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Abstract

Peripheral membrane proteins associate reversibly with biological membranes that, compared to
protein binding partners, are structurally labile and devoid of specific binding pockets. Membranes
in different subcellular compartments vary primarily in their chemical composition and physical
properties, and recognition of these features is therefore critical for allowing such proteins to
engage their proper membrane targets. Intrinsically disordered proteins are well-suited to
accomplish this task using highly specific and low-to-moderate-affinity interactions governed by
recognition principles that are both similar to and different from those that mediate the membrane
interactions of rigid proteins. IDPs have also evolved multiple mechanisms to regulate membrane
(and other) interactions and achieve their impressive functional diversity. Moreover, IDP-
membrane interactions may have a kinetic advantage in fast processes requiring rapid control of
such interactions, such as synaptic transmission or signaling. Herein we review the biophysics,
regulation and functional implications of IDP-membrane interactions and include a brief overview
of some of the methods that can be used to study such interactions. At each step, we use the
example of alpha-synuclein, a protein involved in the pathogenesis of Parkinson’s disease and one
of the best characterized membrane-binding IDP, to illustrate some of the principles discussed.
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1. Introduction

In contrast to well-folded proteins, intrinsically disordered proteins or protein regions (IDPs
or IDRs) are not limited to one or a few predominant conformations. They typically sample
many different conformations separated by low energy barriers, allowing rapid
interconversion. This enables such proteins to interact with diverse binding partners and
respond to a variety of environmental stimuli. IDP interactions are often transient or
reversible, range from low- to high-affinity, and are ubiquitous in biologically significant
contexts. IDPs/IDRs have been found to interact with other proteins, nucleic acids and lipid
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membranes. Here we focus on and discuss the membrane interactions of IDPs/IDRs and
their potential implications in health and disease, using the Parkinson’s disease protein
alpha-synuclein as an example.

1.1 IDP-membrane interactions in physiology:

Protein-membrane interactions are involved in virtually every aspect of cellular function,
with fundamental roles in key tasks such as signaling, membrane trafficking between
organelles and transport through cellular membranes. These tasks typically require
interactions that are highly specific and regulated. To achieve this, IDPs have evolved to
feature remarkable specificity in binding to various types of biological membranes. This
specificity is made possible by different membrane chemical properties (charged content,
headgroup chemistry) as well as physical properties (membrane curvature, packing density).
Membrane specificity is encoded in part in the primary sequence of an IDP but can also be
modified or regulated by post-translational modifications. Many IDPs gain structure on
binding to protein partners, and this can occur upon binding to biological membranes as
well. Oftentimes, membrane-interacting IDRs adopt a helical structure upon binding,
undergoing a ‘folding upon binding’ transition. Membrane binding by alpha-synuclein is
one of the best studied cases of IDP/membrane interactions and can therefore serve as an
example to discuss general concepts.

1.2 Alpha-synuclein:

Alpha-synuclein is a small, 140-residue presynaptic peripheral membrane protein of
indeterminate function that is genetically and pathologically linked to Parkinson’s disease.
The membrane-binding domain of alpha-synuclein consists of its N-terminal ~100 residues.
The primary sequence of this domain features seven imperfect repeats, with a core
hexapeptide consensus motif: KTKEGV. Experiments have shown that this domain forms
amphipathic helical structure upon binding to membranes and membrane-mimetics with an
unusual periodicity of 3 full turns per 11 residues [1,2]. It has been suggested that this non-
canonical superhelical twist facilitates formation of a continuously curved helical structure,
increasing its specificity in binding to highly curved membranes such as synaptic vesicles
[3]. Indeed, alpha-synuclein has been described as a curvature-sensing protein with a higher
affinity to highly curved membrane surfaces [4,5]. In addition, this configuration may be
strained and may thereby reduce the binding affinity of alpha-synuclein to membranes in a
way that may tune its affinity and prevent tight binding to isolated synaptic vesicles [6].
Alpha-synuclein binds specifically to membranes containing negatively charged lipid
headgroups, and an increase in the proportion of negatively charged lipids like
phosphatidylserine (PS) causes an increased binding affinity [7,8].

