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ABSTRACT: a-Synuclein (-syn) is a 140-residue protein that aggregates in intraneuronal inclusions called
Lewy bodies in Parkinson’s disease (PD). It is composed of an N-terminal domain with a propensity to
bind lipids and a C-terminal domain rich in acidic residues (the acidic tail). The objective of this study
was to examine the effect of €aon the acidic tail conformation in lipid-bouna-syn. We exploit the
extreme sensitivity of the band Ill fluorescence emission peak of the pyrene fluorophore to the polarity
of its microenvironment to monitor subtle conformational response aditbgn acidic tail to Cé&'. Using
recombinant human-syn bearing a pyrene to probe either the N-terminal domain or the acidic tail, we
noted that lipid binding resulted in an increase in band Il emission intensity in the pyrene probe tagging
the N-terminal domain but not that in the acidic tail. This suggests that the protein is anchored to the lipid
surface via the N-terminal domain. However, addition of‘Ceaused an increase in band Il emission
intensity in the pyrene tagging the acidic tail, with a corresponding increased susceptibility to quenching
by quenchers located in the lipid milieu, indicative of lipid interaction of this domain. Taken together
with the increaseg@-sheet content of membrane-associatesiyn in the presence of €3 we propose a
model wherein initial lipid interaction occurs via the N-terminal domain, followed by & @#&ggered
membrane association of the acidic tail as a potential mechanism leadingyo aggregation. These
observations have direct implications in the role of age-related oxidative stress and the attendant cellular
C&" dysregulation as critical factors im-syn aggregation in PD.

o-Synuclein @-syn) belongs to a family of small, soluble  tion. Two autosomal point mutations mesyn (A53T and
proteins called synucleing{, 8-, andy-synuclein) localized =~ A30P) and overexpression of the wild-type (WoFsyn pose
predominantly in neuronal tissues and to a lesser extent ina high risk for developing PD, although they account for a
hematopoietic cells and plateletk @). It plays a key role mere 1% of all PD cases4(6); aging appears to be a
in Parkinson’s disease (PD), a neurodegenerative disorderconsistent risk factor in the onset of PD, and there is a
characterized by dramatic losses of dopaminergic neuronsconsensus about the crucial role for this protein in the
in the substantia nigra and in other dementias such aspathology of PD, though the exact structural and functional
dementia with Lewy body. A hallmark pathological feature mechanisms of action are not understood.
of PD is the occurrence of intraneuronal inclusions called  -Syn is composed of 140 residues (Figure 1A) and

Lewy bodies, which are intensely eosinophi.(The Lewy  structurally characterized by three modular domains: (a) an
bodies are composed predominantiye$yn and lipids, the  N-terminal domain with seven conserved imperfect 11-
former deposited as high molecular weight aggregates in aresidue repeats, bearing a propensity to form amphipathic
fibrillar state, suggesting loss in solubility or increased o-helices and to interact with lipid surfaced),( (b) a
protein—protein interactions as putative reasons for aggrega- g-amyloid binding domain encoding the non-Abeta compo-
nent (NAC) of Alzheimer's disease plaques, and (c) a
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Ficure 1: Rationale and design ofsyn constructs for site-directed pyrene labeling. Panel A: Primary structeresyrfi. The amino acid

sequence oft-syn (residues £140) is shown wherein single cysteine residues were substituted at position 11 or 124 in lieu of Ala (red),
providing sites for covalent attachment of pyrene tags. The C-terminal tai#syih comprises a novel tandem repeat of 16 residléds (

between positions 109 and 140 that bear acidic residues (green) at defined intervals. Panel B: Microenvironment-sensitive spectral features
of pyrene. Fluorescence emission spectra of free pyrene in (i) aqueous buffer (10 mM HEPES, pH 7.4), (ii) acetone,rahdxdii.

The dielectric constants for these solvents are 80.4, 20.7, and 1.9, respectivelyCab2@ws draw attention to the band Il peak-&87

nm. Fluorescence emission spectra of free pyrene were recorded in various solvents as indicated, and the band I/11l ratio was plotted versus
the dielectric constant of the solvents (iv). The spectra were recorded at an excitation wavelength of 340 nm.

a f-sheet filamentous stateld), with a partially folded that the presynaptic terminal, with an abundanceaiyn,
intermediate likely playing a critical role in the aggregation lipids, and high local concentration of €ais a crucial site
process 13). for initiating pathogenesis of PD.

Functionally,a-syn has also been implicated in dopamine | thjs study we propose that &atriggers a conforma-
and C&" signaling, with the C-terminal segment likely  tional restructuring of the acidic tail ef-syn that is anchored
involved in the C&" binding processl(4, 15). Other putative o the membrane surface via its N-terminal domain. We
functions include a role in neurotransmitter release from empjoy site-directed fluorescence labeling of recombinant
presynaptic vesicles and modulation of presynaptic vesicle hymana-syn to evaluate the relative spatial disposition of
pool size, plasticity, and recycling via the dopamine trans- jts N-terminal and C-terminal segments in lipid-free and
porter (16) and other calcium-mediated roles4( 15, 17, lipid-bound states. Our studies suggest that*Caither
18). A possible clue to the role af-syn may lie in the fact  priggesa-syn to the membrane, possibly by coordinating
that aging is consistently associated as a risk factor for PD. ith the negative charge on thesyn acidic tail and the
Inevitably, oxidative stress appears to be a necessaryacidic headgroups in the phospholipid bilayer, or facilitates

