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ABSTRACT: a-Synuclein plays a key role in the pathogenesis of many neurodegenerative diseases. To
date, its cellular role has yet to be determined, although it has been proposed to be connected to calcium
and G protein-mediated dopamine signalingSynuclein is known to bind strongly to model membrane
surfaces where it may interact with other membrane-associated proteins. Here, we find that the membrane
association ofi-synuclein is enhanced by the presence of phosphatidylinositol 4,5-bisphosphate [P1(4,5)-
P;] and C&". We also find thato-synuclein interacts with high affinity with the G protein-regulated
enzyme phospholipasese(PLCBA>), which catalyzes the hydrolysis of PI(4,5)Binding of a-synuclein

to PLC3, reduces its catalytic activity by 50%, but causes its level of activation By Subunits to
increase from 4- to 24-fold. This effect is greatly reduced for As8$ynuclein, which is a mutant
associated with familial Parkinson’s disease. Pl(4%\Rirolysis by PL@, results in an increase in the
intracellular C&" concentration, and we find that in cultured cells the presencegyfnuclein results in

a 6-fold enhancement in the release ofChom intracellular stores in response to agents that release
Gpy subunits relative to controls.-Synuclein also enhances the increase in the level of inositol phosphates
seen upon G protein stimulation, suggesting that it also may interact witfgFAh€ells. Given that C&

and dopamine regulation are mediated through fla@d G protein signals, our results suggest that
o-synuclein may play a role in inositol phospholipid signaling.

o-Synuclein is the major component of proteinaceous proposed thata-synuclein can serve as a chaperone or
inclusions characteristic of several neurodegenerative dis-scaffolding protein14). Purifiedo-synuclein aggregates over
eases, including Alzheimer’s disease, Parkinson’s diseasetime (16, 17), and this propensity to aggregate may underlie
multiple-system atrophy, and dementia with Lewy bodies the formation of these neuropathogenic aggregates. Also,
(see refsl—3). The level of expression af-synuclein is a-synuclein binds strongly to lipid membranes, and mem-
highest in the brain, and it is also abundant in hematopoietic brane binding will promote aggregation to a structured
cells and platelets (see refs-6). a-Synuclein is one of three  oligomer at higher but not lower protein concentratiohs (
family members of highly conserved vertebrate proteins ( 18—21).
8). The high level of species conservation suggests that OQur laboratory has previously characterized the binding
a-synuclein plays a specific cellular role, but to date, the of a-synuclein to model membranes under nonaggregating
function of this protein is unknown. Most evidence points conditions 20). Sincea-synuclein may be linked to dopa-
toward a role in neuronal plasticity and synaptic function. mine and C#& signaling, we extended our binding studies
Two point mutants ofa-synuclein have been linked to  to include the influence of phosphatidylinositol 4,5-bisphos-
familial Parkinson’s diseas®,(10), although the mechanism  phate [PI(4,5)F.1 P1(4,5)R is a minor lipid component that
through which these small mutations can result in a diseasecan be hydrolyzed to yield Ins(1,4,%)®hich diffuses to
state is uncleara-Synuclein appears to be connected with receptors on the endoplasmic reticulum, causing the release
dopamine signalingl(l, 12). Changes im-synuclein expres-  of C&" from intracellular stores.
sion have been found in early development and neurite  The hydrolysis of PI(4,5)fs catalyzed by phospholipase
growth (6, 7, 13). In vitro studies have shown that-sy- C enzymes. There are several types of mammalian PLCs
nuclein binds to and inhibits protein kinase C (PKC¥)as with different mechanisms of regulation. The phospholipases
well as phospholipase D2§), suggesting a role in signal  of the PLQ3 family are the key effectors of thedg family
transduction and vesicle trafficking. of heterotrimeric G proteins, and the PE@mily can be

o-Synuclein is purified as an unstructured protein, and on stimulated by G proteins as well (for reviews, see r22s
the basis of a weak homology to 14-3-3 proteins, it has beenand 23). It is notable that PL8 enzymes are linked to
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dopamine receptors through G protei2)( and as men- M. Labeling was carried out on adherent cells prior to
tioned, a-synuclein also appears to be linked to dopamine trypsinization, or cells were first lifted by trypsinization and
signaling both in culture cells26) and in knockout mice  then labeled. Cells were washed twice with PBS, incubated
(26). It is also notable that ongoing research into the causesat 25°C for 40 min in the dark with a fluorescent probe,
of Alzheimer’s disease suggests a link between a disruptionand then washed twice with PBS. Cells were allowed to
in Ca&* homeostasis and disease on&& 28). These studies  recover for 20 min before measurements were taken.