2. Biophysics of IDP-membrane interactions

2.1 Folding upon binding:

In contrast to integral membrane proteins, peripheral membrane proteins exhibit reversible
binding to biological membranes. Reversible membrane binding domains have been studied
extensively for several families of peripheral membrane proteins [9,10]. Whereas many of
these domains retain their tertiary structure in their free state, membrane binding IDPs/IDRs
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can exhibit a radical change in structure when bound to cognate membranes. It is instructive
to first briefly review the mechanisms governing the interactions of IDPs with other proteins.
Although some IDP-protein interactions do not involve folding [11- 15], many do, and the
mechanisms governing coupled folding and binding remain an important area of
investigation [16]. On one extreme there is the conformational selection model which in
which the correct conformation is chosen from an ensemble of conformations as an IDP
binds to its target. On the other extreme is the induced fit model, in which binding occurs
first and folding occurs subsequently and is ‘induced’ by the IDP interactions with its
partner. Induced fit processes can also include a “fly casting model’ which allows an IDP to
have a greater capture radius for binding when unfolded, albeit with a lower affinity,
followed by folding and consequent reduction in distance between the partners [17]. This
mechanism has been proposed to enhance the binding rate significantly over that of a well-
folded domain, an effect more pronounced for a proteins present at low concentrations in the
cell, such as transcription factors [17]. Experimental approaches to probe the sequential
steps involved in such interactions may involve direct detection of sparse intermediates [18—
20], or detailed analyses of the reaction Kinetics [21]. A decrease in the reaction rate
constant as a function of increasing ligand concentration is characteristic of conformational
selection, while an increase of the same could arise in either model [22—24]. In the latter
case, the two models can be distinguished by employing an excess of either reactant to
approach a pseudo-first order reaction condition [21,25]. Although these experimental
methods have limitations, some general principles have emerged from experimental studies
involving specific IDPs. In some cases, studies support an induced fit or ‘binding before
folding’ model, including elements of 'fly-casting’ [26]. As an unstructured protein
approaches a binding surface, transient encounter complexes are formed, eventually leading
to a stable interaction [20]. Binding of the intrinsically disordered p-KID domain of the
transcription factor CREB to the KIX domain of the transcriptional coactivator CBP is a
classic example involving an encounter complex and follows the induced fit model [27].
Interestingly, when binding to the same K1X domain of CBP, the activation domain of a
different transcription factor, c-Myb, exhibits a combination of conformational selection and
induced fit [28]. Another study found that either mechanism can take precedence depending
on the strength of the binding interactions [29]. Pure conformational selection, while
common in structured proteins [18,23,30,31], appears to be relatively rare for IDPs, perhaps
because the intrinsic secondary structure propensity determines the favored model [28], and
IDPs typically lack highly stable secondary structure in their free state. All told, these and
other studies reveal that the mechanism of folding upon binding is dependent on the specific
system and does not appear to favor either model exclusively.

While IDP-protein binding reactions have been studied in great detail, IDP-membrane
interactions remain less well explored. Studies on alpha-synuclein binding to lipid vesicles
have consistently supported the induced fit model of binding. In particular, the N-terminus
of alpha-synuclein binds to lipid membranes with a higher affinity than the rest of the
protein. This is especially true for the physiologically relevant N-terminally acetylated form
of the protein, for which the N-terminal ~10 residues bind more tightly to lipid vesicles than
the remainder of the protein [7,32]. Subsequent to lipid binding by at the N-terminus,
folding upon binding proceeds from the N-to the C-terminus of the lipid-binding domain.

Biochim Biophys Acta Proteins Proteom. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Das and Eliezer

Page 4

Important evidence for this is provided by mutations that interrupt helix formation (e.g.
familial Parkinson’s disease mutant A30P) [33] or disrupt vesicle binding (G51D) [34].
Such mutations reduce binding of residues C-terminal to the mutation site, presumably by
interrupting the propagation of the folding-upon-binding reaction. Interestingly, we also
observe an increased binding affinity for residues N-terminal to such mutation sites
suggesting some degree of anti-cooperativity in alpha-synuclein membrane binding, i.e.,
there is an energetic cost to folding an extended length of the protein that impacts the overall
binding affinity [35], perhaps as a consequence of the altered periodicity of the extended
helix [6].

2.2 Membrane targeting of IDPs:

The cell has an elaborate mechanism for transporting integral membrane proteins and lipids
to specific subcellular membranes. For most of these proteins, membrane targeting is needed
only once during their lifetime, and it is intricately coupled with translation, protein folding
and vesicle transport. However, the transient nature of membrane binding by peripheral
membrane proteins, including membrane-binding IDPs, poses a challenge for specific
membrane recognition [36]. In general, IDPs bind to membranes as a result of a combination
of hydrophobic and electrostatic interactions [4]. Lipid composition, packing and membrane
curvature all play roles in imparting membrane specificity via these interactions. Many IDPs
bind to membranes as amphipathic helices, one surface of which is chiefly hydrophobic
while the other surface is populated by more hydrophilic residues. Finer control of binding
specificity is impacted by various factors such as size of the side chains of those residues,
positioning of the residues with respect to the interface and helical periodicity [37].
However, IDPs or IDRs are also able to bind to membranes while remaining unstructured,
using individual side chains to interact with either the charged lipid headgroups or the
hydrophobic membrane interiors [38—44].