accompaniment of the normal aging process and is closelythis segment to traverse the membrane bilayer.
associated with the neurobiology of aging, including neu-

rodegeneration in Alzheimer’'s disease and PI9).( In MATERIALS AND METHODS

addition, oxidative stress is intrinsically linked to Ta

dysregulation, with documented reports of increase ifitCa Materials. N(1-Pyrene)maleimide (NPM), tris(2-cyano-
influx and intracellular C& leading to a severe disruption  ethyl)phosphine (TCEP), arid(1-pyrenesulfonyl)-1,2-hexa-
of the normal cellular processe¥X-23). This further implies decanoylsn-glycero-3-phosphoethanolamine were obtained
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from Molecular Probes Invitrogen (Carlsbad, CA). 5-DOXYL- Superose 6 gel filtration column chromatography was
stearic acid (5-DSA), 1-palmitoyl-2-oleoglrglycero-3- performed at a flow rate of 0.3 mL/min to separate the POPC/
phosphocholine (POPC), and 1-palmitoyl-2-olesiglycero- POPAAb-syn complexes from unbound protein and protein-
3-phosphate (POPA) were obtained from Avanti-Polar Lipids free SUV. The molecular mass of the POPC/PQRayn
(Alabaster, AL). 2,2,2-Trifluoroethanol (TFE) and free complexes was calculated using thioesterase Il and bovine
pyrene were obtained from Sigma (St. Louis, MO). All other serum albumin as standards. The phospholipid and protein
chemicals and solvents were of analytical grade. content of the complexes was estimated using the phospho-
o-Synuclein Constructs and Protein Expressibluman lipid assay kit (Wako Chemicals GmbH) and the DC protein
wild-type (WT) a-syn was subcloned into a pTYB1 expres- assay kit (Bio-Rad), respectively, to calculate the lipid:protein
sion vector to facilitate purification of the recombinant ratio. Additionally, native PAGE of the isolated complexes
protein using the IMPACT-CN system (New England was carried out to evaluate the molecular mass and size of
BioLabs, Beverly, MA) as described earlie4]. Site- the particle on a 420% gradient gel for 20 h at 150 V and
directed mutagenesis was carried out to generate singlestained with Amido Black. The molecular masses of the
cysteine-containing constructs ofsyn, which otherwise =~ POPC/POPAi-syn complexes were calculated from a
lacks cysteine residues. Cysteine residues were substitutedalibration curve using the following standards: thyroglo-
at position 11 or position 124, yielding A11C- or A124C- bulin, 669 kDa; ferritin, 440 kDa,; catalase, 232 kDa; lactate
a-syn, respectively. Single Cys variants were generated bydehydrogenase, 140 kDa.
PCR-based site-directed mutagenesis, carried out by mis- Quenching Studieslo verify the location of the fluoro-
match amplification using two sequential PCRs by the phores in or proximal to the phospholipid bilayer, fluores-
Expand High Fidelity PCR system (Roche Applied Science). cence quenching analysis was performed with POPC/POPA/
All constructs were sequenced to confirm that there were pyrene-A11Gé-syn or POPC/POPA/pyrene-A124Gyn in
no undesired mutations. Recombinant WT-, A11C-, and the absence and the presence of 1 mM'Gaith varying
A124C-u-syn were expressed Escherichia colias a fusion 5-DSA concentrations. The rationale behind this analysis is
protein, followed by DTT-induced intein-mediated self- that fatty acids partition directly into the membrane bilayer,
cleavage on a chitin matrix. and by comparing the quenching constants, we can estimate
Site-Specific Pyrene Labeling11C- and A124Ca-syn the relative location of the fluorophores in the variants with
were initially preincubated with a 5-fold molar excess of respect to the membrane. The DOXYL group (quenching
TCEP fa 1 h at 37°C to reduce existing intermolecular moiety) is located at position C-5 along the fatty acyl chain
disulfide bonds. This was followed by incubation with a in5-DSA. Aliquots of 5-DSA (13 mM stock in DMSO) were
5-fold molar excess of NPM at 37C for 4 h 25, 26). A added directly to POPC/POP#syn complexes [keeping
Sephadex G-75 gel filtration column was used to remove the final concentration of DMSQO<2% (v/v)], and the
the excess unbound TCEP and NPM. fluorescence intensities were measured at 375 nm following
Fluorescence Measuremenfsuorescence spectra were equilibration for 5 min. The effective StertvVolmer quench-
recorded on a Perkin-Elmer LS50B fluorometer. Unless ing constantsKsy) were calculated employing the Stern
otherwise specified, 10 mM HEPES buffer, pH 7.4, was used Volmer equationFo/F = 1 + Ks\[Q], whereF, andF are
in all of the fluorescence experiments. When the effect of the fluorescence intensities in the absence and the presence
Ca&* was followed, POPC/POPAtsyn complexes were  of varying quencher concentrations, respectively, and [Q] is
incubated with 0, 0.1, 0.2, 0.5, 1.0, or 2.0 mM Ca@sé the quencher concentratio6g, 27).
specified for 16 h at 24C. Fluorescence measurements were  Circular Dichroism Spectroscop¥rior to CD and infrared
carried out directly on the samples with a slit width of 3 nm (IR) measurements, the POPC/PO&4Akn complexes were
for both the excitation and emission monochromators. dialyzed against 5 mM HEPES, pH 7.4, and then thé"Ca
Emission spectra were collected from 350 to 600 nm by concentration was adjusted using a stock solution of €acCl
setting the excitation wavelength at 340 nm. The samples were incubated for 16 h at°®24and the CD
Effect of TFE and pH Alteration on Pyrene-A1b€8yn spectra recorded using a 0.05 cm cuvette on a Jasco-710
and Pyrene-A124/-Syn FluorescenceFluorescence emis-  spectropolarimeter maintained at 2. Four scans, recorded
sion spectra of 4ug of pyrene-A11G#-syn or pyrene-  from 185 to 260 nm at 50 nm/min wita 1 nmslit width
Al124Ch-syn in the absence or the presence of varying and a time constant of 0.5 s for a nominal resolution of 1.7
concentrations of TFE were recorded. The final TFE nm, were averaged. Spectra were analyzed for secondary
concentrations ranged from 0% to 50% (v/v) in the incuba- structure using the CDPRO analysis softw&28)(
tion mixtures. The effect of pH was evaluated by recording  Infrared SpectroscopylR spectra were recorded on a
emission spectra of 4g of pyrene-labeled-syn in 50 mM Bruker EQUINOX 55 infrared spectrophotometer equipped
sodium phosphate buffer (pH 6.0, 7.0, or 8.0) or 50 mM with a reflectance accessory. The internal reflection element
sodium acetate buffer (pH 3.0, 4.0, and 5.0). was a diamond crystal (2 2 mm) with an aperture angle
Preparation and Characterization of POPC/POPA/Pyrene- of 45° yielding a single internal reflection. The spectra were
Labeledo-Syn ComplexeSmall unilamellar vesicles (SUVs)  recorded at a nominal resolution of 2 chand averaged
of POPC/POPA were prepared by sonication. Ten milligrams over 128 accumulations to improve the signal/noise ratio.
each of POPC and POPA [1:1 (w/w)] was initially dissolved The spectrophotometer was continuously purged with dried
in chloroform and then dried under a stream of dds to air. All measurements were made at Z2.
make a thin film. The thin film was incubated in 20 mM
phosphate buffer (pH 7.4) for 5 min at 42, vortexed, and RESULTS AND DISCUSSION
sonicated fo3 h at 24°C in a bath sonicatort-Syn (1 mg Rationale and DesigrThe objective of this study was to
of protein) was incubated with the SUVs for 16 h at°2t examine the lipid-triggered switch in the conformational
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disposition ofa-syn, with respect to its N-terminal domain 1000, A 1000, B

