁeerl:sly\gg&eb reviously described proceduréd). For measurements of
addition of ice-cold buffer (buffer A) containing 25 mM Tris LI_:)_activity during purification of the PLD2 inhibitor,
pH 7.5, 5 mM EGTA, 1% NP-40, 1 mM benzamidine an’d actlylty was measured by adding samples of the column
prote.as’e inhibitors (1’mM phenyl’methanesulfonyl quoyride) fractions (generally Sul) o the assays.  In some experi-
After incubation at £C with constant mixing, unsolubilized - ments, _the PE:PHHDC ratio was_held at 16:1.4:1, and the
material was removed from the lysates b,y centrifugation total lipid concentratlion was varied. In other cases, the PE
(10000@ for 30 min), and the supernatants were incubated and PC concentrations were held at 87 and b4,

for 1 h with 0.4 mL of the appropriate immunoaffinity resin respectively, and the PiPconcentration was varied as
(Protein A-Sepharose 4BCL cross-linked to PLD1- or indicated. Plant PLD enzymes were assayed in the presence

PLD2-selective antipeptide antisera). The resin was Washedmc 1 mM Ca" which was achieved by addition of Calb
3 times with 10 volumes of buffer A and then transferred to the assay buffer. Under these assay conditions, PLD activity

o o . 0 .
210 mL BioRad Econo columnn. The resin was then washed 'S linear with time to approximately 40% substrate hydrolysis.

. . . In general, we measured PLD activity as initial rates of PC
ggmaisdVgg:nldop\:g{gmg?/vg:elglng E;dé;tmchmgzgr:;tﬁéaﬁﬁnhydrolysis (less than 10% substrate conversion). Some
of three 0.5 mL aliquots of 100 mM glycine buffer (pH 3.0). ﬁ)(;?ee;ments employed a more detailed kinetic analysis as
Each aliquot was collected on ice into a tube containing 150 P - . :
uL of 1 M sodium phosphate (pH 8.0). Aliquots of the Purification of a PLD2 Inhibitor from Beine Brain. One

urified proteins were stored on ice and generally used within frozen bovine brain (Pel-Freez Inc.) was thawed in 500 mL
28 o ';reparation 9 y of TED buffer (20 mM Tris-HCI, pH 8.0, 1 mM EDTA, 1

S . mM DTT) for 1 h atroom temperature. Thawing buffer
Purification of PLD2 from Mouse Brain.Two fresh a5 noured off, and the brain was homogenized in 500 mL
mouse brains were homogenized in buffer A containing qf fresh ice-cold TED buffer containing protease inhibitors
protease inhibitors, and proteins were solubilized &C4 (1 mM PMSF, 1 mM benzamidine, Zg/mL leupeptin, 1
for 30 min with constant ag|t§t|on. The extract was ug/mL pepstatin A) using a Waring blender. The homoge-
centrifuged at 1000@pfor 30 min and the supernatant 516 was centrifuged for 45 min at 20@B pellet most of
obtained added to 0.5 mL of PLD2-selective immunoaffinity e membrane fraction. The supernatant was harvested and
resin and the resultant slurry placed at@ with constant centrifuged at 1000GPfor 1 h to pellet out any remaining
mixing for 1 h. The resin was recovered by gentle ,onicyjate material. The clarified supernatant was harvested
centrifugation and washed 5 times with ice-cold buffer A 54 then incubated at PC for 45 min with periodic mixing.
containing protease inhibitors and then transferred to a smallpanatured proteins were removed by centrifugation for 30
column for final washing and elgtion using the procedures iy at 100008, and the supernatant was concentrated to
described above for the recombinant enzyme. approximately 20 mL by pressure filtration using a PM10

Phosphoinositides and Inositol Phosphat&34P, PI(4,5)-  membrane (Amicon Inc.). The concentrate was applied to
P, PI(3,4)R, and PI(3,4,5)kwere purified from bovine brain 3 470 mL Sephacryl S-300 HR gel filtration column (90
(39 or synthesized by Glenn Prestwich, Department of 2.6 c¢m) equilibrated with TED buffer. The column was