Certain peripheral membrane proteins have unique properties that enable them to
specifically target highly curved membrane surfaces. These include the Bin/
Amphiphysin/Rvs (BAR) domain proteins [45,46]; ALPS maotifs found in proteins like
ArfGAPI [47]. Epsin N-terminal Homology (ENTH) domains [48] and AP 180 N-terminal
Homology (ANTH) domains [49]; the C-terminal domain of complexin [44]; and the lipid
binding domain of alpha-synuclein [4,50]. Although BAR domains are typically structured
even when isolated in solution, the membrane curvature sensing properties of ArfGAP 1 and
of the ENTH and ANTH domain proteins arise from an accessory ALPS motif helix which
is usually intrinsically disordered in absence of lipids [48,49], and the curvature sensing
domains of both complexin and alpha-synuclein are also disordered in the absence of
membranes [4,44,50]. Interestingly, in the case of complexin, curvature sensitivity is
mediated by two adjacent membrane-binding motifs, one of which remains unstructured in
the membrane-bound state, and the other of which folds into an amphipathic helical
structure only upon binding to highly curved membranes [44,51]. The case of alpha-
synuclein is somewhat unique in that it binds to membranes via its ~100 residue N-terminal
lipid-binding domain, which contains 7 imperfect repeats including the hexapeptide
consensus sequence KTKEGV. The amphipathic helix inserts partially into the lipid
membrane, while the lysines are laterally oriented and positioned at the lipid/water interface,
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allowing interactions with negatively charged lipid headgroups [2,3,50,52-54] (Figure 1).
This is a unique property of Class A amphipathic helices, a structure common in
apolipoproteins [53]. The insertion of the hydrophobic face of a helix into the membrane
interior is generally considered to favor positively curved membranes which feature an
increase in packing defects capable of accommodating helix insertion. Interestingly, the
details of the side chain distribution on the different helix faces appears to modulate
curvature sensing [37,55,56]. Similarly, insertion of bulky sidechains such as phenylalanine
can confer curvature sensitivity in the absence of helical structure [42]. Meanwhile,
electrostatic interactions can clearly guide IDPs or other peripheral membrane proteins to
charged membrane surfaces.

2.3 Modulation of membrane curvature:

The same properties that enable an IDP to bind selectively to curved membrane also induce
forces that are able to curve a flat membrane, which, in extreme cases, can lead to membrane
fission or fusion [57,58]. In order to bend a membrane, the membrane binding energy of a
protein domain has to exceed the membrane bending energy [59]. The classical examples of
membrane curvature inducing proteins are involved in the processes of endocytosis.
Amphiphysin and endophilin, which contain BAR domains [45,60-62], present the
membrane with a scaffold for curvature generation. In these cases, the protein must have
sufficient rigidity to counteract the elastic force generated by the curved membrane. On the
other hand, amphipathic helices that insert into one leaflet of a bilayer membrane can bend
the membrane by a spontaneous local curvature mechanism [59]. IDPs/IDRs that do not
directly bind the membrane can also induce localized positive membrane curvature through
steric forces generated by maximizing IDP conformational entropy, in which case,
electrostatic repulsion between IDRs may also contribute to the curvature-inducing force
[63]. Change in liposome shape on binding to a protein is commonly used as an in-vitro test
for its membrane-deforming ability. The amphipathic ENTH domain of epsin, which is
intrinsically disordered, has been shown to form tubules from liposomes [48]. Membrane
tubulation and remodeling have been described for alpha-synuclein as well, which is
dependent on the lipid composition of liposomes and protein-lipid ratio of the mixture
performed in presence of lipid vesicles [64—69].

3. Regulation of membrane binding

Since membrane-bound IDPs play important roles in signaling, membrane trafficking and
membrane fusion, their membrane binding is regulatable, most typically by post-
translational modifications (PTMs). PTMs offer chemical, structural and functional diversity
in the cell’s repertoire of proteins. Localized changes caused by PTMs can cause large-scale
conformational rearrangements that can act as signaling switches [70]. Different PTMs exert
their influence over different timescales. Some are acquired during translation and stay with
the protein for its lifetime, e.g., N-terminal acetylation, whereas others are transient and
reversible in nature, e.g., phosphorylation. Phosphorylation at specific sites of an IDP by
specific enzymes offers a mode of rapid and reversible control of its function. For example,
multisite phosphorylation causes folding of the intrinsically disordered eukaryotic
translation initiation inhibitor 4E-BP2 to bury its active site and thus preventing its binding
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to elF4E [70]. Synaptic vesicle clustering in neuronal termini is, among other mechanisms,
regulated by the phase separating ability of a long IDR in the protein synapsin-1 [71,72].
When phosphorylated at specific sites by calcium and calmodulin-dependent protein kinase
I1, synapsin-1 phases rapidly disperse, along with the dispersion of the synaptic vesicle
clusters [71]. Yet other types of modifications are considered terminal and lead the proteins
to degradative pathways (e.g. ubiquitination and ubiquitin-like modifications).
Understanding the functional roles of different PTMs and identification of specific enzymes
or pathways involved in different PTMs are potentially valuable in order to identify novel
drug targets. For example, histone deacetylase (HDAC) inhibitors are clinically approved for
certain types of malignancy and a number of small molecules targeting various PTMs on the
intrinsically disordered tail of histones are in active clinical trials or preclinical development
[73]. Kinases, of course, are also an important class of drug targets in cancer and other
diseases. The c-Abl kinase inhibitor nilotinib has shown beneficial effect in Parkinson’s
disease patients [74] and disease models [75-78] and its effect could be mediated via the
post-translational modification of alpha-synuclein [79]. We again take the example of alpha-
synuclein and focus on how different PTMs have been shown to regulate its membrane
binding and other functions.

In vivo, alpha-synuclein has been found to possess several PTMs. Some are enriched in the
soluble fraction of the protein, while some others are enriched in pathological Lewy body
aggregates, providing a first line evidence of potential regulation of protein aggregation
propensity by such PTMs. Some of these reported PTMs have been followed up by
biochemical and structural studies involving purified proteins, uncovering potential
functional roles, as discussed below.