led us to investigate whether-synuclein could play a role The C&* response of 20 or 30L of fluorescently labeled

in phosphatidylinositol signaling that is coupled to the A1Q cells, diluted into 1 mL of PBS containing &aand

dopamine-G protein-PLCf pathway, ultimately leadingto  Mg2*, was measured within 2 min of the addition of

changes in C& signaling. increasing concentrations of carbachol or acetylcholine at 5
min intervals. The change in the integrated intensity, exciting

EXPERIMENTAL PROCEDURES at 575 nm and scanning from 600 to 700 nm, was monitored

Expression and Purification of Protein®ecombinant ~ On & photon counting fluorometer (ISS, Inc., Urbana, IL).
PLCB enzymes, @ and Gy, (here termed By) were Changes in CH release ofx-synuclein-transfected or control
expressed in Sf9 cells using a baculovirus system (see ref€€MPpty vector-transfected cells at a specific agonist concen-
29 and30). Humana-synuclein and the A53T mutant were  tration were calculated as a percentage of the initial
prepared by bacterial expression and purified as previously fluorescence emission intensity. The ratio of the responses
described 15, 20). Protein identification and purity were of a-synuclein-transfected cells to empty vector is presented.
confirmed by SDS PAGE followed by Western blot analysis Measurements ofH]Inositol Phosphate (InsP) Produc-
using a monoclonal antibody, LB409 (Zymed). tion in Cells.Cells were prelabeled with my#j]inositol (1

Membrane Binding StudieMeasurements of the level of ~#Ci/mL) for 2 days in inositol-free medium, and incubated
binding ofa-synuclein to freshly extruded large, unilamellar for 10 min at 37°C with HBSS/LICl before being challenged
vesicles have been described previousB0)( Briefly, with agonists. Cells were incubated with an agonistk1
changes in the emission energy emanating from the fouracetylcholine, uM carbachol, 1«M insulin, or 100 ng/mL
tyrosine residues oéi-synuclein are followed as lipid is ~ €pidermal growth factor) in the presence of LiCl for 30 min
added. The spectra are then corrected using control sampledt 37 °C. In some studies, cells were incubated with 100
where buffer is substituted for protein. Binding isotherms Nng/mL pertussis toxin (PTX) for the last 16 h of labeling.
were calculated by fitting the normalized change in emission Reactions were stopped by removing the incubation medium
energy as a function of lipid concentration (see 26. and_ I_ysing the cells in 1 mL of ice-cold methanol. After

Subcloning ob-SynucleincDNA corresponding to human ~ @ddition of 1 mL of chloroform and 0.5 mL of 40, phase
a-synuclein was subcloned into the Pet3a bacterial expressiors€paration was performed by centrifugation at 20 10
vector between the Ndel and Hindlll sites and confirmed Min at 4°C. The aqueous upper phase was applied to AG
by DNA sequence analysis and by enyzmatic digestion. 1-X anion exchange columns to isolate migjinositol
Escherichia coliBL21(DE3) cells were transformed with a  Phosphates3l).
positive clone containing the-synuclein expression vector, PLCS—Gpy Protein Actvation Assays. Irvitro PLCS
Pet3a-asyn. activation assays were carried out as previously described

a-Synuclein was subcloned into the mammalian expression (29) using varying amounts of purified protein as indicated
vector (pRC-CMV) by excising the-synuclein insert from  and 60xM sonicated lipid vesicles composed of POPS,
Pet3a-asyn between the Xbal and Hindlll restriction enzyme POPE, and PI(4,5)Hdoped with fH]PI(4,5)R] at a molar
sites and ligating it into a pRC-CMV vector (Invitrogen) ratio of 65:33:2.
which was previously digested with Hindlll. Positive clones  Fluorescence AssayBhe binding ofo-synuclein to PLEG,
were screened initially by restriction enzyme digestion for and to @y subunits was assessed by labeling the latter two
length and orientation and then by DNA sequence analysis. proteins with coumarin methoxy succinimidyl ester (Molec-

Cell Culture and TransfectionsA10 cells from ATCC ular Probes, Inc.) at a probe:protein molar ratio of 1:1 (see
were maintained at 37C in 5% CQ in DMEM (Gibco BRL) ref 29). We found that addition ofo-synuclein to the
replenished every-34 days and supplemented with 10% coumarin-labeled proteins resulted in a shift in emission
fetal bovine serum, 1 mM sodium pyruvate, and penicillin/ energy and an increase in emission intensity that was not
streptomycin. For the assessment of calcium release, PBbserved when buffer or a nonbinding partner was substituted
was supplemented with 0.1 g/L calcium chloride and 0.1 g/L for a-synuclein, and these shifts were used to construct
magnesium sulfate. Transfections were carried out usingbinding curves. We note that binding @fsynuclein to @y
Lipofectamine (Invitrogen) at 7580% confluency, and  Subunits was carried out usingf&. prebound to lipid
expression was detected by immunofluorescence. PC12 celldilayers composed of 33% POPS (1,2-palmitoyloleoylphos-
were also cultured in DMEM supplemented with 10% equine phatidylserine) and 67% POPC (1,2-palmitoyloleoylphos-
serum, 5% FBS,100 units/mL penicillin, and 1@@/mL phatidylcholine) to ensure solubility of the G proteins.

