
α‑Synuclein and Mitochondria: Probing the Dynamics of Disordered
Membrane-protein Regions Using Solid-State Nuclear Magnetic
Resonance
Angelo Gallo,¶ Silvia Mansueto,¶ Alessandro Emendato, Giuliana Fusco, and Alfonso De Simone*

Cite This: https://doi.org/10.1021/jacsau.4c00323 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The characterization of intrinsically disordered regions (IDRs) in membrane-associated proteins is of crucial
importance to elucidate key biochemical processes, including cellular signaling, drug targeting, or the role of post-translational
modifications. These protein regions pose significant challenges to powerful analytical techniques of molecular structural
investigations. We here applied magic angle spinning solid-state nuclear magnetic resonance to quantitatively probe the structural
dynamics of IDRs of membrane-bound α-synuclein (αS), a disordered protein whose aggregation is associated with Parkinson’s
disease (PD). We focused on the mitochondrial binding of αS, an interaction that has functional and pathological relevance in
neuronal cells and that is considered crucial for the underlying mechanisms of PD. Transverse and longitudinal 15N relaxation
revealed that the dynamical properties of IDRs of αS bound to the outer mitochondrial membrane (OMM) are different from those
of the cytosolic state, thus indicating that regions generally considered not to interact with the membrane are in fact affected by the
spatial proximity with the lipid bilayer. Moreover, changes in the composition of OMM that are associated with lipid dyshomeostasis
in PD were found to significantly perturb the topology and dynamics of IDRs in the membrane-bound state of αS. Taken together,
our data underline the importance of characterizing IDRs in membrane proteins to achieve an accurate understanding of the role
that these elusive protein regions play in numerous biochemical processes occurring on cellular surfaces.
KEYWORDS: α-synuclein, mitochondrial binding, disordered protein regions, membrane-associated proteins,
protein dynamics probed by ssNMR

■ INTRODUCTION
Proteins embedded or associated with biological membranes
generate functionality in living systems, including cellular
signaling, drug targeting, the assembly of biomolecular
machineries, or the regulation of vesicular trafficking.1−3

Biophysical and structural methods have achieved an
extraordinary resolution in characterizing the detailed molec-
ular properties of homogeneous systems such as trans-
membrane proteins;4,5 however, limited success has been
obtained in the elucidation of intrinsically disordered regions
(IDRs) of proteins bound to lipid bilayers. This gap poses a
key challenge in structural biology, as IDRs are often
fundamental elements to mediate biological activity and
function in protein molecules.6−11 Molecular simulations
represent a precious resource for this research challenge;12,13

however, inevitable simplifications in the force fields and the
reduced accessibility in the size of the systems and time scales
of the samplings reduce considerably their applicability. As a
result of the limitations in studying protein IDRs in membrane-
embedded systems, it is currently challenging to elucidate
crucial biochemical mechanisms for the cell. The quantitative
characterization of these regions is, however, critical to address
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longstanding questions such as for example the transient
membrane-protein interactions that regulate synaptic functions
and cellular trafficking14−16 or the action of highly dynamical
loops in cell receptors.17

