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Abstract

The advancement in site directed spin labeling of proteins has enabled EPR studies to expand into
newer research areas within the umbrella of protein-membrane interactions. Recently, membrane
remodeling by amyloidogenic and non-amyloidogenic proteins has gained a substantial interest in
relation to driving and controlling vital cellular processes such as endocytosis, exocytosis, shaping
of organelles like endoplasmic reticulum, Golgi and mitochondria, intracellular vesicular
trafficking, formation of filopedia and multivesicular bodies, mitochondrial fusion and fission, and
synaptic vesicle fusion and recycling in neurotransmission. Misregulation in any of these
processes due to an aberrant protein (mutation or misfolding) or alteration of lipid metabolism can
be detrimental to the cell and cause disease. Dissection of the structural basis of membrane
remodeling by proteins is thus quite necessary for an understanding of the underlying
mechanisms, but it remains a formidable task due to the difficulties of various common
biophysical tools in monitoring the dynamic process of membrane binding and bending by
proteins. This is largely since membranes generally complicate protein structure analysis and this
problem is amplified for structural analysis in the presence of different types of membrane
curvatures. Recent EPR studies on membrane remodeling by proteins show that a significant
structural information can be generated to delineate the role of different protein modules, domains
and individual amino acids in the generation of membrane curvature. These studies also show how
EPR can complement the data obtained by high resolution techniques such as X-ray and NMR.
This perspective covers the application of EPR in recent studies for understanding membrane
remodeling by amyloidogenic and non-amyloidogenic proteins that is useful for researchers
interested in using or complimenting EPR to gain better understanding of membrane remodeling.
We also discuss how a single protein can generate different type of membrane curvatures using
specific conformations for specific membrane structures and how EPR is a versatile tool well-
suited to analyze subtle alterations in structures under such modifying conditions which otherwise
would have been difficult using other biophysical tools.
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A. Introduction

Protein-membrane interactions are pivotal to many cellular processes [1-4]. Understanding
the molecular mechanisms of these interactions is, therefore, of great importance. In the
recent past, many proteins have been identified that can remodel membranes by their
interplay with various cellular membranes [4, 5]. These include protein families like BIN/
Amphiphysin/Rvs (BAR) [6-8], Eps 15-homology [9, 10], epsin [11], synaptotagmins [12]
and synucleins [13-15].

Membrane remodeling proteins are involved in a plethora of cellular events within the cell
like endocytosis, exocytosis, shaping of organelles such as endoplasmic reticulum, Golgi and
mitochondria, intracellular vesicular trafficking, formation of filopedia and multivesicular
bodies, mitochondrial fusion and fission, and synaptic vesicle fusion and recycling in
neurotransmission. In these highly dynamic processes, interplay between proteins and lipids
give rise to highly curved membrane structures which are not thermodynamically favored,
unless stabilized by the curvature stabilizing proteins and lipids.

Processes requiring generation of membrane curvature are crucial to the survival and normal
functional activity of the cell. For example, endocytosis is an energy-requiring process that
is constantly used by cells to selectively move materials to the inside of the cell by forming
an invagination in plasma membrane and then pinching-off into the cell internal. It is used
for movement of solutes, microorganisms, cell debris, signaling molecules and fluid. The
mechanism(s) underlying endocytosis is not completely understood due to the intrinsic
complexity of the process requiring involvement of multiple protein and lipid players. It is a
multistep process involving membrane bending, invagination, enlargement of the
invaginated area, constriction of the plasma membrane, fusion of the membrane leaflets
followed by excision or separation of the newly formed vesicle from the plasma membrane
[4]. Different proteins are involved in the different steps and dysfunction of any one of these
steps can lead to failure of the endocytic process. In addition, aberrant control of membrane
curvature can compromise the activity of membrane remodeling proteins in various other
membrane remodeling processes, leading to a diseased state. For example, some point
mutations in the BAR (Binl/amphiphysin/RVS167) domain-containing amphiphysin inhibit
its ability to tubulate membranes /n vitro and cause centronuclear myopathy. This disease
causes muscle weakness and skeletal muscle atrophy and is characterized by a pronounced
disruption of the membranous T tubule network. [16]. Mutation in dynamin-2 (DNM2),
another membrane remodeling protein, also causes centronuclear myopathy further
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illustrating the importance of membrane curvature generation in the pathogenesis of this
disease [17].