streptomycin. Cells were transfected with 4§ of a-sy- Secondary immunofluorescence was carried out by fixing
nuclein or pRC-CMV empty vector with Lipofectamine with 4% formaldehyde, washing, permeabilizing with 0.1%
2000. Triton X-100, and blotting overnight with 5% goat serum,

Measurements of the Rate of Cd&releaseA10 cells were 1% BSA, and 50 mM glycine overnight before addition of
labeled with acetomethoxy (AM) ester of Calcium Crimson the primary antibody [monoclonal ardi-synuclein (LB409,
(Molecular Probes, Eugene, OR) by adding a small aliquot Zymed)] and polyclonal anti-PLE (Santa Cruz), followed
of a concentrated DMSO stock to a final concentration of 3 by washing and then the addition of secondary antibodies



464 Biochemistry, Vol. 44, No. 2, 2005

y o
5

POPC-PIP,

It
o

o]
0.6

1.2

POPC-POPS 0

0.4 ot
0.6
0.4
0.2 - 02
0.0

Normalized change in emission energ;

Normalized Change in Emission Energy

0 20 40 60 80 100 120 140 160 180
[LUVs] uM
T

0.0 1

20 30

[LUV] uM

40

0.8 4

- Calcium
0.6

0.4 4

Flaw)

0.2 4

O +mg?

06 03 05 08 10 13 15 18
[Ca™)or [Mg”"] mM

Normalized change in emission energy O

0.0 4

10 20 30

[LUV]uM
Ficure 1: (a)a-Synuclein prefers membranes containing P1(4,5)-
P,. Membrane binding oft-synuclein to large unilamellar vesicles
composed of POPC and PI(4,5)@8:2) or POPC and POPS (98:
2) in calcium-free buffer, whera = 6. The Y-axis refers to the
shift in the center of spectral massafsynuclein as monitored by
its intrinsic fluorescence (see Experimental Procedures). The
standard error is shown. The inset shows the extended membran
binding curve. (b) A similar study as in panel a comparing the
membrane binding af-synuclein to POPC and PI(4,5)ih C&*-
free buffer [20 mM Hepes, 150 mM KCI, and 1 mM EGTA (pH
7.2)] and a high-C¥ buffer [20 mM Hepes, 150 mM KCI, 1 mM
EGTA, and 1.5 mM CaGl(pH 7.2)]. The inset shows changes in
the intrinsic fluorescence intensity afsynuclein with added free
Ca&* or Mg?+, where the free ion concentration was varied using
1 mM EGTA or EDTA, respectively.

(FITC anti-mouse and DsRed anti-rabbit). Cells were imaged
on a Zeiss Axiovert 200M computational confocal micro-
scope.

RESULTS

o-Synuclein Prefers To Bind to PI(4,5&ontaining
MembranesWe have previously found that-synuclein
binds strongly and with similar affinities to electrically
neutral or anionic lipid membrane2d). We extended these
binding studies to determine whetharsynuclein would
prefer phosphatidylinositol lipids. To this end, we measured
the membrane partition coefficient of purifiedsynuclein
for binding to large unilamellar vesicles (LUVs) composed
of POPC and PI(4,54P(98:2) or POPC and POPS (98:2)
by monitoring the shift in the intrinsic fluorescence to a
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branes containing 2% PI(4,5H.e., K, = 1.6 + 0.2 uM
for 2% PI(4,5)B, andK, = 3.6 + 0.4 uM for 2% POPS.
Although a-synuclein does not contain any known?Ga
binding motifs, it does contain a highly anionic C-terminal
region, and it has been shown that?Céinds weakly to
this region, promoting oligomerizatior3%). We monitored
the intrinsic fluorescence @f-synuclein as a function of free
Ca*" concentration. We find changes in emission with an
increase in free Ca concentration that appeared to be
complete by 2 mM C& (Figure 1b, inset). These spectral
changes are also seen using free?Migut to a lesser extent
(Figure 1b, inset). On the basis of these results, we
determined the sensitivity of-synuclein membrane binding
to the ionic environment by comparing its membrane
partition to POPC and PI(4,5)98:2) in buffer containing
0 and 500uM free C&", where C&"-bound a-synuclein
would contribute to the binding. We find that the presence
of C&" increased the affinityK,) to 0.65+ 0.17uM. Thus,
the combination of PI(4,5)Rand a high C& concentration
increases the membrane partition coefficie/i—6-fold.
o-Synuclein Enhances Agtition of PL@3, by GBy
Subunits.The results in Figure 1 suggest thatsynuclein
prefers membranes containing P1(4,5)80 we then deter-
mined whethero-synuclein could affect the activities of
PLCS enzymes which hydrolyze Pl(4,5)Rnd are tied to
dopamine and Ca signaling (see the introductory section).
There are four known mammalian PE@Goforms, PLG1—4,
which differ in their tissue distribution and their ability to
be activated by G, and @y subunits (see ref22 and23).
We first added 250 nM o-synuclein to 4 nM PL@,,
which is strongly expressed in neuronal tissue. No changes
in activity were observed. Similarly, no changes were
observed with the broadly expressed PsQFigure 2a, left
panel) However, nanomolar concentrationsafsynuclein
resulted in a 50% inhibition of PL&; activity (Figure 2a,
right panel), indicating that-synuclein may be specifically