Here, we employed solid-state nuclear magnetic resonance
(ssNMR) to quantitatively probe the dynamical content of
protein IDRs at the surface of lipid bilayers through transverse
and longitudinal 15N relaxation. Magic angle spinning (MAS)
ssNMR is generally successfully applied to study structurally
defined and rigid regions of membrane proteins, typically
through cross-polarization (CP) experiments exploiting strong
dipolar couplings for the polarization transfer. Recent advances
have also enabled the quantification of biomolecular dynamics
via CP ssNMR,18 still in the context of rigid and homogeneous
protein states. To quantitatively probe the dynamical content
of IDRs of proteins at the surface of biological lipid bilayers, we
here measured 15N relaxation through insensitive nuclei
enhanced by polarization transfer (INEPT) MAS measure-
ments.19,20 This method of transferring nuclear spin polar-
ization is largely employed in solution-state NMR and has also
been applied in combination with MAS ssNMR to selectively
probe the resonances of highly dynamical regions of
biomolecules.20−24 We used INEPT-based MAS ssNMR to
quantitatively study the dynamics of the membrane-bound
state of α-synuclein (αS), a 14 kDa protein that localizes
predominantly at the presynaptic terminals of neurons25 and
whose aberrant aggregation is associated with Parkinson’s
disease (PD).8,26−35 We focused on the binding of αS with
mitochondria, as evidence exists for the localization of αS on
mitochondrial membranes (outer,36 inner,37,38 and both types
of membranes)39,40 as well as to mitochondrial-associated
membranes.41 There is large interest in characterizing this
interaction owing to the relevance of mitochondrial
dysfunction in the pathogenesis of PD and other neuro-
degenerative disorders.42−44 Evidences also indicate that αS
induces mitochondrial fragmentation36,45,46 particularly when
in the form of the PD variant A53T.47 Our data elucidate how
the spatial proximity with the outer mitochondrial membrane
alters the dynamical properties of the disordered C-terminal
region of αS compared to its cytosolic state. Taken together,
the results of this study underline the importance of
characterizing the dynamical properties of IDRs of mem-
brane-associated proteins to study key underlying biochemical
mechanisms occurring on cellular and organelle membranes.

■ RESULTS

Disordered Regions of αS at the Surface of Mitochondrial
Membranes

In its functional monomeric state, αS exists in equilibrium
between disordered cytosolic and helical membrane-bound
states, the latter retaining significant levels of structural
disorder.48,49 This binding is promoted by seven imperfect
sequence repeats in the N-terminal region of αS, which encode
for amphipathic helical segments.50−53 Previous MAS ssNMR
studies of αS bound to lipid bilayers mimicking synaptic
vesicles revealed that the C-terminal region (residues 98−140)
has poor membrane association and fully retains its disordered
nature,23,54 the N-terminal region (residues 1−25) folds into a
stable amphipathic α-helix at the membrane surface,55 and the
central region (residues 26 to 97) exists in equilibrium
between membrane bound (helical) and unbound (disor-
dered) states.23,56 We here focused on the mitochondrial

binding of αS,57 an interaction that has functional and
pathological relevance in neuronal cells.36−40,58 In particular,
using ssNMR 15N relaxation, we quantified the properties of
regions of αS retaining significant levels of disorder when
bound to the outer mitochondrial membrane (OMM). These
membranes differ from other physiological synaptic mem-
branes for which αS binding has been studied,59,60 as they
possess very low cholesterol content (Table 1). In addition to

the lipid composition mimicking the physiological OMM, we
also considered a mixture containing an excess of cardiolipin
(OMM_CL+). The latter is associated with cellular conditions
arising as a result of lipid dyshomeostasis in conjunction with
neurodegeneration. The excess of cardiolipin in the OMM
alters the physicochemical properties of the lipid bilayer,
including its charge and fluidity. When estimating the binding
affinities of αS to OMM and OMM_CL+, we found stronger
interaction for the cardiolipin-rich lipid bilayer (Figure S1),
likely due to the higher negative charge. Our structural
investigation, however, is independent from the membrane
affinity, since ssNMR measurements directly probe the
properties of the membrane-bound state of αS regardless of
the binding equilibrium.
Our goal was to quantify the dynamical content and the