Medicinal Chemistry, University of Utahl). Inositol eluted at a flow rate of 2 mL/min, and collected as 6 mL
phosphates were obtained from Calbiochem. GPI(4)55#2  fractions after the void volume (150 mL). The fractions were
prepared by methylamine deacylation of PI(45)P assayed for inhibition of PLD2 activity, and material eluting

Mammalian PLC EnzymesMammalian PLCS isoen- in fractions 2738 was selected for further purification These

zymes were expressed in insect cells using baculovirusfractions were pooled and applied to a 17 mL Source 15Q
vectors and purified as describe&b). PLC-0; was provided (Pharmacia) column (8.& 1.6 cm) equilibrated with TED

by Mario Rebbechi (Department of Anaesthesiology, SUNY  buffer and eluted with a 100 mL linear gradient of 400
Stony Brook). mM NaCl at a flow rate of 1 mL/min. The eluant was
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Table 1: Effects of GTP-Binding Proteins, PKC Isoenzymes, and Phosphoinositides on Native and Recombinant PLD2 Activity
PLD activity (pmol of choline/30 min)

ARF Rho Rac cdc42
no addiion —GTPyS  +GTPS —-GTRS  +GTRS —-GTRS  +GTRS —-GTRS  +GTHS
rPLD2 30.1 31.5 321 35.2 33.1 33.5 37.6 36.4 38.1
nPLD2 26.7 25.2 23.4 21.4 22.5 24.1 25.9 27.8 27.0
PKC PKC1
no addition +PMA +PMA +ATP no addition +PMA +PMA +ATP
rPLD2 45.6 45.0 34.2 39.9 39.1 36.4
nPLD2 16.7 171 13.2 17.8 15.7 16.3
noadditon  PI(45)P PI(3,45R  PI3,4R  Pl4P PI Ins(1,4,5/°  Ins(1,3,45F  GroPIns(4,5)p
rPLD2 0.4 34.5 21.3 0.5 0.8 0.3 0.5 0.4 0.4
nPLD2 0.2 13.2 ND ND ND ND ND ND ND

a Activities of native and recombinant PLD2 (nPLD2 and rPLD2) were determined in the presence of the indicated GTP-binding proteins at final
concentrations of 4M ARF, 1.8uM RhoA, 2.04M Racl, and 2..uM cdc42. In some cases, the GTP-binding proteins were preactivated with
GTPyS. PKCse and -h were included in the incubations at final concentrations ofdlwith 0.1 mM ATP and 0.2:M PMA. Inositol lipids
were included in the substrate-containing lipid vesicles at concentrations @k7.Soluble inositol phosphates and glycerophosphates were added
to the incubations at 7.6M. The data shown are means of triplicate determinations. Standard errors were within 15% of the mean.

collected as 2 mL fractions, and these were assayed forextract are approximately 10% of activity in the mouse brain
inhibition of PLD2. Fractions 2835 were selected for  detergent extract is recovered in the eluate from the immu-
further analysis. This material was pooled and exchangednoaffinity resin. The purified protein preparations were

into HED buffer (20 mM HEPES, pH 7.4, 1 mM EDTA, 1
mM DTT) by pressure concentration.
material was appliedota 5 mL heparin-Sepharose 4BCL
(Pharmacia) column (4.5 1.1 cm). The column was eluted
with a 50 mL linear gradient of 8500 mM NacCl at a flow

analyzed by SDSPAGE and Western blotting. Both

The concentrated preparations contained a prominent protein of approximate

molecular mass 110 kDa detected by silver staining that
reacted specifically with a mixture of PLD2-selective anti-
peptide antibodies on Western blotting (data not shown).