Various mechanisms have been proposed to explain how proteins can bend membranes (Fig.
1) [18-20]. One of these mechanisms is scaffolding where proteins directly impart their own
intrinsic curvature onto the membrane. For example, amphiphysin contains a ‘banana-
shaped’ BAR domain that directly molds the membrane into a curved shape. The specific
alignment of multiple such BAR domains can generate a unidirectional membrane curvature
that stabilizes membrane tubules [21, 22]. Another mechanism is wedging, where the
asymmetric insertion of protein regions, often amphipathic helices, pushes the headgroups
apart in a manner akin to the generation of membrane curvature by lipids with spontaneous
positive curvature. Many proteins, including epsin, a-synuclein, IAPP and some BAR-
domain containing proteins, called N-BAR proteins have such helical wedges. Non-helical
wedges can also be found and are present in some BAR proteins such as pacsin [23]. In
addition to pushing headgroups apart and affecting the spontaneous curvature of the
membrane, wedges also add mass to the leaflet they insert into. This asymmetric addition of
material to one leaflet could further promote membrane curvature by the bilayer couple
mechanism. This mechanism arises from the expansion of the total area of one membrane
leaflet compared to the other [4, 5, 18, 19, 24]. Using these and/or quite possibly other
mechanisms such as molecular crowding of protein on membrane, partitioning of shaped
transmembrane domains, and cytoskeleton-mediated “pulling and pushing’ of membrane, a
variety of membrane morphologies like small vesicles, tubular structures, membrane
protrusions and lipoprotein particles are generated and have been observed /n vivo[4, 5, 18,
19, 24, 25]. Interestingly, a single protein, for example a-synuclein, can also generate
different lipid morphologies /n vitro, even by just modulating the protein-to-lipid ratio (Fig.
2) [13, 14]. Understanding the structure of a protein in membrane-bound form is difficult
using techniques like X-ray crystallography and NMR spectroscopy and it becomes almost
impossible to study a dynamic process like membrane remodeling. The complexity is further
increased as the structure of a protein on different membrane morphologies is investigated
considering that it is difficult to mimic the different membrane morphologies in crystals or
NMR experiments.

Site directed spin labeling along with EPR has proven to be a useful tool for investigating
protein structure regardless of membrane morphology. EPR is not limited by the size or
shape of the lipid membranes to which proteins bind. The requirement of micro-molar
concentration of proteins in microliter volumes - further eases the experimental
measurements.

Site directed spin labeling of proteins followed by EPR studies have made significant
advancements towards understanding of protein structure — both in solution as well as in the
membrane bound form [26-29]. These approaches including measurements of mobility,
polarity, membrane depth and distance distribution of the spin labels can be applied for
exploring membrane remodeling by proteins and the application of EPR methods to
membrane remodeling is described below.
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B. Side directed spin labeling (SDSL)-EPR approach

SDSL is based on the incorporation of a spin labeled amino acid into a protein. For spin
labeling of proteins, one or more cysteine residues are typically introduced into a protein and
subsequently labeled using thiol reactive spin labels. The most commonly used and best
characterized spin label for investigating protein structure is [1-oxy-2,2,5,5-
tetramethylpyrroline-3-methyl]-methane-thiosulfonate (MTSL), typically referred to as R1.

EPR of spin labeled proteins can be used to obtain mobility, accessibility and distance
information [29-32], all of which provides detailed structural information. The line shape of
R1 obtained in continuous wave (CW) EPR is related to the local structure and dynamics at
the labeled site. Sharp and narrow lines reflect a highly mobile R1 whereas a broad line (in
the absence of spin-spin coupling, see below) is due to low mobility. The inverse of the
central line width (AHg™1) or scaled mobility (Ms) are convenient and quantitative measures
of line shapes [33]. Line shape analysis using these measures makes it possible to determine
whether a labeling site is buried, on the surface of an ordered structure or in a loop/unfolded
region [34]. Often times, protein regions binding to the membrane undergo a structural
change from a disordered to an ordered structure and such changes can readily be resolved
by line shape analysis [26, 30, 31, 33].