conformational properties of IDRs of αS at the surface of
mitochondrial-like membranes, including conditions describing
the physiological and pathological context. The samples were
prepared by incubating acetylated αS (15N labeled) with small
unilamellar vesicles (SUV) mimicking the composition of
OMM or OMM_CL+. SUVs were prepared via sonication to
adopt a diameter distribution of ∼50 nm (Figure S1). This
setup maximizes the accessible vesicle surface during the
incubation with αS. In order to obtain a comparable amount of
membrane-bound αS in the MAS rotors, 30 and 14 mg of
protein were incubated with 10 mg of OMM or OMM_CL+
vesicles, respectively, in 20 mM sodium phosphate at pH 6.0
and a total solution volume of 3.5 mL. These incubation
conditions counterbalanced the difference in the affinities of
αS to bind OMM or OMM_CL+, thereby ensuring that in
both experiments 4 mg of protein were pelleted in conjunction
with the vesicles via ultracentrifugation. The pellets were then
transferred into a 3.2 mm ssNMR zirconia rotor to acquire
spectra at a MAS rate of 12.5 kHz. Disordered regions of the
membrane-bound αS were probed using 1H-detected HSQC
MAS to measure 1H−15N resonances,20 by acquiring the
spectra at a temperature of 25 °C in a data matrix consisting of
1024 (t2, 1H) × 128 (t1, 15N) complex points.
MAS 1H−15N HSQC of OMM-bound αS revealed

numerous peaks showing a narrow dispersion of the
resonances, which is indicative of disordered protein regions
(Figure 1A). The detection of these resonances via INEPT-
NMR indicates that the corresponding residues are poorly
associated with the lipid bilayer as they possess very fast local

Table 1. Lipid Molar Fractions in OMM and OMM_CL+

OMM OMM_CL+

PC 0.50 0.35
PE 0.28 0.20
PS 0.02 0.014
PI 0.11 0.08
cholesterol 0.09 0.06
CL 0.30
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rotational correlation τc. The 1H−15N HSQC ssNMR spectra
were indeed found to closely match with those acquired in
solution NMR for the cytosolic membrane-unbound αS, thus
enabling a convenient assignment of the ssNMR resonances.
The αS regions whose resonances appear in the spectra were
found to be in part from the C-terminus (residues 98 to 140)
and in part from the central region (Figure 1B), including the
aggregation-prone nonamyloid β component (NAC) region.
More specifically, 58 peaks were detected in the 1H−15N
HSQC ssNMR, including 21 that are not part of the C-
terminal region (V48, T59, G67, G68, V71, G73, T75, V77,
A78, T81, E83, A85, G86, S87, A89, A91, T92, G93, V95, K96,
K97). When analyzing the ssNMR spectra of αS bound to
OMM_CL+, we found a significant reduction in the number of
peaks of the 1H−15N HSQC ssNMR compared to the OMM-
bound state (Figure 1A,C). In particular, 34 resonances were
observed in this cardiolipin-rich sample, with only five residues
(A85, G86, S87, K96, and K97) residing outside the C-
terminal region (Figure 1A). Of note, the negatively charged

E83 was found to engage more strongly with OMM_CL+,
thereby losing dynamical content and falling out the range of
detection in INEPT measurements. By contrast, K96 and K97
were found to retain poor association with OMM_CL+ despite
being positively charged. This finding indicates that cooper-
ative effects in the αS sequence overwhelm the properties of
the individual residues in determining the local dynamical
content and membrane interaction.
Taken together, these spectra reveal the topological

properties of the membrane-bound state of αS at the surface
of mitochondria. Under physiological conditions, αS retains
disordered C-terminal and central regions, both showing poor
association with the lipid bilayer. Under conditions leading to
lipid dyshomeostasis and increase of cardiolipin content in the
OMM, the central region of αS mostly disappears from
1H−15N HSQC ssNMR, indicating stronger interaction with
the membrane, whereas the C-terminal region remains mostly
unbound with the lipid bilayer.

