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Abstract
Both oxidative stress and aggregation of the protein α-synuclein (aS) have been implicated as key
factors in the etiology of Parkinson’s disease. Specifically, oxidative modifications to aS disrupt
its binding to lipid membranes, an interaction considered critical to its native function. Here we
seek to provide a mechanistic explanation for this phenomenon by investigating the effects of
oxidative nitration of tyrosine residues on the structure of aS and its interaction with lipid
membranes. Membrane binding is mediated by the first ~95 residues of aS. We find that nitration
of the single tyrosine (Y39) in this domain disrupts binding due to electrostatic repulsion.
Moreover, we observe that nitration of the three tyrosines (Y125/133/136) in the C-terminal
domain is equally effective in perturbing binding, an intriguing result given that the C-terminus is
not thought to interact directly with membranes. Our investigations show that tyrosine nitration
results in a change of the conformational states populated by aS in solution, with the most
prominent changes occurring in the C-terminal region. These results lead us to suggest that
nitration of Y125/133/136 reduces the membrane binding affinity of aS through allosteric
coupling by altering the ensemble of conformational states and depopulating those capable of
membrane binding. While allostery is a well-established concept for structured proteins, it has
only recently been discussed in the context of disordered proteins. We propose that allosteric
regulation through modification of specific residues in, or ligand binding to, the C-terminus may
even be a general mechanism for modulating aS function.

Introduction
There is growing evidence to support a central role for the protein α-Synuclein (aS) in the
pathogenesis of Parkinson’s disease (PD). It is the primary component of Lewy bodies,
cytoplasmic amyloid inclusions, which are associated with selective loss of dopaminergic
neurons in the substantia nigra and are a hallmark of the disease. Although its precise role in
the development of PD remains unclear, point mutations to aS (A30P, E46K, and A53T) and
multiplication of the aS gene have both been linked to familial forms of PD1–4. The native
functions of aS are also not well-understood but have been proposed to involve synaptic
vesicle trafficking5,6, regulation of the synaptic vesicle pool7, and maintenance of neuronal
plasticity8. These functions are likely to be mediated by associations between aS and cellular
membranes, and its ability to bind lipid membranes is well-documented9–11. A potential link
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between membrane association and disease has been established by the finding A30P and
E46K show altered membrane binding properties12,13. Further, posttranslational
modifications to aS that are thought to be related to PD, such as serine phosphorylation14,15

and tyrosine nitration16, disrupt aS-membrane interactions.

While oxidatively modified proteins accumulate to some extent during normal aging, there
is mounting evidence that oxidative injury to aS, specifically nitration of tyrosine residues,
contributes directly to the pathology of PD17–22. aS contains four tyrosines, one in the N-
terminal, membrane binding region at residue 39, and three near the C-terminus at residues
125, 133 and 136 (Figure 1), all of which are readily nitrated in the presence of oxidizing
agents such as peroxinitrite, a common mediator of oxidative stress in vivo23. Nitrated aS
(nit-aS) was detected in Lewy bodies from post-mortem brain tissue using an antibody
against 3-nitrotyrosine17. Furthermore, nit-aS has been shown to be toxic to dopaminergic
neurons in vitro and in vivo22, and in an oxidative cellular model of PD, an increase of 3-
nitrotyrosine was observed19. In vitro, nitration of tyrosines can inhibit fibrillation and lead
to the accumulation of stable oligomers, most likely by covalent cross-linking due to
formation of di-tyrosine species23.

In the present study we investigate the mechanism by which tyrosine nitration modulates
binding of aS to model lipid membranes. We find that nitration of both the N-terminal and
C-terminal tyrosines reduce the binding affinity of aS for negatively charged lipid vesicles.
For the N-terminal tyrosine, we show that this decrease is primarily due to an increase in
electrostatic repulsion between aS and the vesicle. In contrast, the reduction in binding
affinity caused by nitration of the tyrosines in the C-terminus, which is not directly involved
in membrane interactions, cannot be attributed to either electrostatic or hydrophobic effects.
Rather, we find that nitration of the C-terminal tyrosines results in a compaction of the C-
terminus in solution and when bound to vesicles. Our results lead us to propose a model
whereby modifications to the C-terminus regulate binding through allosteric effects, which
we suggest may be a more general mechanism for modulating interactions between aS and
cellular membranes.