Most eukaryotic proteins are N-terminally acetylated [80] and alpha-synuclein is no
exception, as native brain-derived alpha-synuclein, both in the soluble fraction and in the
Lewy body associated state, is N-terminally acetylated [81,82]. N-terminal acetylation has
been shown to increase the membrane binding affinity of the N-terminal ~10 residues of
alpha-synuclein and increase their helical structure upon SDS micelle binding [7]. When
binding to more physiological membranes bearing moderate negative charge on their
surface, N-terminal acetylated alpha-synuclein shows increased affinity to highly curved
membranes bearing curvature similar to that observed for synaptic vesicles [7]. This
property likely contributes to its specific synaptic vesicle association in vivo. N-terminal
acetylation has been also shown to be critical for the formation of potentially functional
oligomers of alpha-synuclein [83], yet to decrease its propensity for pathological
aggregation [84]. In addition to N-terminal acetylation, phosphorylation at S87, Y125, S129;
ubiquitination at K12, K21 and K23; and various truncations in the C-terminal domain have
also reported in native alpha-synuclein [81,85-87]. A novel phosphorylation site at Y39 is
particularly interesting because it is located at the linker region between two helices formed
in the micelle-bound state of the protein, with the potential to alter the interconversion
between the extended and broken helix states (Figure 2) [88,89]. Moreover, Y39
phosphorylation is catalyzed by c-Abl kinase which is upregulated in Parkinson’s disease
[79]. In-vitro studies have shown Y39 phosphorylation to decrease binding of helix-2 to
SUVs that mimic synaptic vesicles [90]. Hypothetically, this partly helical mode of binding
can cause increased interactions between the unbound and therefore unstructured NAC
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domain and promote aggregation of alpha-synuclein (Figure 2) [90]. The effect of Y39
phosphorylation is similar to that of the G51D Parkinson’s mutation, suggesting that a
similarly enhanced membrane-induced aggregation of this mutant may occur in individuals
with this mutation [34,90]. There is still an unmet need to investigate the structural and
functional significance of many of the other PTMs mentioned here.

In addition to PTMs, specific ligands often play a role in modulating membrane binding of
IDPs. Presence of cytosolic proteins influence the partitioning of alpha-synuclein between
the membrane and cytosol [91]. In addition, it has been seen that alpha-synuclein disperses
from nerve terminals in response to depolarization in a Ca2*-dependent manner [92].
Presence of Ca2* enhances the binding of alpha-synuclein to isolated synaptosomes, which
is in apparent contradiction to the depolarization-induced findings [93]. Dispersal may occur
due to the exocytosis and elimination of synaptic vesicles to which alpha-synuclein was
bound prior to depolarization. Alpha-synuclein has also been shown to associate with Rab3a,
a small GTPase protein cycling between synaptic vesicles and the cytosol, and this
interaction may also contribute to its release from membranes in response to depolarization.
Alpha-synuclein was found to co-immonoprecipitate with GTP-bound Rab3a on synaptic
vesicles and not with GDP-bound Rab3a in the cytosol [94]. In response to depolarization
and subsequent cytosolic [Ca2*] increase, Rab3a hydrolyzes GTP and dissociates from the
synaptic vesicle membrane, perhaps leading to the release of alpha-synuclein. A GTPase-
deficient Rab3a mutant is incapable of this release and causes accumulation of alpha-
synuclein in the membrane [94].

Due to the promiscuous nature of their interactions and potential to cause aggregation and
toxicity upon overexpression, cells regulate the abundance of IDPs tightly at multiple levels,
from transcript clearance, through translation, and up until proteolytic degradation [95].
Overexpression of wild-type alpha-synuclein, as observed in duplication or triplication of
the SNCA locus, is known to contribute to early-onset Parkinson’s disease [96,97]. At a
molecular level, crowding of IDPs on a membrane has effects on both the protein and the
membrane. Molecular crowding promotes partially bound states that can be more
aggregation-prone, as demonstrated on alpha-synuclein binding to nanodiscs [98]. On the
other hand, molecular crowding causes alteration in membrane fluidity and can lead to
membrane curvature changes, tubulation and membrane fission and fusion, as discussed
earlier.

Most in-vitro studies of IDP-membrane interactions involve dilute solutions of proteins and
lipids. However, proteins in-vivo exist in extremely crowded environments containing other
proteins, carbohydrates and nucleic acids, at overall concentrations as high as 400g/l [99].
The excluded volume effect caused by macromolecular crowding has the potential to alter
the thermodynamic equilibrium and cause changes in secondary structure, lipid binding
affinity as well as cause aggregation/amyloid formation and liquid-liquid phase separation.
In vitro, crowding is often mimicked by addition of crowding reagents like PEG, dextran,
Ficoll or inert proteins. Some IDPs, e.g. the flagella-regulatory protein FIgM from
Salmonella typhimurium, gain structure in response to crowding reagents [100], while other
IDPs including alpha-synuclein remain disordered in artificially crowded environments
[101] as well as inside the cytosol of living cells [102-104].
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4. Functional implications of membrane binding

Because membrane-binding by IDPs is typically observed to be associated with
physiological function, studying their membrane-bound conformation is of considerable
interest. Membrane-associated IDPs take part in cellular functions such as membrane
remodeling, signal transduction and transport across the nuclear membrane. A detailed
discussion of all membrane-bound IDPs is beyond the scope of this review, and we instead
use the example of alpha-synuclein to illustrate some functional implications of IDP
membrane binding.