Figure 1. Disordered regions of αS bound to mitochondrial-like membranes probed by ssNMR. (A) 1H-detected 1H−15N-HSQC ssNMR of αS
bound to OMM (green spectrum) and OMM_CL+ (red spectrum). Spectra were measured at 25 °C using MAS ssNMR using a 3.2 mm EFree
probe with spinning rate of 12.5 kHz, and a 1H Larmor frequency of 700 MHz. The assignment of the spectra was derived by superimposing the
1H−15N-HSQC ssNMR with previously assigned spectra in solution NMR of unbound αS.54 Residues whose resonances are present only in the
OMM-bound spectrum are labeled in blue. Residues whose resonances are present in both spectra are labeled in black. (B, C) Representation of
SUV-bound αS. Schematic illustration of the binding mode of αS to OMM (B) and OMM_CL+ (C) vesicles. Bar plots indicate the residues
numbers of resonances found in the 1H−15N-HSQC ssNMR of αS-OMM (B) and αS-OMM_CL+ (C). (B) In the case of OMM, numerous
residues maintained enough conformational disorder to be detected by 1H−15N-HSQC ssNMR, including a number of residues in the central
region. Orange and blue ribbons represent disordered and helical-structured regions of αS bound to OMM. (C) In the case of OMM_CL+ the
number of residues that maintain disorder and poor association with the membrane is reduced significantly in the central region. Green and blue
ribbons represent disordered and helical-structured regions of αS bound to OMM_CL+.
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Relaxation Properties of Disordered Regions of αS Bound
to Mitochondrial Membranes

We then measured 15N relaxation of membrane-bound αS
using INEPT-based MAS ssNMR experiments to probe highly
dynamical regions of the protein. Transverse 15N relaxation
was acquired in 1H−15N HSQC-based spectra using the
MISSISSIPPI water suppression scheme.61 R2 values of
disordered regions of αS bound to both OMM and
OMM_CL+ were found to be generally higher than those of
αS in water (Figure 2A and Figure S2A).60 In particular, αS
bound to OMM showed an average R2 value of 16.5 s−1, which
is significantly higher than that observed in the cytosolic state
for the same residues (3.9 ± 0.7 s−1, Figure S3). It is likely that
the spatial proximity to the membrane surface induced an
enhancement in the transverse relaxation, suggesting a weak
interaction between the disordered regions of αS and the
membrane, in line with previous paramagnetic relaxation
experiments with synaptic-like vesicles.23,54 In a different
context, enhancement of a similar magnitude in R2 values was
observed for other disordered proteins when these are studied
in crowding conditions,62 indicating that spatial confinement
may be one of the key factors promoting enhanced 15N
relaxation. The enhancement in R2 induced by OMM binding
was not homogeneous across the αS sequence, with higher
rates observed in the central region (19.8 ± 5.2 s−1) compared
to the C-terminal region (14.4 ± 2.0 s−1).
When analyzing the dynamics of disordered regions of αS

bound to OMM_CL+, we detected further enhancement of
the 15N transverse relaxation (average R2 values 17.1 ± 1.8 s−1)
than the OMM-bound case. This finding indicates that the

interaction of disordered regions of αS, including the C-
terminus, is stronger with the surface of cardiolipin-rich
OMM_CL+, in line with the higher overall binding affinity
measured in co-sedimentation essays (Figure S1). The
stronger membrane interaction is also consistent with the
observation of the broadening of 1H−15N HSQC ssNMR
resonances in the central region of αS bound to OMM_CL+
(Figure 1).
When measuring longitudinal 15N relaxation rates (Figure

2B,C), the detected values were found to be in the typical
range of other IDPs, indicating that the membrane has no
significant effects on R1 values. In the OMM-bound sample,
the average R1 values were 1.50 ± 0.14 and 1.39 ± 0.07 s−1 for
the central and C-terminal regions of αS, respectively.
Moreover, longitudinal relaxation did not appear to be
influenced by cardiolipin, as the αS-OMM_CL+ measurement
resulted in R1 values similar to those of the corresponding
regions in the αS-OMM sample (average value of 1.37 ± 0.16
s−1). Some residues of αS, however, showed peculiar R1 rates
in the OMM_CL+ sample with respect to the reminder of the
protein. In particular, in the region 124-AYEMPS-129, which is
flanked by three negatively charged amino acids (E123, E130,
and E131), we detected a significant reduction in the R1 values
(average value of 1.09 ± 0.11 s−1). This observation suggests
that the membrane enrichment in cardiolipin content
influences the conformational dynamics of the region 124−
129 of αS, presumably for a charge effect. It is likely that
alterations of the local charge in the αS sequence, e.g., by
phosphorylation of S12963 or by Ca2+ binding,64 are also able
to modulate the conformational properties of αS at