and C-terminal acidic tail, and their response t¢'Cdhe £ g

N-terminal domain and acidic tail were selectively monitored g 750 £ 750

by substituting single cysteine residues at position 11 or 124 § g

of a-syn, respectively (Figure 1, panel A). Since WAsyn § 5004 g 500

lacks Cys residues, the introduced site was unique, allowing & H }

us to covalently attach pyrene maleimide and to monitor the £ 2%{ [, / £ B oA

individual domains. Pyrene maleimide was the fluorescent % RN 3 T\

probe of choice as it bears a long fluorescence lifetir®00 0 o
ns) and high extinction coefficient (40000 chiM 1) (29); wavelength (nm) wavelength (nm)

importantly, it exhibits a distinct spectral feature that allows Ficure 2: _Fluorescence emission spectra of pyrene-labeled lipid-
us to monitor the proposed €ainduced conformational  free and lipid-boundx-syn. Panel A: Emission spectra of 49/
alteration, namely, the Py scale. Unique to pyrene, this ML Pyrene-Al1Gi-syn (dotted line) and 4g/mL POPC/POPA/

. e h pyrene-A11Cd-syn (solid line). The arrow draws attention to the
feature is extremely sensitive to the changes in the hydro- i ..o peak at-460 nm in the spectrum of lipid-free protein.

phobicity of the microenvironment. Panel B: Emission spectra of 1@g/mL pyrene-A124Qi-syn
The Py scale is based on the-z* emission spectrum of  (dotted line) and 4g/mL POPC/POPA/pyrene-A124&kyn (solid

the pyrene monomer, which exhibits five major well-resolved line). The spectra were recorded at an excitation wavelength of
vibronic bands between 370 and 430 nm, progressively 340 nM.

labeled as bands I, II, Ill, IV, and V. Since the electronic
and vibronic states are coupled, the first vibronic ban€q0

transition, band 1,~375 nm) displays enhanced emission P :
intensity with increasing solvent polarity compared to the 40000 M™* cm". Further, CD analysis of the unlabeled and

third band (8-2 transition, band I11,~385 nm). The ratio pyrene-lapeled single Cys variants revealed the presence of
of intensity between band | and band IIl (band I/band Ill)is & Prédominantly unstructured protein comparable to WT