Materials and Methods
Protein preparation and nitration

aS was expressed and purified from a T7-7 plasmid in E. coli BL21 cells as described
previously24,25 and lyophilized for storage at −20°C. To prevent the possible
misincorporation of a cysteine instead of a tyrosine at position 13626, we introduced a
conservative mutation (TAC to TAT). For nitration studies, tyrosine to phenylalanine (Y39F
and Y125/133/136F) and tyrosine to aspartic acid (Y39D, Y125/133/136D and
Y39/125/133/136D) mutants were created. For fluorescent labeling of aS, cysteine
mutations were introduced singly and in pairs at positions 9, 33, 54, 72, 92 and 115 and
reacted with Alexa Fluor maleimide dyes (Invitrogen, Carlsbad, CA) essentially as described
previously27. To distinguish labeling mutants from the phenylalanine and aspartic acid
mutants, all cysteine mutants are referred to as ‘umodified’. Nitration of aS was achieved by
adding a 10x molar excess of tetranitromethane (10% in ethanol) per tyrosine residue to 2
mg/mL fluorescently labeled aS. Labeling was done prior to nitration to avoid possible
modification of free cysteine residues. Details can be found in the Supporting Information.

Fluorescence Correlation Spectroscopy (FCS) and Förster Resonance Energy Transfer
(FRET)

FCS and FRET measurements were made on a lab-built instrument based on an inverted
Olympus IX-71 microscope (Olympus, Tokyo, Japan) that has been described previously27.
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Measurements were made in 8-well chambered coverglasses (Nunc, Rochester, NY)
passivated by polylysine conjugated polyethylene glycol treatment to prevent aS adsorption
to the chamber surfaces. For FCS, the lipid concentration was varied against a fixed
concentration of aS. All measurements were carried out at 20°C in 20 mM Tris buffer, 130
mM NaCl at a protein concentration of 100 nM. Analysis of FCS data and calculation of the
molar partition coefficients KP are described in the Supporting Information.

For FRET measurements, the aS concentration was ~90 pM in 20 mM Tris buffer, 130 mM
NaCl, with 500 μM lipids for measurements of vesicle-bound conformations. Details of data
analysis are in the Supporting Information.

Pulsed field gradient NMR
Hydrodynamic radii of unmodified aS, nit-Y39F, and Y125/133/135D were determined in
the absence and presence of 8M urea using pulsed field gradient (PFG) NMR employing the
PG-SLED sequence 28. 1H NMR spectra were collected on Varian Unity Inova 600 MHz
and 500 MHz Spectrometers (Lexington, MA) in 99.9% D2O, 25 mM phosphate buffer, pH
7.4 at 25°C. The protein concentration was approximately 200 μM and 1mM TMSP was
added to all samples as an internal radius standard. See Supporting Information for details
on analysis.

Results
Nitration of N-terminal and C-terminal tyrosines reduces aS membrane binding equally

Nitration of aS with tetranitromethane yields a heterogeneous mixture of aS species
consisting of nitrated monomers, dimers and higher oligomers formed through di-tyrosine
cross-linking16. Monomeric aS was separated from oligomers and dimers by size exclusion
chromatography (Figures S1 and S2) and the extent of nitration of monomer aS was
determined by ESI mass spectrometry as ~15% mono-, 35% di-, 35% tri- and 15% tetra-
nitrated (Table S2). We used fluorescence correlation spectroscopy (FCS) to measure the
binding affinities of unmodified and nit-aS for anionic lipid vesicles. aS was labeled with
Alexa Fluor 488 (AL488) and autocorrelation curves were measured as a function of lipid
concentration (Figure 2A)24. At each lipid concentration, fitting the autocorrelation curves
yielded the fraction of protein bound to the vesicles which was used to generate a binding
curve (Figure 2B; Supporting Information for details). To quantify the strength of the
binding interaction and allow for comparison between the nitrated and unmodified protein,
we calculated partition coefficients, KP (Figure 2C and Supporting Information for details).
We measure a decrease of ~50% in the binding affinity for nit-aS in good agreement with
results obtained previously from gel filtration chromatography experiments16. It is of note
that the difference in KP between unmodified and nit-aS is equivalent to ΔG≈0.5 kcal/mol
(Supporting Information for details of Kp calculation). This difference is comparable to the
amount of reduction of or enhancement in affinity seen for the PD-associated mutants of aS,
A30P and E46K, respectively, relative to wild-type aS25. While it is not yet clear if changes
the interactions between aS and cellular membranes has a role in PD, studies have shown
that the A30P mutation results in altered cellular distribution of aS away from synaptic
terminals29, suggesting that perturbations to membrane interactions of this order of
magnitude may be meaningful in a physiological context.