rate of 1 mL/min; 1 mL fractions were collected and assayed Properties of Natie and Recombinant PLD2Both the

for inhibition of PLD2. Fractions 920 contained an activity

which strongly inhibited PLD2. This material was pooled,

concentrated as described above, and storeeBat°C.
Protein Microsequencing Purified proteins were sub-

native and recombinant PLD2 preparations hydrolyzed PC
substrate when presented in sonicated dispersions containing
PE and PI(4,5)P We calculated the specific activity of the
recombinant enzyme to be Sunol min~t mg~! while the

jected to SDS'PAGE and transferred to a PVDF membrane specific activity of native PLD2 was calculated to be a
and identified by staining with Ponceau S. The 19 kDa comparable value of 3.2mol min-t mg™t. PLD2 could
protein was excised, and microsequencing was performedalso catalyze a transphosphatidylation reaction in the presence
by the Edman degradation procedure using an Applied of primary alcohols, forming phosphatidyl alcohols, or in
Biosystems Model 470A protein sequencer (Center for the presence of diacylglycerol, forming bisphosphatidic acid

Synthesis and Analysis of Macromolecules, SUNStony
Brook).

Expression and Purification of Huma and 3-Synucle-
ins. Humana- andS-synucleins were expressedtn coli

(not shown).
PLD1 is highly dependent on PI(4,5)Rr activity. We
examined the effects of a variety of phosphoinositides on

the catalytic activity of recombinant PLD2. Inclusion of 7.5

using vectors generously provided by Ross Jakes, MRC M PI(4,5)R, in the substrate-containing lipid vesicles

Laboratory of Molecular Biology, Cambridge, U.K3@, 33).

resulted in a dramatic increase in activity of both native and

Cells were harvested and disrupted by sonication, and solublerecombinant PLD2 (66- and 85-fold, respectively, Table 1).

material was recovered after centrifugation at 10@000is
material was heated at 78C, denatured proteins were

We examined the effects of a number of other inositol lipids

and phosphates on the activity of recombinant PLD2. PI-

removed by centrifugation, and the synucleins were purified (3 4 5)R also stimulated PLD2 activity. PLD2 activity was
by chromatographyma 5 mLSource 15Q anion exchange ynchanged when assayed in the presence of PI(3RMP,
column as described above. The proteins prepared in thisor PI. Inositol 1,4,5-trisphosphate [Ins(1,4,§)Anositol

way were homogeneous as judged by SIPAGE and
staining with coomassie blue.

RESULTS

Isolation of PLD2 from Mouse Brain and Baculous-
Infected sf9 Cells PLD2 was purified from detergent

1,3,4,5-tetrakisphosphate [Ins(1,3,4.8)BAnd glycerophos-
phoinositol 4,5-bisphosphate [GPI(4,5)Bid not stimulate
PLD2 activity.

We compared the activation of native and recombinant
PLD2 by ARF and Rho family GTP-binding proteins and
by protein kinase C. The GTP-binding proteins were

extracts of either baculovirus-infected sf9 cells or mouse included in the assays with or without preactivation using
brain using immunoaffinity chromatography. The resin was GTPyS. PKCse and 1 were included in the assays in the
washed extensively, and bound proteins eluted at low pH presence or absence of 10 nM phorbol dibutyrate or2@0
followed by immediate neutralization. We estimate that ATP. Under the assay conditions used, the ARF and Rho
approximately 35% of PLD activity in the sf9 cell detergent family GTP-binding proteins activated purified recombinant
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Ficure 1: Purification of heat-stable PLD2 inhibitor from bovine brain. Proteins were separated by column chromatography and the effects
of fractions obtained on PLD2 activity determined as described in the text. (A) Gel filtration chromatography. Proteins were fractionated
on a Sephacryl S-300 HR gel filtration column eluted as described in the text. Pooled fractions are marked by a horizontal bar. (B) Source
15 Q anion-exchange chromatography. Pooled fractions from the gel filtration column were applied to a Source 15Q column and eluted
with a gradient of NaCl as described in the text. Pooled fractions are marked by a horizontal bar. (C) Hepghiarose chromatography.

Pooled fractions from the Source 15 Q column were applied to a hepdeipharose 4BCL column and eluted with a gradient of NaCl as
described in the text. Pooled fractions are marked by a horizontal bar.