Accessibility measurements are very useful for membrane proteins in order to determine
how deeply a given amino acid is buried in the membrane [31]. The immersion depth is
measured by monitoring accessibility of R1 to polar (O5) and hydrophobic paramagnetic
colliders (NiEDDA), which affect the relaxation properties of R1 in a concentration-
dependent manner. These accessibility-based immersion depth measurements are based
upon the differential partitioning of the colliders into the membrane; while O, preferentially
partitions into the membrane, NiEDDA is preferentially excluded from the membrane. The
log of the ratio of the respective accessibilities was shown to be proportional to membrane
immersion depth [31] and has been used in a large number of studies, many of which are
also detailed below.

When two spin labels are introduced in a protein within 20 A, or when two labels on
different protein subunits come into proximity, line broadening due to spin-spin interaction
can occur. Typically, these interactions are caused by dipolar interactions and cause a
characteristic broadening that can be used to determine inter-spin distances [33]. Such
distances provide important structural restraints that can be used for generating structural
models. While dipolar interactions are generally dominant, an additional exchange
interaction can also sometimes be observed. This interaction requires significantly strong
orbital overlap between the free electrons on different spin labels and is, thus, limited to spin
labels with short covalent connection or labels near physical contact. When multiple such
labels are in contact with each other, as often seen in amyloid fibrils, single line EPR spectra
can result [35-37]
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C. Amyloidogenic proteins and membrane remodeling

Numerous studies have focused on the membrane binding of amyloidogenic proteins and
correlated this with the ensuing cellular membrane disruption commonly observed in protein
misfolding diseases such as Parkinson’s disease (misfolded a-synuclein), Alzheimer’s
disease (misfolded amyloidp and tau) and Type 2 diabetes (misfolded IAPP) [38]. The
mechanisms of membrane damage however have remained contentious [38]. Different
mechanisms have been proposed to explain the membrane disruption by a-synuclein and
other amyloid proteins including pore formation, carpet mechanism, and lipid incorporation
into aggregated (oligomers/fibrils) proteins [38—45]. Pore formation is further differentiated
into barrel-stave models and toroidal pore models depending upon the arrangement of
proteins and lipids within the pores on the membrane. Recent work performed by us and
others on misfolded a.-synuclein and IAPP revealed that many of the previously reported
disruptions of membrane integrity were actually caused by uncontrolled membrane
curvature induction, which is likely to be a mechanism leading to disruption of cellular
membranes [13-15, 41].

1) a-Synuclein
Overview of a-synuclein membrane interaction—a-Synuclein is a presynaptic
protein implicated in the pathogenesis of Parkinson’s disease [46, 47]. Membrane interaction
of this protein is believed to be important for its physiological and pathological roles [39, 48,
49]. In physiology, a-synuclein seems to be involved in neurotransmitter release by affecting
synaptic vesicle fusion and recycling, promote endocytosis, affect vesicular trafficking, and
play a role in lipid/fatty acid transport [39, 49]. With respect to pathology, there is evidence
for a-synuclein induced Golgi fragmentation, damage to lysosomes, and disruption of
mitochondrial, endoplasmic reticulum and nuclear membranes [14, 49]. Due to the
significance of membrane binding in the structure and function of a-synuclein, a large
number of studies have focused on delineating the structure of membrane-bound a-
synuclein (Fig. 3) [13, 50-61]. The solution structure of SDS micelle-bound a-synuclein
solved using NMR showed a bent helical structure with two antiparallel helices (3—37 and
45-92) [52]. EPR experiments further confirmed the presence of a two-helical structure on
lysophospholipid and SLAS (sodium lauroyl sarcosinate) micelles [51, 56]. To understand
the structure of a-synuclein on SLAS, pulsed EPR and NMR spectroscopy were combined
by using 18 EPR-derived interelectron spin label distance distributions with NMR-based
secondary structure definitions and bond vector restraints [51]. However, as described in
more detail below, using continuous wave EPR and four-pulse DEER measurements in
combination with computational modelling it was shown that a.-synuclein forms an extended
amphipathic helix on intact phospholipid vesicles [53, 54]. Another study, using pulsed EPR
measurements, carried out on bicelles, vesicles and rod-like micelles reinforced the presence
of an extended helix [57]. Still, under some conditions EPR studies also detected the
presence of a broken helix on lipid membranes [58, 59, 62]. The co-existence of broken or
extended helix conformation is posited due to a small energy difference between the two
conformations [50, 54, 60, 61]. Recent reports showed that a-synuclein could also exist as a
tetramer in the native conformation, adding to the list of already debated conformations [63,
64]. This led to some important questions like — Which one of these is the physiological
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membrane bound structure of a-synuclein? Can a-synuclein exist in different membrane
bound conformations? How could a-synuclein in a defined lipid environment exist in
multiple conformations? As described below, a key feature controlling the a.-synuclein
structure is the state and morphology of the lipids or detergents. The following sections
outline the structural information for the different a-synuclein conformations with particular
emphasis on the role EPR played in these endeavors.