Although alpha-synuclein is clearly linked with Parkinson’s disease in a pathological
context, the physiological function of alpha-synuclein is much less clear. Furthermore,
despite its propensity to form pathological aggregates, alpha-synuclein is highly
concentrated at the presynaptic termini in healthy neurons. Studies in animal models have
linked its normal function to learning and neuronal plasticity [105,106], modulation of
neurotransmitter release [107,108] and maintenance of synaptic vesicle pools [109,110]. All
of these functional roles involve membranes, and so it is quite likely that the physiologically
relevant conformations of alpha-synuclein include its membrane-bound conformations.

4.1 Regulation of synaptic vesicle fusion:

In vitro alpha-synuclein binds to artificial SUVs that mimic synaptic vesicles in terms of
lipid composition and size (~40nm diameter), primarily in an extended helix conformation.
However, when bound to smaller diameter (~4nm) detergent micelles, the protein adopts a
broken helix conformation consisting of an N-terminal helix-1 (residues 1-36), followed by
a seven-residue flexible linker (residues 37-43) and a C-terminal helix-2 (residues 44-102).
The highly negatively charged C-terminal tail of the protein remains largely unassociated
with membranes or detergents. There is no obvious direct physiological correlate to small
diameter micelles, but the ability of alpha-synuclein to form two separate membrane-binding
helices linked by a flexible linker makes it potentially able to bridge two membranes in close
apposition, such as between docked vesicles and the cell membrane at the active zone of a
presynapstic nerve terminal (Figure 2) [88]. Accordingly, alpha-synuclein has been shown to
remain bound to synaptosome and synaptic vesicle preparations that retain docked vesicles,
but to be absence in preparations of isolated synaptic vesicles [111]. Such a binding mode
would place alpha-synuclein in a position well-suited to influence the subsequent exocytosis
of docked synaptic vesicles, and indeed, multiple reports indicate that alpha-synuclein is
capable of influencing this process. In particular, inhibition of vesicle exocytosis has been
reported in a number of systems [112-114], and more recently alpha-synuclein has been
reported to directly influence the kinetics of the fusion pore opening process that governs the
release of vesicle contents into the synaptic cleft [115].

4.2 Regulation of synaptic vesicle clustering:

Synaptic vesicles form clusters at presynaptic termini at regions closely apposed to the
active zone, the sites of vesicle release. These clusters are dynamic in nature and disperse on
repetitive stimulation of neurons. Hence, these clusters are thought to represent a functional
reserve pool of vesicles that maintain a steady supply of vesicles on repetitive stimulation.
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Alpha-synuclein had previously been implicated in this clustering of vesicles, as observed in
some early studies that reported changes in cluster size in synuclein triple-knockout mice
lacking all three synuclein-family members (alpha-, beta- and gamma-) [116] and other
studies that implicated the binding of alpha-synuclein’s C-terminal domain to VAMP [117],
or proposed a double-anchoring of the lipid-binding domain [58] as potential vesicle
clustering mechanisms. However, a more recent study on quantitative estimates of vesicle
clustering showed increased clustering in synuclein triple-knockout mice, which suggests
that synucleins may have an antagonistic effect on vesicle clustering [118], Recently it was
suggested that synaptic vesicle clusters are formed by the physical process of liquid-liquid
phase separation of the presynaptic protein synapsin and are regulated by synapsin
phosphorylation by calcium/calmodulin-dependent protein kinase Il [71]. Taken together
with the earlier finding that synuclein triple-knockouts exhibit altered baseline
phosphorylation of synapsin [118], this suggests the possibility of a hitherto unknown
interaction between the synucleins and synapsin that is relevant for regulation of synaptic
vesicle pool sizes. On this note, synapsin, which features an N-terminal membrane-binding
domain and a long intrinsically disordered domain that phase-separates under physiological
conditions, represents a unique example of an IDP whose physiological role involves both
phase separation and membrane interaction. This report was also the first observation of a
specific interaction between lipid vesicles and phase-separated protein condensates. To date,
the physical driving force for this phenomenon and the basis for its specificity to synaptic
vesicles is unknown [119].

5. Pathological consequences of membrane interactions

The ability of IDPs to dramatically change membrane physicochemical properties and
topology necessitates a fine control of their expression and regulation. An imbalance can
result in membrane instability, manifested as changes in membrane curvature, exo/
endocytosis and/or membrane trafficking. Moreover, some IDPs including alpha-synuclein
are aggregation-prone. The nature and frequency of homotypic intermolecular interactions in
the membrane-bound state is thought to promote aggregation of alpha-synuclein. This can
arise from both molecular confinement to 2D surface, as well as specific conformational
changes that promote aggregation [88,120]. Here we briefly discuss how membrane binding
acts as a double-edged sword for the pathological role of alpha-synuclein.