ealtering the basal activity of this enzyme.

Since PL@, is activated by both @& and G3y subunits,
we determined whethea-synuclein would affect its G
protein activation. The addition of-synuclein to PL@, did
not affect the activation of these proteins bwg3ubunits
(Figure 2b). In sharp contrast, the additionaefynuclein
substantially increased the level of activation of PL®y
Gpy subunits. Under our assay conditions, PLGhows a
~4-fold activation by @y subunits (see ref29, 33, and
34). We found that adding increasing amountsesynuclein
to the activated PLEG,—Gfy complex results in a further
increase in the level of PL&; activation, which reaches a
maximum at 50 nMu-synuclein (Figure 2b). In an analogous
series of studies, we inhibited Ppgeby 50% by adding 50
nM a-synuclein, and then added increasing amounts®f G
subunits. This procedure resulted in a total 24-fold increase
in the PL@3, enzymatic activity (data not shown). We note
that a-synuclein only affected the extent of5g activation
of PLCS; rather than the concentration dependence of G
activation.

Previous studies have identified a mutanioe$ynuclein
that underlies familial Parkinson’s disease, A53). (To
determine whether this mutant also affects the activity of

higher emission energy as the protein becomes membranePLCp; or its ability to be activated by &/, we repeated the

bound (see reR0). As shown in Figure 1a, we find that
a-synuclein exhibits an-2-fold preference for the mem-

studies depicted in Figure 2 using this mutant. We found
that it too inhibited the basal activity of Plgzto a similar
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Ficure 3: Fluorescence measurements weynuclein-PLCS,
associationChange in the emission intensity @) 2 and @) 30

nM coumarin-PLGCj3, upon the addition of purifiedw-synuclein,
where the fraction association was calculated by the 18% increase
in coumarin emission intensity relative to control samples that
substituted buffer for-synuclein 6 = 3).

is the case, we attempted to measure the affinity between
these proteins by measuring the change in fluorescence of
coumarin-labeled PLG; as a-synuclein is incrementally
added (see re35). We found that the appareit was not
constant but shifted with the initial concentrations of cou-
marin-bound PL@, even with the smallest amount that
would give reliable data (i.e., 2 nM PL&3) (Figure 3). This
result shows that the affinity betweersynuclein and PLG,
is too strong to be measured by this technique (Ke.< 1
nM), and we are viewing only stoichiometric binding. This
strong binding may be related to the chaperone/scaffolding
ability of a-synuclein and implies that in celts-synuclein
could form a complex with PLG, depending on localization
and competing factors. Using this same methodology, we
found that the dissociation constantcaynuclein and By
was measurable and we obtainelgof 34 + 2 nM, which
is much weaker than those fot-synuclein-PLC3, com-
plexes.

a-Synuclein Accelerates the Release of'da Cultured
Cells.The studies described above suggest ¢haynuclein
may affect the regulation of PI(4,5Rydrolysis by PL@,

5 cpm/mg, respectively. The lower panel shows the decrease in@nd its activation by Gy subunits. If these interactions

enzymatic activity of 4 nM PL@, with increasing amounts of
a-synuclein (black bars) and A53I-synuclein (gray bars), where
the data are normalized to 1.0 at 0 ri¥synuclein. Each point is
an average of three to six individual trials, and the standard error
is shown. (b) Comparison of the effecta@fsynuclein (black bars)
and A53T a-synuclein (light gray bars) on the 100 nMgg—2
nM PLCS, activated complex, where the extent &fiJins(1,4,5)-
P; formation for all samples in the absencecefynuclein was in
the range of 4650 cpm/mg. This concentration of#3 increased
the level of PH]Ins(1,4,5)R formation from 244 4 to 1024 8
cpm/mg for a 45 s assay. Also shown is the effectiefynuclein
on 2 nM PL@3; activated with 20 nM @, subunits under the same
conditions (dark gray bars).