sensitive to the polarity in the microenvironment of the probe a-syn, consistent .W'th previous reporB indicating that
(30). By calculating the ratio (I/111) in different solvents, the the Cys subst|tut|on .d'd not alter the overall secondary
Py scale of solvent polarity has been established in an structural characteristics af-syn.
empirical process, and the I/11l values are generally referred  Fluorescence Characteristics of Lipid-FreeSyn Vari-
as Py values3l, 32), which has been widely employed to ants.The fluorescence emission spectra of pyrene-AddC/
assess changes in the polarity of the environment of the probeSyn and pyrene-A124@fsyn were recorded at 10g/mL
(30, 33). in 10 mM HEPES, pH 7.4, following excitation at 340 nm
The potential application of the Py scale in studying (Figure 2, panels A and B, respectively). In both cases (dotted
protein/membrane interaction is illustrated by recording the lines), structured fluorescence emission with well-defined
fluorescence emission spectra of pyrene in solvents of widely Vibronic bands was noted. In the case of pyrene-A&tC/ _
ranging dielectric constants: aqueous buffer (10 mM HEPES, Syn, pyrene fluorescence emission attributed to monomeric
pH 7.4), acetone, and hexane (Figure 1, panel -Hiii moieties (373, 385, 395 nm, with a shoulder at 415 nm) was
respectively). In aqueous buffer (dielectric constant: 80.4) noted. The arrow at 460 nm in panel A is indicative of a
well-defined vibronic bands at 375 and 395 nm were noted, Possible dimeric pyrene (called excime3p(-38) in the case
while band Il at 387 nm is barely visible (Py valge3.28).  0f A11C/i-syn but not in pyrene-A124@/syn. The excimer
In acetone (dielectric constant: 20.7) band Ill (385 nm) emission peak was not observed at concentratiorr2qfg/
becomes visible as a distinct peak (Py vatud.44), while ~ mL for pyrene-A11Gd-syn. The concentration-dependent
in hexane (dielectric constant: 1.9), band Il (382 nm) is appearance of excimer emission in pyrene-Abt€yn, but
pronounced and displays a dramatically increased intensitynot in pyrene-A124@i-syn, is an indication that neighboring
(Py value= 0.68), indicative of a highly nonpolar environ- ~ @-Syn molecules are spatially proximak{0 A) primarily
ment in the latter. A plot of Py value versus dielectric atthe N-terminal domain. This observation may be attributed
constant for various solvents (Figure 1, pane| B, |V) shows to the Iipid—Seeking nature of the N-terminal domain, which
that small changes in the band /11l ratio can be reflective of is satisfied by proteinprotein interactions, and to the
large differences in the polarity of the probe microenviron- abundance of negatively charged residues at the C-terminal
ment. Thus, by following the intensity of band IIl relative end, which likely causes repulsion in a lipid-free state.
to band I, it is possible to interpret the nature of the  Characterization of Lipid-Bound-Syn Complexesn the
microenvironment of the pyrene probe. We take advantagenext stepa-syn was allowed to interact with phospholipid
of these unique spectral properties of pyrene as a reliablevesicles [20:1 lipid:protein (w/w) ratiollQ). The lipid-bound
indicator to monitor the spatial positioning of the N-terminal a-syn was separated from the lipid-free protein and protein-
and C-terminal segments af-syn with respect to the free vesicles by gel filtration. On the basis of earlier studies
membrane, an approach successfully employed to asses§l0, 39, 40) that demonstrate a critical requirement for acidic
conformational modulations and microenvironment polarity phospholipids in order for-syn to interact with lipid
in other proteins 31—34). surfaces, we employed POPC:POPA in a weight ratio of 1:1.
Pyrene Labeling ofo-Syn. Following expression and  On the basis of the documented effect o Cim inducing
purification on an affinity matrix, the finak-syn preparations  fusion of vesicles containing 1-palmitoyl-2-olearglycero-
were ~98% pure as judged by SDFAGE and existed  3-[phospho:-serine] (POPS), POPA was preferred as the
predominantly as a dimer (not shown). The protein was negatively charged phospholipid in our mixtures. Initial
reduced prior to labeling with NPM2g), and the stoichi- characterization of POPC/PORASYn complexes prepared

ometry of labeling was calculated to bel pyrened-syn
molecule, using the extinction coefficient for pyresig, =
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[l in both lipid-free and lipid-bound states for A124&/
0.2 4 syn (ratio of 1.89 and 1.99, respectively). The 3-fold increase
0.1 / in quantum yield induced by lipid association of pyrene-
0 ] A124Cla-syn is likely due to the overall restraint imposed
. - . on the protein molecule by lipid interaction of its N-terminal
K01 et 1) R A S S N et domain. Although an alternate interpretation for this observa-

fraction # tion could be possible tailtail interaction of neighborin
FIGURE 3: Size exclusion chromatography of POPC/PGirayn P - gn 9
complexes. The POPC/POPAMGFSyn complex (0.5 mg of  %Syn, we believe that the net negative charge of this segment

protein) was applied on a Superose 6 FPLC system (30<cin is likely to prevent such an interaction. This suggests that
cm) with the flow rate set at 0.3 mL/min. Fractions under peak 1 a-syn is likely anchored to the lipid surface via the

were comprised of protein-free vesicles, while those under peak 3 N-terminal segment, with the acidic tail “flapping” in the
were lipid-free protein. Fractions containiegsyn and phospho- aqueous milieu surrounding the lipid surface.

lipids (peak 2) were pooled, concentrated, and used as such. The . .
molecular mass of the complexes was estimated using thioesterase Efféct of Altering pH on thex-Syn ConformationWe
I, bovine serum albumin monomer, and bovine serum albumin rationalized that the acidic tail remains unbound in lipid-

dimer as standards with molecular masses of 30, 56, and 112 kDabounda-syn, due to chargecharge repulsion between the

respectively (indicated by arrows a, b, and c, respectively). Inset: gcidic residues in the C-terminal segment and the acidic
Native PAGE analysis of POPC/PORASyn complexes. Lipid- - S :

bounda-syn variants were isolated by gel filtration as described headgroup of phosp_hatldlc acid in the VESI(.:les' It S0, a
above. POPC/POPA/A11G#syn (lane 1) and POPC/POPA/A124C/ decrease in the solution pH should cause an increase in the
a-syn (lane 2) complexes (28 of protein) were electrophoresed  net hydrophobicity of the C-terminal tail due to protonation