PLD1. PKCe and #; also stimulated PLD1 in a manner Because we were particularly interested in the possibility
that was increased by PMA but insensitive to inclusion of that unidentified GTP-binding proteins or protein kinases
ATP in the assay (not shown, sé@for details). The results  were regulators of PLD2 activity, 10M GTPyS and 100
obtained are presented in Table 1. The ARF and Rho family uM ATP were included in some of these experiments. Under
GTP-binding proteins and PKC isoenzymes did not increase no circumstances did we observe increases in PLD2 activity.
PLD2 activity under any of the conditions tested. We did, however, consistently find inhibition of PLD2
Purification of a PLD2-Selecte Inhibitor from Baine activity when soluble extracts from mouse and bovine brain
Brain. The unexpected properties of PLD2 led us to search were added to PLD2 assays. Further experiments were
for regulators of this enzyme in cell and tissue extracts. undertaken to investigate the nature of the inhibitory activity
Recombinant PLD2 activity was determined under standard directed against PLD2 from bovine brain extracts and to
conditions, and fractions of interest were included in these explore the selectivity of this inhibitor for other PLD
assays and their effects on PLD2 activity determined. enzymes. We found that PLD2 was inhibited by a low
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molecular weight cytosolic factor that was stable to heating

at 70 °C. This factor appeared to be a protein because 148 =

treatment with lysozyme or trypsin abolished the inhibitory it

activity. We also noted that this factor displayed a pro- #&

nounced selectivity for inhibition of PLD2 over PLD1. -

There are many potential explanations for the inhibition of

PLD2 observed. Some of these would include degradation = -

of the PLD protein, phosphatase- or phospholipase-catalyzec
degradation of the PI(4,5)Rofactor, detergent-like disrup-
tion of the substrate-containing aggregates used to determine
enzyme activity, or binding to these aggregates in a manner
that prevented PLD activity. However, our previous studies
and those presented above indicate that the basic catalytic
properties of PLD1 and PLD2 are very similar. Because
the heat-stable protein inhibitor appeared to show selectivity
for PLD2 over PLD1, we were encouraged to investigate
this observation further and initiated efforts to purify the
protein responsible for this activity.

Purification of a Heat-Stable PLD2 Inhibitor from Bme
Brain. A bovine brain soluble extract was prepared and
subjected to heat denaturation at 70 for 45 min and

14, G
Fraction Number 2 4 6 8 1012141618 20 22

PLD Activity (%) wet1wwerr 14 9 15 32 5668 &7

20,5 m—

N5 =

Ficure 2: SDS-PAGE and Western blot analysis of purified PLD2
inhibitor. (A) Coomassie blue-stained SDS gel. Fractions from the
heparin-sepharose column were analyzed by SIPAGE on a
12.5% gel. Proteins were visualized by staining with Coomassie
blue, and the positions of molecular mass markers are shown.
Inhibition of PLD2 activity was determined as described in the text.
(B) Anti-synuclein Western blot. Fractions from the heparin

. . . . Sepharose column were analyzed by Western blotting with-an
denatured protein removed by centrifugation. After pilot 74 s’ovniclein-selective polyclonal antiserum. Immunoreactive

experiments, we devised a purification strategy which proteins were detected with an alkaline phosphatase-conjugated
entailed sequential, pressure concentration, gel filtration, secondary antibody. Positions of molecular mass markers are shown.