Alpha-synuclein contains a 35-residue (position 61-95) aggregation-prone patch initially
described as the NAC (Non-Ap Component of Alzheimer’s disease amyloid), that is thought
to initiate the misfolding and aggregation of alpha-synuclein in Parkinson’s disease [121-
123]. At low cytosolic concentrations, the synaptic vesicle-bound conformation of alpha-
synuclein can be represented as an extended helix, similar to its binding to isolated lipid
SUVs. However, at higher protein: lipid ratios, such as those observed upon duplication or
triplication of the SNCA gene locus or upon increased levels of the protein with age, the
protein molecules must compete for the available synaptic vesicle membrane-binding
surface area, driving more frequent intermolecular interactions. In addition, partially helical
conformations that require less membrane surface area may begin to predominate [98]. Such
partially helical conformation are highly prone to aggregation, independent of the presence
of lipid membranes [120]. Furthermore, confinement of such partly helical conformations to
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a limited membrane surface area further increases the interaction between the adjacent NAC
regions, which are non-helical and unprotected, and is a likely contributor to aggregation
(Figure 2) [98]. Some familial PD mutations in alpha-synuclein are thought to increase
aggregation propensity due to their altered membrane-bound conformations [33,34].

6. Methods to study membrane interactions of IDPs

IDPs constitute a major fraction of the dark proteome, comprised of protein regions whose
conformations are unknown. With the appreciation of the fact that IDPs have important roles
in cellular physiology, research into IDP properties and behavior has been progressively
increasing [124]. IDPs are involved in promiscuous interactions with multiple partners,
including membranes, and act as hubs for signaling pathways [125]. Studying IDP-
membrane interactions is not only important as an academic endeavor, such interactions are
increasingly being recognized as contributing to important biological processes and in some
cases may even comprise novel drug targets [126—129]. In the following section we briefly
go over some of the available tools to characterize these types of interactions.

6.1 Direct detection:

Membrane localization of any protein, not just IDPs, can be directly visualized in live or
fixed cells using various microscopy-based approaches. Generally speaking, the protein of
interest is made visible by tagging with a reporter dye or fluorophore or stained with an
antibody in fixed cells, which can then be studied using a plethora of microscopy techniques.
The membrane itself can also be labeled with a dye or fluorophore, or directly imaged. For
alpha-synuclein bound to lipid vesicles, shape changes and interactions between individual
vesicles have been directly visualized by super-resolution light microscopy, transmission
electron microscopy (TEM) and cryo-electron microscopy (cryo-EM) methods
[58,64,65,69].

6.2 Biochemical methods:

Biochemically, if a protein is co-purified in a membrane fraction and detected by western
blot or other suitable method, it can be taken as an evidence that the protein associates with
that membrane, either directly or indirectly. Co-sedimentation or co-flotation assays using
artificial lipid membranes can be used to study direct membrane interaction in a minimal in-
vitro system [130]. Use of artificial membranes allows complete control over the membrane
composition and topology (detergent micelles, spherical vesicles of different sizes,
supported lipid bilayers or monolayers, nanodiscs with specific diameter etc.).

6.3 Non fluorescence based optical methods:

There are a number of label-free optical methods that can report on IDP-membrane binding.
Circular dichroism (CD) spectroscopy is a sensitive method to characterize the secondary
structure content of the whole protein molecule. Alpha-helices and beta sheets have
characteristic CD spectral signatures and this property is usually employed as a first-line tool
to quantify secondary structure changes on binding to lipid membranes [131]. In addition,
one can measure apparent membrane-binding affinity by analyzing CD spectra in a titration
series [132]. In order to study curvature-dependence of membrane binding, proper
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characterization of vesicle size is essential. Dynamic light scattering (DLS) allows
estimation of vesicle size distribution for binding experiments as well as detection of
changes in vesicle size or morphology upon IDP binding, which could arise from shape
alterations, vesicle clustering, fusion, fission, and rupture [58,133]. However, DLS data is
weighted by particle size and careful interpretation is recommended in the presence of even
small quantities of large particles [64]. Finally, surface plasmon resonance (SPR) methods
for determining protein-lipid interactions are gaining in popularity with the advent of
commercially available chips with functionalized gold surfaces that allow preparation of
various membrane-mimetic surfaces on them [134]. The advantages for SPR include rapid
label-free detection of protein-lipid interactions in real time with low sample concentration
requirement. One can determine binding rate constants and apparent equilibrium constants
using SPR, which is essentially the change in plasmon resonance frequency at a thin gold-
plated measurement tip due to binding of biomolecules, measured as the change in angle of
reflection at which an attenuation of a monochromatic totally internally reflected beam
occurs [135]. SPR has been used to study membrane interactions of alpha-synuclein variants
[136]. In principle, SPR can be used as a powerful screening tool for membrane interaction
modulators of IDPs, much like screening for IDP-protein interaction inhibitors [137,138].

6.4 Fluorescence based methods:

Fluorescence methods offer sensitive and multidimensional measurements of the membrane
interactions of IDPs. A detailed discussion on the multitude of fluorescence-based methods
and the questions they address is beyond the scope of this review. Notably, in addition to
monitoring IDP properties upon membrane binding, fluorescence methods can also be used
to probe how properties of the membrane itself may change upon IDP binding [139-141].
Here we briefly outline various fluorescence-based methods and their utility in addressing
specific questions, while guiding the readers to specific literature on the application of such
methods.