on a 4-20% acrylamide gradient gel for 24 h at 150 V and stained of the acidic side chains, thereby facilitating binding interac-
with Amido Black B. Native PAGE standard is shown in lane 3. o with the lipid surface. To verify this, the effect of altering
pH on the fluorescence emission spectra of POPC/POPA/
under our conditions was carried out by gel filtration and pyrene-A11Cd-syn and POPC/POPA/pyrene-A124E3yn
native PAGE analyses. Gel filtration experiments of the was monitored (Figure 4, panels A and B, respectively). In
POPC/POPAL-syn complexes by the Superose 6 FPLC the case of POPC/POPA/pyrene-Al&&lyn, decreasing the
system (using thioesterase Il, bovine serum albumin mono-pH had no effect on the overall fluorescence emission
mer, and bovine serum albumin dimer as standards with characteristics compared to the profile recorded at pH 7.0
molecular masses of 30, 56, and 112 kDa, respectively) (Py value of 1.01 at all pH values). However, in the case of
yielded a molecular mass 6226 kDa (Figure 3). However, = POPC/POPA/pyrene-A124¢yn, decreasing the pH caused
native PAGE analysis of POPC/PORAsyn complexes  a progressive increase in the emission intensity of band IlI
(A11C- and A124Gi#-syn) revealed a molecular mass of at 387 nm (Py values of 1.99, 1.25, and 0.93 at pH 7.0, 5.0,
~670 kDa (Figure 3, inset). Particle composition analysis and 4.0, respectively), indicative of a relatively more
of POPC/POPAI-syn complexes was carried out by protein hydrophobic environment as a result of membrane interaction
and phospholipid assays, which yielded a lipid:protein molar by the C-terminal end af-syn. We exclude possible changes
ratio of 70:1. in fluorescence due to direct pH-related effects on the
Fluorescence Emission Spectra of Lipid-Bound Pyrene- headgroup of POPA4Q) since the changes we noted were
Labeleda-Syn VariantsThe fluorescence emission spectra specific for pyrene-A124@-syn. The above study indicates
of POPC/POPA/pyrene-All@/syn and POPC/POPA/ that the acidic tail conformation likely responds to changes
pyrene-A124Gi-syn complexes are represented in Figure in the microenvironment, leading us to examine the effect
2, panels A and B, respectively (solid lines). There were three of factors likely to interact with residues in the C-terminal
dramatic differences in the spectral features of the lipid- segment ofa-syn, such as Ga. C&*' is undisputedly a
bound variants when compared to the corresponding lipid- significant regulatory player in several cellular and bio-
free spectra: (i) a large increase in the fluorescence quantunmchemical events, especially in the neuro4s, @4).
yield upon lipid binding,~4-fold in the case of pyrene- Effect of C&" on the Acidic Tail Disposition with Respect
Al11Clo-syn and~3-fold for pyrene-A124QGi-syn (note: to the MembraneWe assessed the effect of varying?Ca
spectra of the lipid-bound samples were recorded witily4  concentration (0.1, 0.2, 0.5, and 1.0 mM Ca@h the spatial
of protein compared to 10g for the lipid-free protein), (ii) disposition of thea-syn acidic tail by comparing the
loss of the distinct excimer emission in the case of pyrene- fluorescence emission profile of POPC/POPA/pyrene-A11C/
A11Clo-syn, with no changes noted for pyrene-A12dC/  a-syn and POPC/POPA/pyrene-A124E3yn following
syn, and (iii) large differences in the monomer emission incubation with C&" (Figure 5, panels A and B, respectively)
profile of lipid-bound pyrene-A11@/-syn, with no changes  (only 0, 0.5, and 1.0 mM Ca are shown). The presence of
noted for pyrene-A124@Fsyn. In the lipid-free state, the  C&" had no significant effect on the fluorescence emission
intensity of band | is higher than that of band 11l (band I/lll, profile for POPC/POPA/pyrene-A11&/syn, with the Py
1.2) for pyrene-A11Qi-syn, while in the lipid-bound state, scale remaining unchanged &tl.0 at all concentrations

LLIEZINESIN g an increase was noted in the relative intensity of band IlI
ba B .. compared to that of band I, reflected as a decrease in ratio
: P‘*‘“peakz B (— 220 of band I/band Il to 1.0. This is a clear indication of the
Ll relative hydrophobic microenvironment in the vicinity of
‘g 0.6 position 11, i.e., the N-terminal domain @fsyn, suggesting
8 05 | T a direct interaction with the lipid surface, consistent with
2 o4 earlier studiesi0, 41). On the other hand, the intensity of
3 0‘% —140 band | remained significantly higher compared to that of band
=
£
o
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Ficure 4: Effect of altering pH orx-syn conformation. Fluorescence emission spectra of POPC/POPA/pyreneeAdyiCWvere recorded

at pH 7.0 (black) and pH 4.0 (blue) (panel A). Fluorescence emission spectra of POPC/POPA/pyrenex/sy24@Anel B) were recorded

at pH 7.0 (black), pH 5.0 (red), and pH 4.0 (blue). Lipid-bound pyrene-labelsgh variants were prepared as described under Materials
and Methods. Spectra of complexes were recorded uspng @f protein at an excitation wavelength of 340 nm.
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Ficure 5: Effect of C&" on the fluorescence emission of lipid-bound pyrene-labelesyn. Fluorescence emission spectra of POPC/
POPA/pyrene-A11Gi-syn (panel A) and POPC/POPA/pyrene-A124@kn (panel B) were recorded in the absence (black) and the presence
of 0.1 mM (red), 0.5 mM (green), and 1.0 mM (blue)®Cat an excitation wavelength of 340 nm. Representative spectra are shown from
about 10 different experiments. Inset in panel B: Effect of 0 (black) and 1 mkt (due) on fluorescence emission characteristics of

lipid-free pyrene-A124G#-syn.