extent (Figure 2a) and increased the level gf/@ctivation,

occurred in cells, then we would expect an increase in the
rate of release of inositol phosphates produced by /BLC
and subsequent intracellular Taupon stimulation when
o-synuclein is present. Increased?Céevels due too-sy-
nuclein were tested by stimulating cultured cells that do not
expressa-synuclein with an agonist that will releasesG
subunits, and comparing the release of intracellul&r @a
that in cells that have been transfected waitsynuclein. For
these studies, we used rat aortic smooth muscle cells (A10)
which contain muscarinic receptor3@j and express high
levels of PLQ3,, low levels of PL@s, and no PL@; as
determined by Western blot analysi37). We could not
detect a-synuclein in A10 cell lysates by Western blot

but the magnitude of this increase was far smaller than thatanalysis (data not showndur transfection procedure (see

of wild-type a-synuclein (Figure 2b).
o-Synuclein Binds Strongly to Plga The enzymatic

Experimental Procedures) gave an efficiency that ranged
from 50 to 80% throughout the study as estimated by

studies described above point to a strong physical interactionsecondary immunofluorescence. In accord with previous

between-synuclein and PLEB,. To determine whether this

reports, in transfected celig;synuclein was widely dispersed
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Ficure 4: o-Synuclein enhances the €aresponse to carbachol in A10 cells. (a) Raw (i.e., uncorrected) spectra showing the change in
intensity of Calcium Crimson upon carbachol stimulation of A10 cells transfected with the empty veatesymuclein. Carbachol
concentrations are noted in the figure. Also shown are the spectra when?hs@a@phore A23187 is added, which would allow the entry

of extracellular C&" into the cell up to the concentration in the buffer (0.67 mM fre&'ab) Change in fluorescence intensity (FI) of
Calcium Crimson in A10 cells transfected with eithessynuclein or the empty vector, where the?Caesponse X-axis) is calculated as

1 — Fl(a-synuclein)/Fi(control). The data are an average of four independent experiments carried out in triplicate, and the error was
calculated using SigmaStat. In the left panel of part b is shown the carbachol response of controt)c&EX-treateda-synuclein-
transfected cells®) (n = 3), anda-synuclein-transfected cells in the presence and absence of extracellular cailciuB) (O anda). In

the right panel are shown the data from the left panel replotted to allow for direct comparison of'thespanse of control arasynuclein-
transfected cells.

but localized mainly on the plasma membrane and not in cells transfected withi-synuclein than with the empty vector.

the nucleus 19, 25, 38—40). A compilation of these studies is shown in Figure 4b, where
We measured the increase in cellula®Ceoncentration we present the ratio of the rate of Tarelease ofa-sy-

by labeling cells with a fluorescent €aindicator (Calcium nuclein-transfected cells to that of empty vector-transfected

Crimson) and then stimulating them with G protein-coupled cells as a function of increasing carbachol concentrations.

receptor agonists. In A10 cells, Calcium Crimson is seques- These data thus represent the extent to whiedynuclein-

tered in the endoplasmic reticulum, and release éf @Gam transfected cells are more responsive to agonists than the
the endoplasmic reticulum upon cell stimulation results in a control vector-transfected cells.
decrease in the fluorescence intensity (see4®@f While The extent of the increase in €aconcentration in the

results identical to those described below were obtained usinga-synuclein-expressing cells depended on the amount of
Fura-2AM, we found Calcium Crimson was less toxic to agonist added. With small amounts of added carbachol (0.1
the cells. uM), cells expressing-synuclein exhibited a 4-fold increase
Studies were carried out by adding either carbachol or in C&" concentration over control cells (Figure 4b). If one
acetylcholine to a suspension of Calcium Crimson-loaded considers that the transfection efficiency was onl$0—
A10 cells while stirring and immediately recording the 80%, then this response corresponds to an as muctbas
fluorescence spectra. We present data for studies using8-fold increase in the rate of €arelease. At higher
carbachol and note that identical results were obtained usingcarbachol concentrations where responses should saturate on
acetylcholine (ACh) at similar concentrations. An example the basis of analogy with a closely related cell lid@)( the
of the uncorrected spectral changes is shown in Figure 4a.C&" response of A10 cells with-synuclein became more
From the spectra, we find that the intensity change upon comparable to that of the cells transfected with the empty
going from 0 to 0.5«M carbachol is much greater in the vector. These results suggest that the major effect of
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o-synuclein occurs at low levels of agonist. Similar results Untransfected

were obtained using another fluorescent calcium indicator, 1 A10 Cells ACh Carbachol
Fura2-AM, indicating that this response is independent of L
the probe used for the €ameasurements (data not shown).