Figure 2. 15N relaxation of disordered regions of αS bound to mitochondrial-like membranes. (A) R2 values plotted as a function of the αS
sequence at the surface of OMM (green) or OMM_CL+ (orange). (B) R1 values plotted as a function of the αS sequence at the surface of OMM
(blue) or OMM_CL+ (red). In panels (A) and (B), we report the value only for residues whose resonances are visible in the INEPT regime, as
they remain highly dynamical at the membrane surface. Residues in the N-terminal region are too rigid to be probed with experiments in the
INEPT regime. (C) INEPT based 1H−15N HSQC MAS sequence for 15N R1 relaxation measurements. (D) INEPT based 1H−15N HSQC MAS
sequence for 15N R2 relaxation measurements. Narrow and broad black rectangles represent 90 and 180° hard pulses, respectively. States-TPPI is
employed on for the 15N dimension. Evolution time is indicated with t1. T and δ indicates the relaxation delays for T1 and T2 measurements,
respectively.
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mitochondrial surfaces thereby influencing its behavior in
function and aggregation. Taken together, these relaxation data
indicate that disordered regions in the bound state of αS
possess unique dynamical properties that, as a result of the
membrane proximity, diverge from the corresponding regions
in the cytosol. When probing disordered regions in the
membrane-bound state of αS, relaxation measurements in
solution NMR did not detect significant differences in the
OMM and OMM_CL+ samples (Figure S3). Enhanced
transverse relaxation was indeed only observed for the N-
terminal and central region of αS in the case of OMM_CL+,
whereas R2 values of the C-terminal region and R1 values of the
entire protein showed no difference in the two samples and
with respect to the isolated protein case. This finding supports
the present MAS ssNMR approach as a powerful direct probe
of disordered protein regions at the membrane surface.

■ DISCUSSION
The characterization of the structural dynamics of backbone
and side chains of protein molecules is of fundamental
importance to delineate how their biological activity is attained
under functional and pathological conditions. Highly dynam-
ical protein regions are often involved in crucial mechanisms
such as cell signaling, the response to ligand binding, and
conformational switches via post-translational modifications. It
is also now established that IDRs of membrane proteins play
key roles in molecular interactions that govern fundamental
biochemical processes at the surface of the cell and its
organelles.65−68 Characterizing these disordered protein
regions when bound with lipid bilayers is therefore a crucial
challenge in biochemistry but one that cannot be tackled using
some of the powerful techniques of structural biology such as
X-ray crystallography and cryo-EM, which are primarily
tailored to probe homogeneous and rigid protein states.
A number of experiments exist in solution-state NMR to

investigate the dynamical properties of protein IDRs,9,62,69−71

many of which based on nuclear spin relaxation. When
studying membrane proteins, however, solution NMR requires
the solubilization via detergent micelles, bicelles, or nano-
discs,72 but the physiological relevance of these assemblies
might be limited. In this context, solid-state NMR (ssNMR)
has emerged as a powerful analytical method to study proteins
embedded in their native membrane environment, thereby
ensuring the functional-structural integrity of the molecule
under physiological conditions.73−75 As most of the ssNMR
methods are based on cross-polarization (CP) transfer, their
applicability remains primarily tailored to rigid moieties of
proteins, with poor sensitivity achieved in the case of IDRs.
The long T2 relaxation of highly mobile residues, however,
enables to probe these regions via through-bond INEPT
coupled with MAS ssNMR.20,76−80 We here exploited INEPT-
ssNMR to probe the conformational properties of disordered
regions of αS bound to OMM and OMM_CL+. The
interaction with lipid bilayers is a key element for the
biological properties of αS, as most of its putative functions
are exerted in the membrane-bound state.25 In its cytosolic
state, αS is fully disordered,50,70,81 whereas upon membrane
binding, it partially folds into a helical-rich conformation48,49