studied. However, in the case of A124C3yn a significant
increase in the relative intensity of the 387 nm peak

noted are not due to apposition of neighboring acidic tails
of a-syn molecules.

compared to 375 nm was noted, reflected as a decrease in T4 independently confirm that €ainduces membrane

the Py scale to 1.4 in the presence ofCat 0.5 mM or
higher concentrations (from 1.99 in the absence of'Ca

juxtaposition of the acidic tail, we attempted to quench the
fluorescence emission of pyrene located in the C-terminal

microenvironment in the vicinity of position 124. This
suggests that the acidic tail ef-syn, which had hitherto
remained unbound in the absence of Cis likely interact-

ing with the lipid surface in its presence. The membrane
apposition of the acidic tail was unique to €aas other
divalent cations such as Mp(or monovalent cations such
as Na&) did not elicit a similar response (data not shown).
These studies indicate that the effect i$Cdependent and
not due to any nonspecific effect of the pyrene fluorophore.

To verify that the C&-induced changes noted in the
emission spectra of POPC/POPA/pyrene-A124€yn are
not due to C& bridging of the acidic tails between
neighboringo-syn moieties, we checked the effect of’Ca
on fluorescence emission characteristicBpd-free pyrene-
Al124Cp-syn (Figure 5, panel B, inset). There were no

5-DSA. The nitroxyl moiety is an excellent quencher of
fluorescence, and this quenching property has been routinely
employed to probe the location of fluorophores in membranes
(25, 45—47). 5-DSA was added in incremental amounts to
POPC/POPA/pyrene-A124&4syn in the absence of €a
Since the concentrations used are well below the critical
micelle concentration of DSA, we believe that it readily
partitions into the membrane. Fluorescence quenching was
followed at 375 nm at various quencher concentrations, and
the effective SternrVolmer quenching constankK§,) was
calculated to be (17.% 3.7) x 1073 M~ In the presence

of 1 mM C&", the apparenKsy increased to (36.5: 5.6)

x 10°% M~ To evaluate the status of the probe at the
N-terminal end under identical conditions, similar quenching
analysis was carried out for POPC/POPA/pyrene-AdtC/

changes in the emission profile, suggesting that the changesyn in the absence and the presence &f Cgelding Ksy
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values of (20.6+ 5.3) x 102 and (64.74+ 23.1) x 1073
M1, respectively. When considered in conjunction with the
response of the fluorescence emission peak at 387 nm, these ~
data indicate that the pyrene fluorophore at position 124 is :
closer to the membrane surface in the presence éf,Ca
compared to its location in the absence of Can the other
hand, the fluorophore at position 11 was already close to
the membrane surface in the absence of"Gait relocated

to a deeper site in its presence. Although DSA has been
shown to bind other proteind®), we exclude this possibility

in the present study since 5-DSA was added to POPC/POPA/ a4
o-syn complexes and not to lipid-freesyn. Further, since

A L

[6] x 10 (deg.cm?.dmol

a-syn does not appear to bear high-affinity binding of fatty 2 : . i : i i
acids to specific sites as in fatty acid binding protei8)( 190 200 210 220 230 240 250 260
we believe that the added DSA partitions directly into the Wavelength (nm)

membrane bilayer.

In parallel studies, CD and IR analysis of lipid-bound WT
a-syn was carried out in the presence of varying concentra-
tions of C&" to assess its effect on the secondary structure g 45 |
of lipid-bound protein. In the absence of Talipid-bound
o-syn (both unlabeled and pyrene-labeled) adopts a helical
structure, consistent with other reporig); this shows that
pyrene labeling does not alter the overall structural behavior
of a-syn. Comparison of the CD profile af-syn in the
presence of 50% TFE and in the lipid-bound state reveals  o.02 -
an interesting difference: the ratio of molar ellipticities at
222 and 208 nm is-1.0 in the lipid-bound state in contrast 0.001
to a ratio of <1.0 in the presence of TFE. The absorbance
at 222 and 208 nm is attributed to—m* and 7—z* 0.000
transitions, respectively, with the 208 nm absorbance (which
polarizes parallel to the helical axis) sensitive to the curvature
of the helix 60). Thea-helical and3-sheet content was 53%  FIGURE6: Effect of Ca" on secondary structural features of lipid-
and 11%, respectively, in the absence of added Oa/e bounda-syn. CD (panel A) and amide | region of IR (panel B)

g spectra of POPC/POP&/syn complexes were recorded in the
r_10_ted that C& had minimal 'effect "’_‘t 0.1 or 912 mM on the absence (a) and the presence of 0.1 mM (b), 0.2 mM (c), and 0.5
lipid-bounda-syn conformation, while a significantincrease  mm (d) C&* in 5 mM HEPES, pH 7.4.
in f-sheet (to 26%) andg-turn (22%) content with a
corresponding decrease in helical content (to 21%) was notedrable 1: Effect of C& on the Secondary Structural Content of
at 0.5 mM concentration (Figure 6, panel A, and Table 1). POPC/POPAY-Syn Complexes As Determined by CD
This observation was broadly consistent with data obtained SPectroscopy
by IR spectroscopy (Figure 6, panel B). With increasing'Ca  Ca* (mM) a-helix (%) B-sheet (%) turn (%) random coil (%)