The increase in Ca levels seen in thex-synuclein-
transfected cells could be due to the release df Gam
intracellular stores or due to the entry of extracellular calcium
from the opening of C4 channels (see rdf3). To determine
whether entry of extracellular €ais contributing to the
results depicted in Figure 4, we repeated the study described
above by washing and dispersing the cells in &'deee
buffer (i.e., no added CGaand 1 mM EGTA) so that entry
of extracellular C& cannot occur. The data collected in these
studies were the same within error as the data in Figure 4b,
suggesting that the increased?Ctevels are due to release
from intracellular stores.

Stimulation of cells by carbachol activates both the,G
and Gy families, and PL@, could be activated by either
family. Gag subunits directly activate PLA, while Goy
subunits release ¥ subunits which activate PL&S. Thus,
both pathways may result in an increase in cellulat'Ca
To determine the contribution ofdg to the results depicted
in Figure 4b, we pretreated the cells with pertussis toxin
(PTX). This agent selectively eliminates stimulation ai;G
subunits. PTX treatment greatly reduced the extent of
enhancement of C& in the a-synuclein-transfected cells
upon stimulation (Figure 4b), suggesting that;@nd their
associated @y subunits are responsible for the effect of
a-synuclein on intracellular Carelease, and that ttie vitro
enhancement of @& —PLGCj, activity by a-synuclein may
occur, in part, in cells. The effect of PTX was quantified

further by assessing inositol phosphate production as de'FlGURES: o-Synuclein enhancegH]InsP production in A10 cells.

scribed beloyv. . ~_ (a) Total increase in the level ofH]InsP in untransfected cells
o-Synuclein Enhances Inositol Phosphate Production in with the addition of 14M ACh or 1M carbachol. (b) Increase in

Cultured Cells.The C&" studies suggest that-synuclein the level of PH]InsP ino-synuclein A10-transfected cells divided
may be involved in inositol phospholipid signaling. To better DY cells transfected with empty vector with the addition qiNl

. . . carbachol, uM insulin, or 100 ng/mL EGF in untreated and PTX-
determine whethex-synuclein could affect PLE; activity, treated cells. (c) Level of radioactivity in counts per minute per

we monitored the production of inositol phosphates (INSP) milligram of protein of a single set of studies where Cont refers to
which is more directly related to PLC activity than down- cells transfected with the empty vector aaeSyn refers to cells
stream C#& levels. We measured the amount &#[insP transfected witho-synuclein. fHJins(1,4,5)R production was
generated after agonist stimulation as described in Experi-2Ssessed as described in Experimental Procedures, whefe-9

. . except where noted. Average values with standard errors are given
mental Procedures (see 1&f) and found that stimulation 54 were calculated using SigmaStat.
of untransfected wild-type A10 cells by either AChyW)
or carbachol (tM) gave a similar 1.52-fold increase in cells versus control cells, indicating thatsynuclein is not
the amount ofH]InsP, in accord with other reports (Figure mediating inositol phosphate levels through receptor tyrosine
5a) @4). We note that basal levels ofH]InsP in cells kinase-PLCy pathways (Figure 5c).
transfected witha-synuclein were consistently 12 7% Although a-synuclein is expressed in various tissues to
lower than those of cells transfected with the empty vector some extent, it is found at high levels in neuronal cell lines
which could be due to PLE inhibition by a-synuclein (see (45, 46). We then repeated the studies depicted in Figure 5
the Discussion). However, cells transfected witBynuclein in the neuronal cell line PC12, which exhibits a neuronal
showed a statistically larger increase (i-el.4-fold) in the phenotype after pretreatment with nerve growth factor. Using
level of PH]InsP production with carbachol than with cells Western blot analysis, we confirmed previous studies sug-
transfected with the empty vector (Figure 5b). Thus, the gesting that these cells contain endogenmgynuclein and
presence oéi-synuclein allows the carbachol-induced level PLCS; (refs47 and48 and data not shown).
of [®H]InsP to increase 2.8-fold. Importantly, the increase  Using a similar methodology as described above, we found
in [*H]InsP levels witha-synuclein-expressing A10 cells was  that when PC12 cells were transfected witisynuclein they
eliminated by pretreatment with PTX (Figure 5b), strongly displayed a~40% decrease in the basaH]InsP level
suggesting that the increase observed wibynuclein may relative to control cells (e.g., Figure 6, top) which may again
result from PL@, activation by @y subunits released from  correlate with a reduced PlZCactivity. However,o-sy-
Gai. Also, addition of 1uM insulin or 100 ng/mL epidermal  nuclein-transfected cells exhibited &1.6-fold enhancement
growth factor (EGF) did not result in a detectable increase with carbachol over controls (Figure 6, bottom). PTX
in the level of PH]InsP production ir-synuclein-expressing  treatment eliminated the carbachol-induced increase, again
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6 versus M@" suggests thati-synuclein interacts with Ga
wsvnuclei; EHpty vRetan with a higher affinity. Previous studies by Nielsen and co-
workers 82) have identified a novel Ca binding motif in