Structure of vesicle-bound a-synuclein from EPR spectroscopy—The ~14 nm
long amphipathic helix formed by a-synuclein is one of the longest continuous helices on
membranes, located at the lipid headgroup region per EPR studies [53, 54]. The evidence for
existence of an extended helix was obtained by a combination of site-directed spin labeling
in conjunction with EPR and simulated annealing molecular dynamics on small unilamellar
vesicles composed of 30% 1-palmitoyl-2-oleoyl-sn-glycero-3-(phospho-L-serine)/70% 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (wt/wt) [54]. This study used continuous
wave (CW) and pulsed EPR data from a large number of singly and doubly spin-labeled a-
synuclein encompassing the residues 9-89 responsible for membrane interaction of a.-
synuclein. CW EPR provided information for local secondary structure from mobility and
accessibility information. The spectral changes in the absence and presence of membranes
revealed which regions experience a change in mobility. The sharp and narrowly spaced
lines for singly labeled a-synuclein derivatives in solution were characteristic of loop and
unfolded regions. In the N-terminal region of the protein, these lines became broadened
upon membrane binding with line shapes typically seen on the surface of ordered structures.
The C-terminal residues did not exhibit any significant changes in spin label mobility
implying that they did not partake in the membrane interaction of a-synuclein. Although
there was some ordering in the N-terminal region, there was a negligible amount of strong
immobilization as evidenced by the absence of outer peaks in the CW spectra of membrane
bound a-synuclein [53, 54]. This indicated the absence of significant tertiary or quaternary
interactions of a-synuclein on membranes contrasting with tightly-packed membrane
proteins or deeply buried residues within globular proteins. The secondary structure and
topology of membrane-bound a-synuclein was then further refined using O, (ITO5) and
NIiEDDA ([TNiEDDA) accessibilities [31, 65-68]. The paramagnetic collider O, readily
partitions into the more hydrophobic lipid phase and hence has a larger effect on spin labels
buried inside the lipid membrane as opposed to the surface exposed spin labels. In contrast,
NiEDDA more efficiently collides with membrane surface exposed spin labels. The depth
parameter (¢) obtained as In (TTOo/TINiEDDA) can then, after calibration, be used to
quantify the immersion depth of the labeled site. For detailed methodology, see [26-28, 30,
31]. The depth parameter revealed a period oscillation consistent with the formation of an
extended helical structure exposed to the membrane on one face and exposed to the solvent
on the other [54]. To further refine the local structure, long distances were mapped using
four-pulse DEER (Double electron-electron resonance) measurements that provided the
information for three-dimensional arrangement of amino acid residues within the membrane
bound protein [54]. Four-pulse DEER measurements can be used to obtain distances up to
~80 A for ideal systems but for protein samples the range is often limited to ~50 to 60 A [29,
56, 57, 69-75]. The distances can also be used to predict the presence of a specific type of
secondary structural element. For example, for a continuous a.-helix between labels at
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position 11R1 and 26R1, the distance will be approximately 15 x 1.5 A (helix rise per amino
acid) = 22.5 A. This could, thus, be used for rapid testing of presence or absence of a-helical
stretch. It should be mentioned that the R1 labels used for these types of distance
measurements in amphipathic helices should face the same direction in order to minimize
effects from side chain orientation. Either, both the labels should be facing the solvent
environment or into the membrane. Eventually, the immersion depth data and long range
distances from pulsed EPR were used as experimental constraints to refine the structure of
a-synuclein using simulated annealing molecular dynamics [54]. The resulting structural
model of a-synuclein uncovered an extended and slightly curved a-helix with a periodicity
of 3.67 aa per turn and having a superhelical twist similar to right-handed coiled coil
proteins [54]. This a-helix follows the curvature of the vesicle surface and the helix center
lies just below the phosphate headgroup region of the phospholipid membrane. The
positively charged, conserved lysine residues project perpendicularly to the membrane
surface conveniently interacting with the negatively charged phosphate groups.