0.006 -

0.004 1

0.003

Absorbance

1680 1660 1640 1620
Wavenumber (cm™)

concentrations an increased intensity was observed around g 53 11 12 25
~1645 and~1630 cn1?, assigned to random coil afdsheet 0.1 48 13 15 24
structures, respectivelyp{). Although the effect we noted 8-% 5231 %g %523 gé

by IR studies was not as marked as that seen by CD data, a :
similar trend of C&"-induced changes was evident, with the ~ * CD spectra of POPC/POPasyn were recorded in 5 mM HEPES,

most pronounced effect at 0.5 mM TaWe, and others pH 7.4, in the presence of the indicated amounts éfQasing a 0.05 )
cm cuvette. Spectra were analyzed for secondary structure content using

(35) note that C& has no effect on the secondary structure he cppRO analysis software) [Selcon3, Continll, and Cdsstr with
of lipid-free a-syn up to 10 mM concentration. Although protein reference set 7 (48 proteins)].

C&" has been indicated to bind lipid-freesyn (14), it does
not appear to induce secondary structure in the unstructuredoboth cases is indicative of distribution ofsyn molecules
protein in aqueous solutions. However, when lipid bound over the lipid surface, witt> 10 A between N-terminal ends
via the N-terminal domain, higher &alevels appear to  and C-terminal ends of neighboring molecules. Further,
trigger -sheet conformation in the acidic tail, possibly by pyrene-A11Cd-syn and pyrene-A124@tsyn were mixed
facilitating extension of an already existingrsheet-like in equimolar amounts prior to lipid interaction, followed by
region in the NAC domain. incubation with vesicles and gel filtration as described under
Finally, to evaluate if the N-terminal and C-terminal Materials and Methods. Fluorescence emission spectra of
domains from neighboring-syn molecules are in proximity =~ POPC/POPA/pyrene-A11&/syn/pyrene-A124@-syn com-
on the surface of the lipid vesicle, we examined the plexes were recorded in the absence and the presencé'of Ca
fluorescence emission spectra of POPC/POPA/pyrene-A11C/(Figure 7). No significant excimer emission peak was noted
a-syn and POPC/POPA/pyrene-A124E3yn in the absence  under these conditions, indicating that the N-terminal and
(Figure 2 or the presence of €a (Figure 5. The lack of C-terminal domains of two neighboring molecules are not
excimer fluorescence emission in the lipid-bound state in in close proximity with each other. Both in the absence and




10954 Biochemistry, Vol. 45, No. 36, 2006

1000

750 1

N

(=Y

(=)
N

250

relative fluorescence intensity

o L2
350

400
wavelength (nm)

Ficure 7: Effect of C&" on the fluorescence emission spectra of
an equimolar mixture of pyrene-A11&A5yn and pyrene-Al124+

syn in the lipid-bound state. Pyrene-Aldc3yn (0.5 mg) and
pyrene-A124Gi-syn (0.5 mg) were mixed prior to incubation with
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FiIGURE 8: Schematic representation of the proposeti @aediated
interaction of thex-syn acidic tail to membranea-Syn is present

as an unstructured protein in aqueous buffer (A). Upon lipid
interaction,o-syn is anchored to the lipid surface via its N-terminal
domain (represented as a green cylinder), with the C-terminal
domain flapping in the surrounding aqueous milieu (B). The NAC
segment is represented as a red arrow. The presencéoftilzck
dots), a key player in events occurring at the presynaptic site,
triggers membrane interaction of the C-terminal acidic tail, possibly
by bridging a direct interaction between the negatively charged
residues on the protein and the negatively charged headgroups of
the phospholipid surface (C). The acidic tail is represented as an
extension of the3-strand conformation (red arrow) of the NAC

20 mg POPC/POPA mixtures. Lipid interaction and isolation of segment.
lipid-bound protein were carried out as described earlier. Fluores-
cence emission spectra of POPC/POPA/pyrene-Ad-Bgh/pyrene-

I \ _lipids at the surface of membranés2). Our model provides
A124Ch-syn in the absence (dotted line) or the presence (solid

line) of 1 mM C&* were recorded at an excitation wavelength of
340 nm.

in the presence of Ch the spectra appear to be a
mathematical sum of the two individual spectra, i.e., of
POPC/POPA/pyrene-Al1G/syn + POPC/POPA/pyrene-

molecular insights into the potential structural, physiological,
and pathological role for Ca, with lipid interaction of the
acidic tail likely facilitating more aggregation af-syn.
Indeed, both the N- and C-terminal endsie$yn have been
indicated to associate with neuronal membranes in mouse
cortical neurons in studies using fluorescence resonance

A124Ch.-syn. Calculations based on particle mass (226 kDa energy transferg3). Other studies indicate a high propensity
by size exclusion chromatography and 670 kDa by native for membrane-bound-syn to aggregate and to seed ag-

PAGE analysis) and compositional analysis of the 70:1 lipid:
protein ratio yield about 410 a-syn molecules/patrticle.

gregation of the soluble cytosolic form of the proteb),
In an independent experiment, we confirmed that'Ca

However, since size exclusion chromatography is carried outdoes not cause vesict@esicle interaction via coordination
under gentler conditions, we believe the data from these with negatively charged headgroups of POPA in POPC/

studies are more reliable, reflecting about& o-syn

POPALb-syn complexes by preparing complexes containing

molecules per particle. The difference may be explained on 0.1% N-(1-pyrenesulfonyl)-1,2-hexadecanariglycero-3-
the basis of the conformation adopted by membrane-boundphosphoethanolamine. The presence of the pyrene moiety

a-syn or by the overall shape of the complex, which likely
plays a role in determining the mobility of the lipid/protein
complexes during native PAGE.