Phenylalanine is not subject to nitration, but otherwise resembles tyrosine in bulk. Thus, to
determine the the origin of the decreased membrane binding affinity, we made two tyrosine
to phenylalanine mutants: Y39F, where only the C-terminal tyrosines are targets for nitration
and Y125/133/136F, where all the C-terminal tyrosines are replaced with phenylalanine,
leaving only Y39 in the membrane binding region to be nitrated (Figure 1). While both
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unmodified mutants have partition coefficients comparable to unmodified wild-type aS, the
binding affinity was reduced by ~50% for nit-Y125/133/136F and, interestingly, also for nit-
Y39F (Figure 2C). These data indicate that selective nitration of either the N-terminal or C-
terminal tyrosines influences the binding to lipid vesicles. This is particularly striking for the
latter case, given that the C-terminus is generally not thought to interact directly with the
lipid bilayer. Notably, the perturbation of binding we find upon nitration at the two different
sites is not additive, suggesting some degree of cooperativity between the two domains.

Decreased membrane binding of N-terminally nitrated aS is mediated by electrostatics
Nitration decreases the pKa of a tyrosine residue from 10 to ~730. Therefore, at pH 7.4
nitrotyrosine is partially negatively charged, providing a possible explanation for the
observed decrease in binding due to electrostatic repulsion from the negatively charged
vesicles. To investigate this possibility, we created tyrosine to aspartic acid mutants (Figure
1) to mimic the negative charge aspect of tyrosine nitration, a strategy that is commonly
used to mimic serine or tyrosine phosphorylation. A mutant with all tyrosines replaced by
aspartic acid (Y39/125/133/136D) shows markedly reduced binding affinity - by more than
an order of magnitude - relative to wild-type aS (Figure 2D). For Y39D, binding was
reduced to a similar degree (Figure 2D) indicating that the increase in net negative charge in
the N-terminal region of aS through nitration of Y39 reduces its affinity for anionic lipid
vesicles. To further probe this effect, we measured the binding affinity of Y125/133/136F at
pH 5.0, where neither tyrosine nor nitrotyrosine are charged. At pH 5.0, the partition
coefficients of the unmodified and nitrated construct are similar (Figure S3). In combination,
these two results provide evidence that the decreased membrane binding upon nitration is
primarily due to an increase in electrostatic repulsion between the protein and the anionic
lipid bilayer.

Despite the fact that it carries three additional negative charges in its C-terminus,
Y125/133/136D binds vesicles with an affinity comparable to unmodified wild-type aS
(Figure 2D). Moreover, at pH 5.0, where the decrease in binding affinity upon nitration is
virtually eliminated for Y125/133/136F, Y39F demonstrates the same significant decrease in
binding affinity upon nitration that wild-type nit-aS does (Figure S3). These results suggest
that the charge of the C-terminus does not play a major role in modulating binding.