anion exchange, and heparin-affinity chromatography. Fig-

ure 1A shows the profile of inhibitory activity observed when  Selectie Inhibition of PLD2 by Recombinantly Expressed
fractions obtained from the gel-filtration column were a- andj-Synucleins.We expressed- andS-synucleins in
included in the PLD assays. We consistently observed onebacteria and purified the recombinant proteins to homogene-
major trough of inhibitory activity at this stage. We noted ity using adaptations of previously published procedusés (

a less active trough of earlier eluting material that eluted SDS-PAGE analysis revealed that both recombinant proteins
close to the void volume of the column. We were concerned have very similar mobilities to the native preparation isolated
that this might represent aggregated material and also notedrom bovine brain. PLD1 and PLD2 activity was determined
that upon further analysis the later-eluting material displayed in the presence of increasing concentrations of recombinant
a more pronounced specificity for inhibition of PLD2 a-synuclein. PLD1 activity was determined in the presence
compared to PLD1. These later-eluting fractions were of activated ARF, while PLD2 was assayed alone. Recom-
applied to an anion exchange column, and the inhibitory binanta-synuclein is a potent inhibitor of PLD2 with I§

activity further resolved itself into a broad trough with three
apparently distinct activities (Figure 1B). Fractions contain-
ing the later-eluting and quantitatively major inhibitory
activity were pooled and further purified by heparin-affinity
chromatography, yielding a single sharp trough of inhibitory
activity that showed a strong selectivity for PLD2 (Figure
1C).

SDS-PAGE and Sequence Analysis of the PLD Inhibitor

of approximately 10 nM. The| for inhibition of PLD1
was estimated to be 50 uM (Figure 4A). We observed a
comparable selectivity for inhibition of PLD2 by four
separate preparations of synuclein isolated from bovine brain.
PLD1 was similarly insensitive to inhibition by synuclein
when activated by Rho family GTP-binding proteins or PKC
(not shown). We examined the effect of a fixed concentra-
tion of 100 nMa- or 3-synuclein on the activity of PLD1,

PLD2, and a number of different plant and bacterial PLD
enzymes and mammalian PLBs-and ¢,. The o- and

Preparation. Fractions containing PLD2 inhibitory activity
from the heparir-sepharose column were analyzed by SDS
PAGE. Inhibitory activity correlated with a single identified S-synucleins were equally effective inhibitors of PLD2. The
protein of estimated molecular mass 20 kDa (Figure 2A). synucleins did not inhibit the plant or bacterial PLD enzymes
This material was transferred to a PVDF membrane and and exhibited very modest inhibitory effects on the activity
subjected to microsequencing by a modified Edman degrada-of the PLC isoenzymes (Figure 4B).
tion procedure. We obtained 20 amino acids of N-terminal  Effects of PI(4,5)P2, Small G Proteins, and PKC on
sequence from this protein. The overall efficiency of the Inhibition of PLD2 by SynucleinsAs noted above, PI(4,5)-
sequencing reaction (moles of amino acid released per cycleP;, is a potent activator of PLD2. Certain other proteins
per mole of starting protein) was determined to be 10.6%. identified as inhibitors of crude PLD activities appear to work
Identification of the PLD2 Inhibitor as a SynucleimA by binding to or degradation of this activator. We examined
blast search of GenBank revealed that the sequence obtainethe effect of synuclein on the ability of P1(4,5)#® increase
corresponds to amino acids-25 of a- and $-synucleins PLD2 activity. Inhibition of PLD2 activity by synuclein
(Figure 3). We obtained antibodies against these closely could not be overcome by increasing concentrations of PI-
related proteins and analyzed fractions from the heparin (4,5)B. Instead, the concentration dependence with which
sepharose column by Western blotting. The 20 kDa protein this lipid activated the PLD enzyme was very similar in the
that copurified with the PLD2 inhibitory activity was strongly  presence or absence of synuclein, but the magnitude of PLD
recognized by these antibodies (Figure 2B). activity was decreased in the presence of the inhibitor (Figure
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N-term MKGLSKAKEGV VAAAEKTKQ
1 15 16 30 31 45 46 60 61 75 76 90
alpha MDVFMKGLYKAKEGV| VAAAHKTKQGVREAA (JKTKEGYLYVGSKTK EGV] HGVATVAQETK EQVINVGGAVVTGVT AVAQKTVEGAGSIAA 90
TK EQA

beta MDVFMKGLSMAKEGV| VAAA KTKQGV[TEAA HKTKEGYLYVGYKTR EGVIVQGVASVA! [SHLGGAVFS--- —---- F——-—-GAGNIAA 79
slp MDVFKKGFHIAREGV| VGAVHKTTQGV[TEAA HKTKEGUMYVGAKTK GERSTSVTSVAHKTK EQANAVSEAVVSSVN TVATETVEEAENIVV 90