Taken together, we present a modebe$yn wherein the
lipid-free protein, although unstructured, elicits a certain
degree of proteirprotein interaction via the N-terminal
domain. The N-terminal domain initiates interaction with a
suitable membrane surface, when the protgirotein inter-
actions are replaced by proteitipid interactions, and the
a-syn molecule is anchored to the lipid surface via the
N-terminal end, which adopts a helical structure. However,
the presence of Catriggers membrane association of the
C-terminal acidic tail as well, possibly by coordination,
thereby bridging a direct interaction betweetsyn and the
membrane surface (Figure 8). It is likely that anchoring of
the N-terminal domain ofi-syn in the lipid particle imposes
a restraint on the mobility and orientation of the acidic tail
and that at optimal Ca& concentrations the NAC segment

in the phospholipid headgroup region allows us to monitor
proximity between two neighboring complexes through
excimer formation. We did not note any excimer formation
in these complexes under the conditions used and upon
changing temperature, solution pH, or?Caoncentration
(data not shown), verifying that €a does not promote
interaction between POPC/PORA$yn complexes. Further,
although the lifetime of protein-attached pyrene fluorophore
(~100 ns) would have allowed us to detect weak and
transient interactions of the acidic tail with the membrane
in the absence of G4, we exclude this possibility since the
dose-dependent response in the band Ill intensity is specific
to C&t.

Negative charge clusters are often known to coordinate
divalent ions such as €a(55), in conjunction with variable
number of carbonyl backbone atoms and anionic headgroups
of phospholipids. In the case ofsyn, the negative charge
clusters in the C-terminal tail (Figure 1A) may play a role

B-sheet structure extends into the C-terminal segment of thein C&* coordination at the membrane surface. Such coor-
protein. Whereas the same reasoning may be applied todination facilitates “C&" bridges”, which are key features

potential tail/tail bridging by C&, our fluorescence analyses
are strongly in favor of Ca-mediatedu-syn tail/membrane
interaction.

The scenario presented for Tariggered membrane
association of thet-syn acidic tail is reminiscent of Ca

in the membrane association of some classes of protefis (

In this state, thef-sheet content of lipid-boundr-syn
increases, suggesting that it is more prone to aggregation.
Alternately, the C-terminal tail may traverse the membrane
bilayer with C&" coordination of acidic residues decreasing

induced conformational changes in proteins such as annexinthe net charge of this segment @fsyn. It is possible that

V (calcium/phospholipid binding protein). Under conditions
of low C&" levels, annexin remains cytosolic and mono-
meric, while at higher Ca concentration it binds phospho-

membrane juxtaposition precedes insertion and likely rep-
resents an early event in tiesyn oligomerization process.
Several toxins representing tffebarrel pore-forming class
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of toxins adopt a membrane-spannjfigheet configuration 5.

(57). Indeed,a-syn molecules have been indicated to form
annular protofibrils in solutiong8) and in the presence of
C&" (59 or in a membrane environmerid), an observation
consistent with our findings by electron microscopic analysis
(data not shown). Clearly, additional factors, such as the
presence of other metal ions and protein binding partners,
and membrane lipid composition play critical roles in
determining the structural fate of-syn 60, 61).

The high sensitivity and extinction coefficient of the
pyrene fluorophore allowed us to employ very low concen-

trations ofo-syn. Unlike NMR structural analysis, which is 8.

restricted to studying.-syn bound to micellar surface as a
surrogate for membrane surface, pyrene fluorescence analysis

allows use of the lipid vesicular surface, including potential 9,

use of synaptosomes, to study lipid-bound conformation of
a-syn. When present in the context of the cellular milieu,
a-syn encounters a more complex membraliygid com-
position, including an asymmetric distribution of phospho-
lipids between the two leaflets. Synaptic vesicles are rich in
negatively charged phospholipids such as phosphatidylserine
and phosphatidic acid, reported to be located predominantly
on the cytoplasmic face of synaptic vesicl&2)( which
increases the likelihood of localized elevation i Clavels.

The C&" levels we used in this study are in the range
estimated in presynaptic microdomair@3,(64), similar to

that employed in other studies witlrsyn (14, 15, 35, 59).

In addition, oxidative stress events associated with aging are 14.

believed to lead to an increase in intracellular Cevels
due to increases in €ainflux, thereby leading to severe
impairment of normal physiological processg&<23, 65.

The presynaptic membrane is therefore an ideal location for
initiating pathogenesis of PD due to the abundanae-syn,
lipids, and high local concentration of &62, 63).

15

Our studies provide structural details toward understanding 17.

the complex interplay between membraresyn, and C&

and events leading to pathogenesis of PD. Further studies ;g
are in progress to investigate the occurrence of similar
structural motifs in other protein misfolding diseases or
proteopathies, which will enable us to define common
underlying mechanisms in the pathology of these diseases.

19.
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