Nitration of C-terminal tyrosines alters the conformation of the C-terminus
To examine the source of the reduced binding affinity due to nitration of the C-terminus, we
used single molecule Förster resonance energy transfer (smFRET) to probe the conformation
of aS upon nitration. aS was labeled with a donor, AL488, and an acceptor, Alexa Fluor 594
(AL594), fluorophore at three different sets of sites: two within the membrane binding
region at residues 9 and 54 (aS9–54) and at residues 54 and 92 (aS54–92), and one closer to
the C-terminus at residues 72 and 115 (aS72–115). Labeling nit-aS closer to the C-terminus,
for example at residue 130, resulted in artifacts in the ETeff histograms, likely due to
hydrophobic interactions between the nitrotyrosines and the fluorophore. The ETeff
histograms of unmodified and nitrated aS9–54 are virtually superimposable (Figures 3A and
3B), whereas nitration results in a small increase in the peak ETeff value for aS54–92 (Figures
3E and 3F) and a larger increase for aS72–115 (Figures 3I and 3J). These measurements
indicate that the C-terminus and the NAC regions of nit-aS are more compact than in the
unmodified protein, while the N-terminus is relatively unaffected. There is precedence for
similar local rearrangements in aS structure; at low pH, the C-terminus of the protein
becomes considerably more compact, while the N-terminal region is virtually unaltered31.

The effect of nitration on the conformation of the C-terminus is even more apparent in
comparing the vesicle-bound conformations of the proteins. Upon binding to anionic
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vesicles, the ETeff of unmodified aS72–115 shows a large decrease in the peak position
relative to the unbound protein (Figures 3I and 3K). This increase in distance is consistent
with a coil-helix conversion of residues 72–95 upon binding, which is expected to increase
the mean distance between the fluorophore pair. In contrast, the peak ETeff value for vesicle-
bound nit-aS72–115 is surprisingly high (ETeff≈0.72; Figure 3L) and is very similar to nit-
aS72–115 in solution (ETeff≈0.74; Figure 3J). The conformational changes observed for nit-
aS72–115 are not due to a change in the electrostatic properties of the C-terminus, as
smFRET measurements of the Y125/133/136D construct (which mimics the charge effect of
nitration) show more extended conformational ensembles both in buffer and on vesicles,
similar to those of the unmodified wild-type protein (Figure S5).

We considered several potential explanations for this observation. The first possibility is that
the protein was not bound to the vesicles. This, however, is highly unlikely; based on the
partition coefficients measured and the concentration of lipids used we expect >90–95% of
the protein to be bound. The second possibility is that the conformation of the α-helical
region of aS (residues 1–95) is different for the unmodified and nitrated protein. However,
measurements of the aS9–54 and aS54–92 constructs show large peak ETeff shifts upon vesicle
binding for both the unmodified and nitrated proteins, but only minor differences between
the membrane bound nitrated and unmodified proteins (compare: Figures 3A and 3C with
Figures 3B and 3D; Figures 3E and 3G with Figures 3F and 3H). These results indicate that
the structure of the membrane binding region of the protein is largely unaffected by nitration
and that the major conformation of the nitrated protein is the same extended α-helix as the
unmodified protein, which we have observed previously27. Thus, the most likely explanation
for the high peak ETeff value (ETeff≈0.72) measured for nit-aS72–115 is a further compaction
of the C-terminus (residues 96–140) upon membrane binding that compensates for the
increase in distance between residues 72 and 95 due to α-helix formation.