% the C-terminus whose weak &aaffinity, more than 1 order

of magnitude higher than physiological Tdevels (1G, =
300 uM), suggests a role in nerve terminals or in regions
surrounding C& channels. Our studies suggest that very
high C&" levels will better stabilize-synuclein membrane
localization and subsequent association with membrane-
associated proteins. Alternately, the weak apparent'Mg
: Basal Carb CaM gocal cap Carb- asso_ciation as compared with the free concentration of 0.5

PTX PTX mM in cells may not play a functional role.

Sinceoa-synuclein is an unstructured protein with chap-

w -y w

®H-InsP formation (cpm/mg)
[\*]

1.8
§‘ erone capabilities, it is not completely surprising that it binds
E16 il strongly and influences the activity of Pjg& However, this
£ interaction is unusually strong (i.8{4 < 1 nM), and the
5 141 ability of a-synuclein to specifically inhibit PLG, and not
§ PLCp31 3is unexpected (see below). It is also very surprising
5127 thata-synuclein is able to enhance the stimulation of PLC
% by GBy from ~4- to ~24-fold and thata-synuclein only
£ L - affects PL, activation by @y and not by G, subunits.

L There are several mechanisms that may be responsible for

this behavior. Firstp-synuclein may direct the membrane
FIGURE 6: a-Synuclein enhancegH]IinsP production in PC12 cells bln_d!ng of PLGJ, due to its strong_ membrane bmdm.g
This figure presents a study similar to that depicted in Figure 5 &ffinity, but we note that the enzymatic assays were carried
using the neural-like cell line, PC12, where the top panel shows out at lipid concentrations much higher than the membrane
the radioactivity counted for a single set of samples and the bottom partition coefficient of PL{@, (22), so this cannot be the
panel shows the normalized ratio of the response-sinuclein  case for the observed sitro results. Alternatelyg-synuclein
transfected to that of the empty vectors 6). may either directly or indirectly promote the conformational
indicating a large contribution of & subunits releas.ed. by gBﬁ?\geasctls/;tr;gn?ﬁg%gf/esr}:-es;rfuiligi:nﬂc]j?é %? a?fc:argtetrﬁe
ﬁgis;it-(r)rl]%shzégﬂzjaltt: zg%vgggfaggoilr\(imfunrtszsggrsde'n n concentration dependence of the F.@ctivation curve by
: Gpy, suggesting that the action ef-synuclein is not to
DISCUSSION promote association between P8Gand G3y. More studies
are currently underway to understand the structure that
o-Synuclein has been linked to both intracellular dopamine a-synuclein adapts when bound to P&Qo allow for these
signaling and CH regulation. The coupling of PI(4,5)P dramatic changes in £y protein activation. It is important
PLCS,, and @y to C&" and dopamine signals is well- to note that since-synuclein is found in high concentrations
established24—27). Here, we present data suggesting that in some cell lines, it is quite possible that it influences the
a-synuclein prefers membranes containing the signaling lipid activity and stimulation of other cellular enzymes.
PI(4,5)R and regulates activation of Plsgby GSy. These The A53T mutation ofa-synuclein has been associated
results suggest a link betweensynuclein and the inositol ~ with familial Parkinson’s disease9) This conservative
phospholipid signaling pathway. P|Bg—Ggy regulation by mutation was only half as potent in reducing the enhancement
o-synuclein was directly shown using purified proteins and of Gy activation of PL@, compared to the wild type. While
model membranes, and indicated in cells by measuringit is unclear whether this reduction in activation could lead
increases in the levels of the PLC product, inositol phosphate,to pathological states, these data unexpectedly show that a
and a more downstream PLC product, intracellulaf*Ca  small, conservative mutation can have significant functional

Basal Carbachol Carb+PTX

under conditions where activation of PBCby Gy occurs. effects in unstructured proteins such@asynuclein.
While the magnitude of Ca release anc®H]InsP produc- We extended th@ vitro studies to determine whether it
tion can be influenced by many cellular factors, oupitro was possible thatt-synuclein affects PLG, activation by