Membrane-bound fraction of IDPs: Fluorescence Correlation Spectroscopy (FCS)
measures the fluctuation of fluorescence originating from fluorophores in a small confocal
volume. Since free and vesicle-bound fluorescently-labeled proteins have different diffusion
coefficients in solution, the populations of bound and free protein molecules can be
determined from the autocorrelation function of the fluorescence fluctuation in such
experiments. As opposed to traditional methods like chromatography or ultracentrifugation,
FCS is a rapid and highly sensitive alternative and can be used over a wide range of protein
concentrations.

Membrane-bound topology of IDPs: The fluorescence emission maxima of tryptophan
is sensitive to its environment and undergoes a blue shift as the environment becomes more
hydrophobic. Exploiting this property, single tryptophan mutants of alpha-synuclein have
been used to study its membrane-binding properties in native environment [65,132,142,143].
Labeling single cysteine mutants with environmentally sensitive fluorophores such as
acrylodan can also be useful for this purpose. Similar to tryptophan, acrylodan undergoes a
blue shift of emission maxima in a hydrophobic environment [144]. Although mostly
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employed for studies of integral membrane proteins [145-147], this method is equally
suitable to probe the topology of IDPs [148].

Membrane-bound dynamics of IDPs: In their native environment, IDPs undergo chain
dynamics at different timescales. Steady state and time-resolved fluorescence anisotropy
measurement can probe such local, segmental and global dynamics [149-152] and have been
used in the study of alpha-synuclein membrane interactions [153]. For slower timescale
motions such as those originating from rotational diffusion of a fluorophore probe within an
IDP bound on a membrane surface, proper choice of a fluorophore with a longer
fluorescence lifetime is needed for anisotropy measurements [149]. Furthermore, the decay
of fluorescence anisotropy on small spherical systems like vesicles is modulated by a
combination of rotational and translational diffusion of the fluorophore, both of which can
be modeled from experimental observations [154,155]. An orthogonal method, Red Edge
Excitation Shift (REES), is based on the heterogeneity of fluorophore energy levels in an
ordered polar environment, which leads to a red-shift of emission maxima when excited at a
frequency close to the red edge of the excitation envelope [156-158]. REES has been used to
directly identify the residues of alpha-synuclein that are juxtaposed (within 15 A) to the
membrane surface [153]

Single molecule methods: The limitations of population averaging by ensemble
biochemical methods can be overcome by single molecule fluorescence based methods.
Single molecule Forster Resonance Energy Transfer (SmFRET) has been successfully used
to probe conformational fluctuations in alpha-synuclein in its lipid-bound state [159-161].
SmFRET provides an approximate distance measurement, which can be useful as a
complementary approach to ensemble methods such as Electron Paramagnetic Resonance
(EPR) spectroscopy.

6.5 Calorimetric methods:

IDP binding to lipid membranes is often associated with change in enthalpy, meaning there
is a net release from or uptake of heat into the system. Such transitions can be studied using
calorimetric methods. Isothermal titration calorimetry (ITC) is a sensitive method with the
advantage of providing a rich set of thermodynamic parameters, namely, binding enthalpy
(4H), binding entropy (AS), association constant (K3) and binding stoichiometry (), from a
single experiment with label-free reagents [162,163]. However, the concentration
requirement of proteins is often a limiting factor [162]. As an example, Bartels et a/. used
ITC in combination with CD spectroscopy to study lipid vesicle binding of different alpha-
synuclein N-terminal truncation mutants and synthetic peptides corresponding to N-terminal
sequences of alpha-synuclein [164]. They showed that the cooperative binding and folding
of the lipid binding domain is initiated at the N-terminus of alpha-synuclein.

Binding of IDP is also associated with complementary changes at the membrane. In
particular, insertion of protein into the lipid bilayer is generally associated with a decrease in
lipid packing density and a decrease in the melting temperature ( 7,,;) of the lipid membrane.
While other methods based on fluorescence polarization can also be used to determine 7, of
artificial lipid membranes [165,166], differential scanning calorimetry is a valuable method
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to determine such changes as a label-free alternative. In case of alpha-synuclein, the roles of
packing defects and of lipid bilayer phases have been investigated using DIC [167-169].

6.6 Nuclear Magnetic Resonance (NMR):

NMR spectroscopy can be used to analyze protein secondary and tertiary structure at single-
residue resolution. Secondary chemical shifts are defined as the difference between the
observed chemical shift of a nucleus and the predicted random coil chemical shift of the
same nucleus. This measure can be indicative of alpha helix or beta sheet propensities even
in highly disordered proteins. For a protein molecule partitioned between free and lipid-
vesicle bound states, only the free fraction contributes to the detectable NMR spectrum and
can be estimated by the peak intensity ratio between matched samples with and without
lipids. From this measure, an apparent equilibrium binding constant (K22%°) can be
determined [7,90,132]. Although the lipid-bound fraction is “invisible’ to traditional NMR
methods, this fraction can be selectively saturated using suitable narrow-band off-resonance
pulses. This allows the kinetics of the exchange process from bound state to free state to be
characterized using DEST (Dark-state Excitation Saturation Transfer) methods [170,171].