It is also possible that nitration results in an altered conformation of some fraction of the
membrane bound protein. In Figure 3H, there are clearly two populations of nit-aS54–92
molecules. The major population with mean ETeff≈0.34 matches well to the peak measured
for membrane bound unmodified aS54–92 (Figure 3G) and is consistent with an extended α-
helical conformation aS. Although our measurement conditions favor almost fully bound
protein, the minor population with mean ETeff≈0.75 could be attributed to a population of
unbound protein. However, there is a small shift in its peak value compared to the solution
measurement (ETeff≈0.72; Figure 3F), which means it could also represent a bound
population of protein with an alternative conformation. Recent work indicates that the
membrane binding region of aS may consist of two α-helices with differential affinities for
the membrane32,33: the first spanning residues ~1–25 and the second spanning residues ~30–
95. Nitration could preferentially destabilize the binding of this second region, resulting in a
membrane bound structure with an ETeff corresponding to that of the smaller peak
(ETeff≈0.75). Similarly, the broad peak centered at ETeff≈0.72 for membrane bound nit-
aS72–115 could be overlapping histograms from two different membrane bound
conformations with similar ETeff that cannot be distinguished by our approach. This
scenario is particularly plausible given recent work which demonstrates that under some
conditions, aS populates both extended and ‘bent’ δ-helical conformations on lipid
vesicles34. Regardless, independent of the detailed description of the bound states, the
significance of our data is that they demonstrate that modifications to the C-terminus which
affect its structure are also capable of modulating functional interactions (in this case,
binding a lipid vesicle) of the N-terminus. This is particularly striking given that the C-
terminus lacks any significant stable structure, even upon binding to vesicles35–37.
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Nitration of C-terminal tyrosines results in an increase in hydrodynamic radius of aS
The smFRET experiments described above were designed to probe local structure and
conformational changes. Using a fourth construct, spanning residues 33 and 115 (aS33–115),
we found a small decrease in the peak ETeff value upon nitration (Figure 3M and Figure
3N), which indicates that nitration results in a structure that is globally ~10% more extended
in solution than the unmodified protein (see Supporting Information for details of
calculation). In order to better characterize and to determine the cause of this expansion, the
diffusion coefficients of unmodified aS, nit-Y39F, and Y125/133/136D were determined
using PFG-NMR (Table 1, Figure S6) and used to calculate the hydrodynamic radii (RH) of
the proteins. For unmodified aS we determined RH=27.4±0.4 Å, in good agreement with
published results38. Nitration of the C-terminal tyrosines (nit-Y39F) resulted in an increase,
RH=29.0±0.3 Å, consistent with the expansion suggested by smFRET data of aS33–115. The
NMR data is supported by FCS data which measures a slower diffusion time for nit-aS and
nit-Y39F but not for nit-Y125/133/136F, as compared to their unmodified counterparts
(Table S3). Furthermore, measurements on Y125/133/136D show that this construct
resembles the wild-type protein, indicating that the difference in RH seen in the nitrated
protein is not due to electrostatic effects (Table 1). In the presence of 8M urea, aS expands
to RH=34.7±0.3 Å whereas nit-Y39F expands only to 32.9±0.6 Å. The Y125/133/126D
mutant expands to a similar extent as the nitrated protein, indicating that this more compact
conformation with high denaturant concentrations, in contrast to the expansion seen in
buffer, is most likely mediated by charge effects. These data show that nitration results in
substantial, specific changes in the conformation of the protein that are not associated with
canonical secondary or tertiary structure (Figure S4).

Discussion
Increasing evidence suggests that oxidative stress plays an important role in the
pathogenesis of PD and that aS may be a specific target for oxidative modification. A
number of mechanisms for the role of nitrated aS in PD have been proposed, including an
increase of aS toxicity due to the enhanced seeding ability of nit-aS, less efficient clearance
by the proteasome, and an increase in the cytosolic concentration due to its decreased
affinity for membranes16. Because of the central importance of binding to cellular
membranes to aS function, in this work we have focused on understanding the mechanism
by which membrane binding is perturbed upon nitration of tyrosine residues.

Previous work found that the decreased membrane affinity of nitrated aS was mediated by
Y39, the sole tyrosine located in the membrane binding region (Figure 1), and was proposed
to be caused by electrostatic and/or steric effects16. Our results show that mimicking the
charge properties of nitration by replacing Y39 with aspartic acid (Y39D) had the same
effect as nitration of Y39, allowing us to identify electrostatic effects as the primary cause of
reduced affinity. However, the additional small reduction in affinity observed for nit-
Y125/133/136F at pH 5.0 relative to unmodified Y125/133/136F (Figure S3) suggests that
other properties of the nitro-group at Y39 may also have a role. While a helical wheel model
of membrane bound aS derived from EPR39, places Y39 on the solvent exposed face of the
helix, where effects of bulkiness of the nitrotyrosine group on interactions with the lipid
membrane should be minimized, other studies point towards a buried Y39. An intrinsic
fluorescence study finds that binding of aS to SDS micelles results in a more hydrophobic
environment for Y3940, and that access of the enzyme tyrosinase, which may have a direct
role in oxidative reactions relevant to PD, to Y39 is restricted when aS is bound to lipid
vesicles41. Both of these studies indicate that Y39 may be at least partially buried in the lipid
bilayer where the increased size and decreased hydrophobicity of the nitrated phenol group
are expected to be unfavorable.
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More intriguing is our finding that nitration of the C-terminal tyrosines, which are located
~30–40 residues away from the end of the membrane binding region (~residue 95) (Figure
1), results in a comparable decrease in binding affinity as the N-terminal nitration (Figure
2C). In one recent NMR study, the C-terminus was proposed to interact directly with lipid
membranes at lipid/aS molar ratios ≥1532. Although we cannot exclude this scenario, we
would expect that an increase in the net negative charge of the C-terminus (by nitration or
aspartic acids) would result in a decrease in binding affinity for anionic lipid membranes.
Our experiments clearly show that this decrease cannot be assigned to electrostatic effects
(Figure 2D and Figure S3).