studies clearly showed thatsynuclein has a preference for Gy subunits in cells. Initially, we find that the presence of
membranes containing PI(4,5)embranes, and that it binds  a-synuclein results in an at least 4-fold increase over control
to the PI(4,5)Rhydrolyzing enzyme PLE, with high cells in the rate of release of intracellular®€én A10 cells.
affinity. More so, the binding affinity for P1(4,5)Fcontaining We also find that-synuclein reduces basal levels &fi]-
membranes can be further enhanced by the addition of highinsP and whether this reduction is due to its inhibition of
levels of C&". The concentrations of €a used in the PLCg activity or other factors that affect the inositol lipid
membrane binding studies were chosen from titrations that pool is unclear at the moment. It is clear thasynuclein
followed the loss in fluorescence intensitysynuclein as allows for a much higher level of stimulation upon addition
C&" or Mg?" was added (Figure 1b). The loss in intrinsic of an agonist. This can be compared to the-2270-fold
fluorescence intensity with increased Mgnay be attributed  increase in the level of InsP and a 3.8.8-fold increase in

to the quenching as the cation weakly associates with theC&" levels seen when A10 cells are stimulated with arginine
acidic C-terminus. The higher degree of quenching b¥ Ca vasopressin or endotheliM4, 49), suggesting that the
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presence of-synuclein can have the effect of a second proteins, including tau5b), extracellular regulated kinase
stimulator. (56), and phopholipase OLB), and in some cases inhibiting
C&" and inositol phosphate levels in cells are tightly their activities. We find thatt-synuclein also inhibits PLG;
regulated, and it was surprising to observe thaynuclein which may attenuate the basal Ins(1,4¢Bntribution of
was able to increase their stimulated levels. It is noteworthy PLCS, in the absence of G protein agonists. The large
that PLG enzymes can also be activated by G protein number of binding partners most likely stems from the
subunits $0—-52), but we have not as yet determined their observation that.-synuclein purifies as a unfolded protein

contribution to C&" and InsP levels, or their possible
interaction witha-synuclein. Regulation of PLEby a-sy-
nuclein should be the subject of further study. It is also
noteworthy that PL@ enzymes, which are expressed in both
cell lines and have a high specific activity, are activated with
increases in basal €alevels and lie downstream from other
PLCs (see reR2), and it is likely that PL©® enzymes may
contribute to the Cd and InsP responses reported here.
Thus, while it is temping to speculate that the effects we
observe here are due directly to interactionoe$ynuclein
with PLCB,, it is probable that other synergistic mechanisms
are operative.

Our in vitro studies show that-synuclein specifically
enhances PLE; activation by @y subunits and not G,
Since @y subunits are generally released upon activation
of many G protein-coupled receptors, there is the potential
for enhanced C4 release byo-synuclein through PLG,
upon treatment with a wide range of agonists. Carbachol will
stimulate both @4 and Gy subunits, and By release from
either family could potentially activate Pldg PTX treatment
allowed us to assess the contribution ai@rom Go;, and
the contribution of the By subunits released from these two
G protein families. We find that in both cell lines,(
subunits released fromdzsubunits and not G contribute
to theoa-synuclein enhancement of P& Of course, other
cell lines may differ depending on the expression and
localization of muscarinic receptors and G protein subunits.

In neuronal-like PC12 cells, the level of expression of
PLCp; is much lower as compared to those of other BLC
isoforms @7, 48), and we find by Western blot analysis low
but detectable levels of PL4z in both primary cortical

neurons and PC12 cells (data not shown). We also note that

preliminary secondary immunofluorescence images indicate
colocalization of endogenous PBE and a-synuclein in

PC12 cells and colocalization of these proteins in transfected
A10 cells (data not shown). The results presented here

suggest that, among other possible mechanisms, the interac- ~

tion of PLCB, with a-synuclein may allow it to contribute
to Ins(1,4,5)R production upon G protein stimulation and
compensate for its lower level of expression as compared to
the more prevalent PL&;, or the more active downstream
enzyme PLG.

It is interesting to note that soon after the first isolation
of a-synuclein from cholinergic vesicle§3), the distribution
of rat braina-synuclein was found to closely parallel that
of PLCS, m1, and m3 muscarinic cholinergic receptors and
Ga subunits, which are all major players in the phospho-
inositide signaling pathway. Also, it has recently been shown
using photo-cross-linking thaft-synuclein binds to cal-
modulin in a C&"™-dependent manner with an apparent
affinity of 20 nM (54). Although the affinity ofo-synuclein
and PL@, estimated here is quite strong, due to its
abundance in neural cellg;synuclein is expected to interact
with other partners as wellx-Synuclein has already been
found to associate with unknown affinities with a variety of

(16), can act as a molecular chaperoid)( and can bind
strongly to membranes which would promote its interaction
with membrane proteins. These various interactions most
likely serve to prevent aggregation and fibril formatid8(
20, 21, 57).

The results from this study suggest thasynuclein may
be linked to C&' regulation through phospholipasg.Since
C&" regulation is in turn linked to a host of cellular events,
including vesicle trafficking, dopamine uptake, and receptor
sequestration, the interconnection between these events may
provide clues to the precise cellular functionoebynuclein.
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