6.7 Nanoscale distance measurements:

Distance restraints on a molecular length scale provide valuable information about
membrane-bound structures of a protein. Methods using EPR (Electron Paramagnetic
Resonance) such as Pulsed Dipolar EPR Spectroscopy (PDS) are able to provide the
relatively precise distance information at this length scale. The distance distribution between
two paramagnetic (spin) probes covalently attached to the molecule of interest can be
measured using PDS, providing distance information up to ~9 nm [172]. In contrast,
Paramagnetic relaxation enhancement (PRE) effect on NMR signals can be observed up to
~3 nm, with the advantage that a single spin label can provide multiple distances. PRE can
be used to identify spatially proximal residues, and to determine approximate distance
restraints [172,173]. However, both PRE and PDS are ensemble methods and are unable to
provide time resolution. As alluded to earlier, SmMFRET is a valuable tool to overcome these
limitations [159-161].

6.8 Surface characterization methods:

Protein binding to a lipid surface typically results in alterations of membrane properties, and
some thin film characterization methods borrowed from material science have proven useful
in characterizing protein effects on biological membranes. Neutron and X-ray reflectivity
measurements operate using the same general principles, and provide information about the
thickness, density and interfacial roughness of lipid membrane surface [174]. Grazing-
incidence X-ray Diffraction (GIXD) provides information about 2D ordering in the plane of
the lipid membrane [175]. All of these methods have been applied to study membrane
binding of IDPs, including Tau and alpha-synuclein [176-180].

6.9 Simulation:

Since experiments to probe membrane-bound states of IDPs remain highly challenging,
molecular dynamics simulation can provide additional insights into these interactions. Due
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to the computational cost associated with all-atom molecular dynamics simulation, coarse-
grain approximation methods are often preferred for such complex systems. MD simulation
can be used in conjunction with experimental observations to explore the bound-state
conformation. With the increased availability of dedicated supercomputers, all-atom MD
simulation is increasingly being applied to study IDP-membrane interaction [180,181].
However, simulation length remains severely limited by computational time, and is therefore
still impracticable to simulate transitions that occur on slower timescales, such as slow
conformational exchange processes or membrane surface induced protein aggregation [182].
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Highlights:
. IDP often interact with membranes in physiologically important ways
. IDP-membrane interactions are regulated by both protein and membrane
features
. Alpha-synuclein binds to membranes in different modes and conformations
. Alpha-synuclein membrane interactions are important for both normal
function and aggregation
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Figure 1:
Membrane targeting of IDPs by curvature sensing and electrostatics. Shown here is the

example of alpha-synuclein forming an amphipathic helix on preferential binding to highly
curved membranes. The outer surface of a highly curved bilayer membrane has a high
density of packing defects that allow increased binding and deeper insertion of the
hydrophobic face of an amphipathic helix. In the case of alpha-synuclein, such deeper
insertion in a negatively charged highly curved membrane is further stabilized by
electrostatic interactions between the lysines on the interface and the negatively charged
lipid headgroups on the membrane. An imperfectly developed hydrophobic face containing
multiple polar threonine residues hinders alpha-synuclein binding on a flat membrane where
the packing defects are sparse and shallow, resulting in its curvature sensitivity and
preferential binding to negatively charged membranes [55].
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Figure 2:
Model for membrane-induced structural changes of alpha-synuclein and their relevance to

physiological and disease states. Alpha-helical and intrinsically disordered regions are
depicted as filled bars and narrow lines respectively. The membrane-binding domain
(residues 1-100) is colored cyan and C-terminal domain (residues 101-140) is colored purple
as a visual guide. PTMs including N-terminal acetylation at the N-terminus and
phosphorylation at residue tyrosine 39 is indicated are indicated in red. Alpha-synuclein
exists in an equilibrium between a disordered monomer in the cytosol that interconverts
rapidly between different conformations (although alternative folded oligomeric
conformations have been proposed) and multiple membrane-bound conformations on the
surface of synaptic vesicles. Upon binding to isolated vesicles, the lipid-binding domain of
alpha-synuclein can adopt a highly-extended helical conformation dubbed the extended-
helix state, while the C-terminus remains highly disordered, and this interaction is of
relatively low affinity in vitro and in vivo. The broken-helix state of the protein, consisting
of two shorter helices joined by a non-helical linker, has been observed when alpha-
synuclein binds to micelles or to some lipid vesicle compositions, but in this model proposed
to allow the protein to bridge between the vesicle and plasma membranes. The broken-helix
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state binds tightly to micelles in vitro, and membrane-attached synaptic vesicles provide a
tight-binding mode for alpha-synuclein in situ as well. In the membrane-bridging mode, the
protein is ideally positioned to influence the fusion of the synaptic vesicle with the plasma
membrane via a variety of potential mechanisms, including directly modulating the
membrane fusion process, or indirect effects mediated by interactions of alpha-synuclein
with other proteins that regulate vesicle fusion. The transition to the broken-helix state could
be facilitated by phosphorylation of Y39, situated at the beginning of the linker region,
which decreases binding of the NAC-containing helix-2 region to isolated vesicles. As a
side-effect, phosphorylation of Y39 results in increased population of a partly helical
intermediate, similar to that observed in some Parkinson’s disease associated mutants. Such
partly helical intermediates are aggregation-prone due to an increased probability of
intermolecular interaction of the non-helical and therefore unprotected NAC region and may
be the starting point for toxic oligomer and fibril formation in Parkinson’s Disease.
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