These results raise the question – how does nitrative modification of the C-terminal tyrosines
decrease membrane binding of aS? For this discussion, we will consider that aS consists of
two domains: membrane binding (residues 1–95) and C-terminal (residues 96–140). Our
data show that nitration of the C-terminal tyrosines alters the conformational ensemble of
the disordered C-terminal domain; moreover, nitration of these residues results in a decrease
in binding affinity mediated by the membrane binding domain of the protein. This leads us
to suggest that the mechanism of perturbation is through long-range allosteric
communication between the two domains of aS.

An allosteric system is one in which the binding of a ligand (or covalent modification) to
one site alters structure, function and/or flexibility at a distal site. It requires communication
between the two sites and, historically, has been thought to be mediated by a change in
structure of the protein in response to the ligand. More recently, allosteric regulation has
been proposed to occur simply via shifting the population of protein conformational states in
the dynamic ensemble42–46. Although the model of dynamic allostery was proposed for
structured proteins it could just as well describe the alteration of an ensemble of disordered
structures. In fact, recent work suggests that allosteric coupling may actually be most
efficient in proteins where disorder is present in the domains containing the binding/
modification sites, as is the case for nit-aS, and that it is mediated by changes in the relative
populations of states, independent of physically linked interactions47. In this theoretical
work, the authors propose a model for allosteric coupling in disordered proteins whereby
binding to or modification of domain A stabilizes conformational states of A favored by the
binding/modification. The population of states that bind to ligand B may be stabilized,
destabilized, or unaffected. A direct analogy drawn from our experimental work is that
nitration of the C-terminus (modification of domain A) shifts the dynamic ensemble of C-
terminal states towards more compact conformations and destabilizes or reduces the
population of states in the membrane-binding domain (domain B) that favor binding to the
vesicles.

We can consider this model in more detail and provide several potential mechanistic
explanations of how the population of states in the membrane binding domain are affected
by modification of the C-terminal domain in the context of what is known about the solution
structure of aS. Introduction of a nitro-group increases the bulkiness of tyrosine (the
phenolic ring has a surface area of ~30 32 and the nitrated ring ~50 32)48 which may affect
its flexibility and rotational mobility49. Thus, it is possible that dynamics of the protein
chain relevant to membrane binding are altered by nitration. Moreover, PFG-NMR and
smFRET provide evidence for both global (Table 1) and local (Figure 3) conformational
changes in nit-aS, which suggests that nitration may modify or disrupt long-range
interactions within the protein. The importance of dynamics and long-range contacts has
long been recognized as important to aS aggregation50–53 and it is likely that they will play a
role in functional interactions of aS, such as membrane-binding, as well. Indeed, there are
several examples of aS modifications where there appears to be a correlation between
modulation of long-range interactions and membrane binding affinity. To illustrate, the PD
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mutant E46K shows increased C- to N-terminal contacts54 as well as increased membrane
binding13, while A30P has reduced contacts and a reduced membrane binding affinity13,55.
Phosphorylation of S87 was also shown to reduce long-range interactions with a
concomitant expansion of the protein as well as to perturb membrane binding14.
Interestingly, this effect could not be reproduced by mimicking phosphorylation by
replacing serine with a glutamic acid. Our current study, along with these others, provides
compelling evidence that long-range interactions and dynamics may be generally relevant
for modulating binding of aS to membranes.