91 105 106 120 121 135 136 150
alpha ATGFVKKDQLGKNEE G------ APQEGILE DMPVDPDNEAYEMPS EEGYQDYEPEA 140
beta ATGLVKREEFPTDLK PEEVAQEAAEEPLIE PLME-PEGESYEDPP QEEYQEYEPEA 134
slp TTGVVRKE------- —=—————-——-——— DLE PPAQ--DQEAKEQ-- EEGEEAKSGGD 123

Ficure 3: Sequence analysis of purified PLD2 inhibitor. The N-terminal sequence obtained from the 19 kDa protein is shown aligned with
the sequences of human andf-synucleins and rat synuclein-like protein (SLP). The conserved N-terminal repeat sequence of the proteins
is boxed and the central hydrophobic region underlined.
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Ficure 4: Inhibition of PLD and PLC enzymes liy andg-synucleins. (A) Concentration-dependent inhibition of PLD2blgynuclein.

The activity of ARF-activated PLD1 (open symbols) or PLD2 (closed symbols) was determined as the concenttsynudlein was

varied. Assays contained approximately 20 ng of purified PLD enzymes. Data shown are means of triplicate determinations. Standard
errors were within 10% of the mean. (B) Effect of synucleins on activity of mammalian, plant, and bacterial PLC and PLD enzymes.
Activities of recombinant PLD2 (rPLD2), native PLD2 (nPLD&treptomyces chromofuscBED, cabbage PLD, peanut PLD, and PLC-

1 and 91 were determined in the presence of 100 aMynuclein (black bars) g#-synuclein (white bars). Assays contained1® ug of

the bacterial or plant PLD preparations and5Lng of the purified PLC enzymes. Data shown are means of triplicate determinations.
Standard errors were within 15% of the mean.

5A). Small G proteins and PKC are responsible for the effect at 50uM) in an apparently saturable manner. Inclu-
activation of PLD1, so we tested the possibility that inhibition sion of 100 nM synuclein produced a 90% inhibition of
of PLD2 by synuclein might be overcome by these regula- PLD2 activity at our standard total lipid concentration of
tors. Figure 5B shows that synuclein inhibition of PLD2 is 100 uM, but we found that this inhibitory effect could be
not overcome by addition of PLD1 activators such as ARF, overcome by increasing the total lipid concentration in the
Rac, RhoA (each activated by GF¥B), and PKC (activated  assay further (Figure 6). Some potential explanations for
by PMA) at concentrations that would produce a maximal this finding are discussed below.

activation of PLD1.

Phospholipid Concentration Dependence of Synuclein DISCUSSION
Inhibition of PLD2. Both synucleins and PLD enzymes The aim of the studies presented in this paper was to
(including PLD2) appear to be membrane-bound in cells, investigate the regulatory mechanisms controlling activity
and, like other phospholipases, the activity of PLD2 is likely of PLD2. Recombinantly expressed PLD2 is highly active
to display “surface dilution” kinetics in which the activity in comparison to PLD1 which is the only other mammalian
of the enzyme depends on both the bulk and surface phospholipase D isoform that has been purified to homoge-
concentration of the PC substrate. Detailed kinetic studiesneity (19, 20). We isolated a native PLD2 preparation by
of lipases are best performed using mixed lipid and detergentimmunoaffinity chromatography and report that this native
micelles, but unfortunately activity of PLD2 is not supported form of the enzyme is also highly active. Both preparations
by ionic or nonionic detergents. We examined the depen- of PLD2 were not further activated by the GTP-binding
dence of PLD2 activity on increasing concentrations of proteins and protein kinase C isoforms that increase PLD1
substrate-containing lipid vesicles containing a fixed surface activity (19).
concentration of PC substrate and PI(455)PLD2 activity Like PLD1, PLD2 activity is strongly and selectively
increased with increasing lipid concentration (half-maximal dependent on PI(4,5)Pr PI(3,4,5)R (19). Soluble Ins-
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Ficure 5: Effects of PI(4,5)P2, GTP-binding proteins, and PKC on synuclein inhibition of PLD2. (A) Effect of Pl¢hB)Rhibition of