while retaining significant levels of conformational disorder.
IDRs in the membrane-bound state of αS include primarily the
C-terminal region (residues 98−140), and have been shown to
mediate key protein−protein interactions82 as well as calcium
binding64 within the regulation of the trafficking of synaptic

vesicles. Studying the properties of these regions at the
membrane surface is therefore a critical goal to elucidate how
the balance between function and aggregation is regulated for
αS.
We here showed the importance of quantitatively probing

the dynamical nature of IDRs in proteins associated with lipid
bilayers by focusing on the properties of αS bound to the outer
mitochondrial membrane (OMM). Our data show that
binding to OMM generates a peculiar structural topology of
αS where the C-terminal region, and a significant portion of
the central region that includes residues of the NAC remain
disordered and poorly associated with the lipid bilayer. This
topology may have significant relevance for the promotion of
membrane-membrane interactions by αS through the double
anchor mechanism,23 which requires simultaneous binding
across two different membranes of the N-terminal and central
regions of the protein. The detected exposure of amyloido-
genic sequences in the central region of αS might also have
relevance in the context of aberrant aggregation at the OMM
surface in the context of mitochondrial dysfunction and/or
dysregulation.
Under pathological conditions leading to lipid dyshomeo-

stasis, OMM has been shown to accumulate anomalous high
levels of cardiolipin,83 which modify both the fluidity and
charge of the lipid bilayer. Our data show that, in the presence
of cardiolipin, the αS binding to OMM is altered leading to a
loss of dynamics in the central region, which is mostly no
longer detectable in INEPT-ssNMR, as well as to changes in
the relaxation properties of the segment 124-AYEMPS-129,
likely due to charge alteration of the membrane. In addition,
our INEPT-ssNMR relaxation data showed that IDRs of αS
possess significantly higher R2 values at the membrane surface
compared to the cytosolic state, thus providing evidence of a
degree of interaction between these regions and the lipid
bilayer. Further enhancement of the transverse relaxation in
IDRs of αS was found in the case of binding to cardiolipin-rich
OMM, suggesting a stronger local interaction with this lipid
mixture.
In summary, the ssNMR spectra and relaxation data

presented in this work underline the importance of studying
the conformational properties of IDRs at the membrane
surface. The properties of these IDRs appear to be significantly
different from those of purely random coil states and to be
strongly influenced by the properties of the lipid bilayer.
Considering the fundamental relevance of IDRs in membrane-
associated proteins, the present study defines a key challenge
for structural biology to delineate how these regions can be
regulated in functional and pathological contexts.

■ MATERIAL AND METHODS

αS Expression and Purification
αS was expressed and purified in E. coli using plasmid pT7−7 as
previously described.54 In order to obtain N-terminal acetylation of
αS, we coexpressed this plasmid with one carrying the components of
the NatB complex (Addgene). After transforming in BL21 (DE3)-
gold cells (Agilent Technologies, Santa Clara, USA), uniformly 15N-
labeled αS variants were obtained by growing the bacteria in isotope-
enriched M9 minimal media containing 1 g·L−1 of 15N ammonium
chloride, 2 g·L−1 of 12C-glucose (Sigma-Aldrich, St Louis, USA), and
1 g of protonated IsoGro 15N (Sigma, St. Louis, MO). The growth
was obtained at 37 °C under constant shaking at 250 rpm and
supplemented with 100 μg·mL−1 ampicillin and 12.5 μg mL−1