Lastly, the N-terminal region of aS contains nascent or transiently populated α-helical
structure35 which could also be affected by C-terminal nitration. This nascent α-helical
structure was perturbed by the disease mutant A30P, but not A53T, correlating with their
ability to bind lipid membranes56. Although we do not observe a stable conformational
change in the N-terminal region (Figure 3A and 3B), it is plausible that there is a change in
the conformational ensemble of this region – either the specific residues that sample α-
helical conformations or the dynamics of conformational interchange – that smFRET does
not detect. More directly, there could be a shift in the distribution of conformational states
populated by the N-terminus when bound to the vesicle, such that lower affinity
conformations are favored.

Overall, our study provides evidence for a novel mechanism for regulation of aS binding to
lipid membranes through allosteric communication between the disordered C-terminus and
the membrane binding domain. The important role we suggest for the C-terminus is
supported by observations that it can interact with a variety of ligands including copper,
iron57, and calcium ions58, polyamines59, and with various proteins, notably microtubule-
associated proteins60,61 and synaptobrevin-262. Based on our results, we propose that
allosteric regulation by the modification of specific residues or binding of ligands to the C-
terminus may be a general mechanism for rapid, reversible control of membrane binding by
aS. In this study, the effect observed upon nitrative modification is inhibitory, but alternate
ligands/modifications could act as activators. The association of aS with cellular
membranes, and changes in those interactions in the mutant or modified forms, is emerging
as of central importance to the normal function of aS, as well as to its pathogenic role in
PD63. Thus, the mechanism of modulation of membrane binding through allostery that we
describe here is likely to have general implications for understanding the underlying
molecular mechanisms of aS function as well as dysfunction.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic representation of aS showing modification sites. aS is divided into three regions:
a positively charged N-terminal region, a hydrophobic central region (NAC region) forming
the core of the β-sheet structures in amyloid fibrils, and an acidic C-terminus. The N-
terminus and the NAC region form an amphipathic α-helix upon binding to lipid
membranes. aS has four tyrosines which are indicated in black; the different modification
sites for fluorescent labeling are indicated in gray.
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Figure 2.
Binding of aS to lipid vesicles. A. Normalized autocorrelation curves of aS with increasing
lipid concentrations showing characteristic shift to longer decay times with increasing
fraction of bound protein. B. Representative hyperbolic binding curves of aS (black) and nit-
aS (gray) binding to 50 nm diameter 1:1 POPC/POPS vesicles at pH 7.4. Partition
coefficients of the different aS constructs: (C) Y→F, unmodified (solid) and nitrated
(diagonal hatch marks); and (D) Y→D nitration mimics.
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Figure 3.
Effect of nitration on conformation of aS in solution and bound to lipid vesicles. ETeff
histograms of unmodified (rows 1 and 3, red fits) or nitrated (rows 2 and 4, blue fits) aS
were measured in solution (upper two rows, dark gray) and in the presence of 100% POPS
vesicles (lower two rows, light gray). In order to probes specific regions of the protein, aS
was labeled at various positions: A–D, residues 9 and 54; E–H, residues 54 and 92; I–L,
residues 72 and 115; M&N, residues 33 and 115. The peak at ETeff≈1 seen in some panels
(for example, K and L) is the result of a trace contaminant present in some of the vesicle
solutions. All histograms are normalized so that the area under the Gaussian fit curve (red or
blue) equals 1.
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Figure 4.
Cartoon illustrating changes in aS conformation upon nitration and the effects upon
membrane binding. The four constructs described in the Results section are marked with
gray arrows; upon nitration, the arrows are color coded to indicate a measured change in
distance: gray = no change; blue = increase; red= decrease.
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Table 1

Hydrodynamic radii (Å) of aS, nit-Y39F and Y125/133/136D at 25°C with and without 8M urea determined
by PFG-NMR (Fits to the raw data in Figure S6).

Tris buffer + 8M urea

aS 27.4±0.4 34.7±0.3

nit-Y39F 29.0±0.3 32.9±0.6

Y125/133/136D 27.8±0.2 32.6±0.1
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