PLD2 bya-synuclein. PLD2 activity was determined as the concentration of PI(4,5)P2 in the assays was increased as indicated. Incubations
contained either no-synuclein (closed symbols) or 100 nédsynuclein (open symbols). Data shown are means of triplicate determinations.
Standard errors were within 10% of the mean. (B) Effect of GTP-binding proteins and PKC on inhibition of PLd&yoyiclein. PLD2

activity was determined in the absence (black bars) or presence (white bars) of the indicated proteins. Assays contained 20 eg of PKC-
and 10 nM PMA, 4uM GTPyS-activated ARF, or 1.8M GTPyS-activated RhoA. Data shown are means of triplicate determinations.
Standard errors were within 10% of the mean.
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may activate the enzymes by anchoring them to a substrate-
containing phospholipid surfac8). Phosphoinositides also
activate Spol4p anRiciniusPLD-5 (38, 39). None of the
phosphoinositide-responsive PLD enzymes contain any
regions of obvious sequence similarity to other phosphoi-
nositide or inositol phosphate binding proteins. The high
degree of specificity with which phosphoinositides activate
these enzymes suggests that they contain a novel headgroup-
selective inositol lipid binding maotif.

We used a reconstitution assay to identify a PLD2-specific
inhibitor in bovine brain extracts. This protein was purified
to homogeneity and identified as a mixture af and
B-synucleins by Western blotting and microsequencing. The
sequence obtained corresponded to an internal fragment of
botha- andS-synucleins. These proteins have been previ-
ously reported to have a blocked N-terminus. It is likely
that we obtained sequence from a fragment of the proteins
that copurified with the intact protein. We subsequently
found that recombinantly expressedand-synucleins are
potent and selective inhibitors of native and recombinant
PLD2 having little effect on the activity of PLD1 or of plant

Ficure 6: Effect of bulk lipid concentration on inhibition of PLD2

and bacterial PLD enzymes or PLBs-and ;.
by a-synuclein. PLD2 activity was determined as the total lipid . . :
concentration in the assay was varied as indicated. Incubations Genes encoding three members of the syncuclein protein

contained either no added synuclein (closed symbols) or 100 nM family have been identified in a number of different species.
synuclein (open symbols). Data shown are means of triplicate o- and -synucleins are expressed primarily in the brain

determinations. Standard errors were within 10% of the mean.  where the proteins appear to localize to presynaptic nerve
terminals. Histochemical studies have shown synucleins to
(1,4,5)R or GPI(4,5)B did not activate PLD2, so either the  pe associated with presynaptic vesicles in the hippocampus,
acyl chains of the lipids are also important in recognition of cerebral cortex, olfactory tract, and dentate gyrus, suggesting
the lipid or activation requires the phosphoinositides to be a role in some aspect of synaptic transmiss@834). The
contained in the same phospholipid surface as the PCsynucleins share a similar domain structure with a conserved
substrate. As has been found for the P&€lass of inositol amino terminus containing 6 or 7 conserved repeats of 11
lipid-specific PLC enzymes, binding to phosphoinositides amino acids (boxed in Figure 3) with a consensus core
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sequence KTKEGV and a carboxy terminus enriched in focus attention on the cellular function of the synucleins in
acidic amino acids linked by a central hydrophobic section. general andx-synuclein in particular. Clusters of charged
Biophysical studies suggest that the synucleins have aamino acids such as those within the amino terminus and
“natively-unfolded” structure, and, as noted below, members carboxy termini of the synucleins are often involved in
of this class of proteins often appear to participate in or protein—protein interactions, and nativ@infolded proteins
facilitate protein-protein interactions3Y). It is worth noting have been found to potentiate protejrotein interactions,
that other heat-stable “natively-unfolded” proteins appear to assuming structure when bound to other proteins. One
play important roles in cell regulation. These include tau possibility is thato-synuclein binds to an as yet unidentified
and MAP2 which bind to and influence the polymerization partner and that the proteolysis and sequestration of synuclein
of actin and tubulin as well as chromogrannin and caldesmonassociated with Alzheimer’s disease or the A53T mutation
which bind to calmodulin and regulate its interaction with found in familial Parkinson’s disease abrogates or otherwise
protein kinases4(Q, 41). The protein serine/threonine protein  modifies this interaction. At present, cellular functions are
phosphatase inhibitor 1 and a protein kinase inhibitor also not known for any of the synucleins, and their putative