chloramphenicol to an OD600 of 0.6. The expression was induced
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with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at 37 °C
for 4 h, and the cells were harvested by centrifugation at 6200g
(Beckman Coulter, Brea, USA). The cell pellets were resuspended in
lysis buffer (10 mM Tris-HCl pH 8, 1 mM EDTA and EDTA-free
complete protease inhibitor cocktail tablets obtained from Roche,
Basel, Switzerland) and lysed by sonication. The cell lysate was
centrifuged at 22,000g for 30 min to remove cell debris. In order to
precipitate the heat-sensitive proteins, the supernatant was then
heated for 20 min at 70 °C and centrifuged at 22,000g. Subsequently,
streptomycin sulfate was added to the supernatant to a final
concentration of 10 mg·mL−1 to stimulate DNA precipitation. The
mixture was stirred for 15 min at 4 °C followed by centrifugation at
22,000g. Then, ammonium sulfate was added to the supernatant to a
concentration of 360 mg·mL−1 in order to precipitate the protein. The
solution was stirred for 30 min at 4 °C and centrifuged again at
22,000g. The resulting pellet was resuspended in 25 mM Tris-HCl,
pH 7.7, and dialyzed against the same buffer in order to remove salts.
The dialyzed solutions were then loaded onto an anion exchange
column (26/10 Q sepharose high performance, GE Healthcare, Little
Chalfont, UK), eluted with a 0−1 M NaCl step gradient, and then
further purified by loading onto a size exclusion column (Hiload 26/
60 Superdex 75 preparation grade, GE Healthcare, Little Chalfont,
UK). All the fractions containing the monomeric protein were pooled
together and concentrated by using Vivaspin filter devices (Sartorius
Stedim Biotech, Gottingen, Germany). The purity of the aliquots after
each step was analyzed by SDS-PAGE, and the protein concentration
was determined from the absorbance at 275 nm using an extinction
coefficient of 5600 M−1 cm−1.
SUV Preparation
SUVs were prepared using lipids from Avanti Polar Lipids Inc.
(Alabaster, USA) or Sigma-Aldrich (St Louis, USA), and mixed in
chloroform solutions.23,60 The OMM mixture was composed of
POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine; Avanti code:
850457C), POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoetha-
nolamine; Avanti code: 850757C), POPS (1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-L-serine; Avanti code: 840034C), PI (L-α-
phosphatidylinositol; Avanti code: 840042C), and cholesterol
(Sigma code: C8667) in a molar ratio of 0.5:0.28:0.02:0.11:0.09.
OMM_CL+ were prepared with 30% of cardiolipin (CL; Avanti code:
840012C) using a molar ratio of 0.35:0.2:0.014:0.08:0.06:0.3 for
POPC:POPE:POPS:PI:cholesterol:CL (Table 1). The lipid mixture
in chloroform solution was evaporated under a stream of nitrogen gas
and then dried under vacuum to yield a lipid thin film. The thin film
was rehydrated by adding aqueous buffer (20 mM sodium phosphate
pH 6.0) at a final concentration of 10 mg mL−1 and sonicated in an
ultrasonic bath for 2 min. SUVs were obtained by using 5 cycles of
freeze−thawing and then sonication with an ultrasonic homogenizer
until clearance of the mixture. The average diameter of the pore is
around 50 nm as controlled using dynamic light scattering (DLS)
(Figure S1A).
Magic Angle Spinning (MAS) Measurements
MAS ssNMR measurements were used to directly probe the
resonances of αS in the vesicle-bound state, which are inaccessible
to solution-state NMR. MAS experiments were carried out on a 700
MHz Bruker spectrometer with a 3.2 mm EFree probe. Insensitive
nuclei enhanced by polarization transfer (INEPT) spectra19 were
measured at 25 °C using an MAS rate of 12.5 kHz. 1H detected
1H−15N-HSQC ssNMR of membrane bound αS was measured as in
Gopinath et al.20 Assignments of the resonances of αS in 1H−15N-
HSQC ssNMR were derived by superimposing the ssNMR spectra
with solution NMR spectra of membrane-free protein using our
previous assignments of cytosolic αS.54