belong to this class of proteindZ, 43). Tau has also been
found to inhibit PLCy, and arachidonic acid specifically
activates this inhibited form of the enzymé4j.

A number of identified and unidentified proteins have been
reported to inhibit the activity of crude and purified PLD

binding partners have not been identified. Our results
suggest that regulation of PLD2 may be one function of
synucleins. In neuronal cells, PLD activation has been linked
to pathways involved in cell growth, differentiation, and
neurotransmitter releasd@). A broader series of studies

enzymes. The polyphosphoinositide 5-phosphatase synapsuggest that PLD (most notably ARF-activated PLD1) plays

tojanin inhibits the activity of phosphoinositide-dependent
PLD enzymes including PLD1 in vitro by hydrolysis of the
activator PI(4,5)P (27). Fodrin (a nonerythroid form of
spectrin) was reported to inhibit ARF-activated PLD in
permeabilized HL-60 cells28). The mechanism and
specificity of this inhibition were not investigated further. It
is possible that the PH domain of fodrin inhibits PLD activity
by binding PI(4,5)R. Finally the clathrin assembly protein
AP3 has been reported to interact with and inhibit PLD1
(26). The present work adds the synucleins to this group of
PLD inhibitory proteins. Although we do not have a detailed
understanding of the mechanism by which synuclein inhibits
PLD2 activity, this effect is clearly independent of the
activating effect of PI(4,5)P We also note that although
PLD1 and PLD2 exhibit an identical dependence on PI(4,5)-
P,, synuclein exhibits a dramatic selectivity for inhibition
of PLD2. The simplest explanation for this finding is that
inhibition results from a direct interaction between PLD2
and synuclein. Our finding that inhibition of PLD2 by
synuclein was dependent on the bulk lipid concentration

suggests that this interaction occurs at the membrane surface.

Further work will be required to test this possibility and to

examine the role of synucleins in PLD2 regulation in vivo.

If synucleins are physiologically important regulators of
PLD2 activity, it is logical to postulate that some mechanism
for derepression of this inhibition exists. We do not find

that the activators of PLD1 relieve inhibition of PLD2 by

synucleins. a-Synuclein has been reported to be a phos-
phoprotein in vivo and an in vitro substrate for phosphory-
lation by C&"—calmodulin-dependent protein kinasg?).

We note that there are several currently unexplained reports

of PLD activation in cells by manipulations that increase
cytoplasmic C& (45). Perhaps Ca-dependent phospho-
rylation relieves synuclein inhibition of PLD2.

Converging lines of evidence point to a role farsy-
nuclein in the pathophysiology of two neurodegenerative
disorders, Alzheimer’s disease and familial form of Parkin-
son’s disease. The nghamyloid component of some types
of g-amyloid deposits found in Alzheimer’s diseased brains
is a fragment ofo-synuclein 29, 33). More recently, an
alanine to threonine substitution mutation at position 53 of
a-synuclein (the A53T mutation) has been associated with
a familial form of Parkinson’s diseas84). These findings

a role in control of vesicular transport processs7( 14,

15). Since synucleins are components of synaptic vesicles,
it is possible that PLD2 is involved in synaptic vesicle cycling
and that the synucleins are important regulatory components
of this process.
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