Transverse and Longitudinal Relaxation Measurements in
MAS ssNMR
15N relaxation in the INEPT regime was measured using the pulse
sequences shown in Figure 2C,2D. The value of τ was 2.63 ms. 1H
SPINAL decoupling with a rf-field strength of 5 kHz was applied
during the relaxation delays followed by MISSISSIPPI water

suppression scheme.61 15N WALTZ decoupling with a rf-field strength
of 15 kHz was used during the acquisition time. Both longitudinal and
transverse relaxation were acquired with an interleaved scheme.
Longitudinal 15N relaxation was measured in 1H−15N HSQC-based
ssNMR spectra, using delay times of 20, 50, 100, 200, 300, 400, 600,
800, 1200, and 1800 ms. Transverse 15N relaxation was measured in
1H−15N HSQC-based ssNMR spectra, using delay times of 1, 5, 10,
20, 30, 40, 50, 60, 80, and 120 ms.

Transverse and Longitudinal Relaxation Measurements in
Solution NMR
15N transverse and longitudinal relaxation of αS incubated with OMM
and OMM_CL+ were measured with standard BRUKER pulse
sequences in solution NMR,84 including the watergate sequence85 to
improve water suppression. R1 and R2 values were obtained by fitting
the experimental data with single exponential decays; the fitting of
experimental data and the error analyses were performed with the
program SPARKY. 15N relaxation was measured at 10 °C on a sample
composed of αS (300 μM) incubated with the two types of SUVs at a
concentration of 0.6 mg/mL and using a BRUKER spectrometer
operating at 1H Larmor frequency of 700 MHz equipped with triple
resonance HCN cryo-probe. Assignment of the solution NMR
resonances was obtained from our previous studies86 and verified by a
series of 3D spectra by following a previously published protocol.87

αS-Membrane Binding Affinity from Co-sedimentation
Assay
The co-sedimentation assay was employed to estimate the fraction of
membrane bound and unbound states as a function of the vesicle
concentration. αS and SUVs were both dialyzed in 20 mM sodium
phosphate buffer at pH 6.0. The samples were prepared in a total
volume of 250 μL, with an array of conditions where the
concentration of the protein was kept constant at 50 μM, whereas
SUVs had concentrations ranging from 0 to 8 mM. The samples were
incubated at room temperature for 1 h and then ultracentrifuged at
361,000g for 1 h (Optima Max-XP Ultracentrifuge, Beckman Coulter)
using an MLA-150 fixed angle rotor. The concentration of the protein
in the supernatant was then used to estimate the fraction of bound
protein in each well. This was determined using the Bradford assay by
measuring the absorbance at 595 nm and then plotting the data in a
BSA standard curve.
We used the Hill equation to fit the co-sedimentation assay

titrations (Figure S1B) and calculated an apparent dissociation
constant, KD:

K
Lipid

Lipid

n

nB
D

= [ ]
+ [ ]

where χB is the fraction of bound protein, KD is the apparent
dissociation constant, and n is the Hill coefficient describing the
cooperativity of the process. The resulting apparent KD values were
4.5 ± 0.3 and 0.9 ± 0.5 for OMM and OMM_CL+, respectively. The
Hill coefficients were 2.1 ± 0.6 and 0.4 ± 0.1 for OMM and
OMM_CL+, respectively.

Dynamic Light Scattering (DLS)
DLS measurements of vesicle size distributions were performed using
a Zetasizer Nano ZSP instrument (Malvern Instruments, Malvern,
UK) with backscatter detection at a scattering angle of 173°. The
viscosity (0.8882 cP) and the refractive index (1.330) of water were
used as parameters for the buffer solution, and the material properties
of the analyte were set to those of the lipids (absorption coefficient of
0.001 and refractive index of 1.440). SUVs were used at a
concentration of 0.1% in these measurements and the experiments
were performed at 25 °C. The acquisition time for the collection of
each data set was 5 s, and accumulation of the correlation curves was
obtained using 10 repetitions. Each measurement was repeated 3
times to estimate standard deviations and average values of the
centers of the size distributions.
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