As described above, the collision gradient approach using accessibility of spin label to
NIiEDDA and O is well suited to determine the immersion depth and topology of membrane
associated proteins. This method, however, has reduced and in some cases barely detectable
resolution for the protein segments lying 5 A or more above the phosphate headgroup due to
the absence of concentration gradient of the paramagnetic colliders in this region.
Overhauser dynamic nuclear polarization (ODNP)-enhanced NMR relaxometry that probes
the local translational diffusion of hydration water can be used to measure gradient of water
diffusion up to 20-30 A away from the lipid phosphate on membrane. This technique is
based on calculating the efficiency of dipolar relaxation between the electron spin of a
nitroxide radical present on proteins and the nuclear spin of surrounding water protons. The
combinatorial approach using EPR with 1H Overhauser dynamic nuclear polarization
(ODNP)-enhanced NMR relaxometry enabled to measure membrane immersion depth along
with the orientation of amino acid residues 20-30 A away from the membrane surface [76].
The measurements revealed the formation of an extended a-synuclein helix on the
membrane and the presence of a larger loop than an idealized a-helix for residues 90-96 of
bound aS, that forms the transition segment linking the N- terminal a-helix and random C-
terminus [76].

Membrane remodeling by a-synuclein—The unique length and wedge-like position of
the a-synuclein helix suggested a possible role of a-synuclein in membrane remodeling. To
answer the abovementioned questions and test the ability of a.-synuclein to remodel
membranes, we used a combinatorial approach of electron microscopy and EPR. These
studies showed that a.-synuclein can induce membrane curvature and remodel lipid
membranes into different morphologies such as bilayer tubes [13, 14], micellar tubes [13],
small vesicles [14] and lipoprotein nanoparticles [55, 77] (Fig. 2). a-Synuclein remodeled
lipid vesicles with a wide variety of phospholipids lipids including 1-palmitoyl-2-oleoyl-sn-
glycero-3-[phospho-RAC-(1-glycerol)] (POPG), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-L-serine (POPS) and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS). The
membrane remodeling ability of a-synuclein has since been confirmed by several other
groups [15, 78-82]. a-Synuclein is present at a high concentration (~ 40 uM) in neuronal
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cells and any alteration in the concentration of a-synuclein can alter the membrane
remodeling ability with physiological consequences. The various lipoprotein morphologies
formed by the interaction of a-synuclein with the lipid membranes depended highly on the
protein-to-lipid molar ratios (Fig. 2) [14]. Importantly, the presence of negatively charged
phospholipids strongly promoted membrane remodeling. Because of the difficulty associated
with understanding the structure of a protein bound to a specific curved membrane, we used
EPR. To evaluate the conformation of a-synuclein on these various lipid assemblies, we
developed a purification protocol to separate tubes, lipoprotein nanoparticles and unbound
protein [13, 55]. The respective structure of a-synuclein on membrane tubes (formed from
multilamellar POPG vesicles) and lipoprotein nanoparticles (generated from small
unilamellar vesicles of POPG) was studied using both CW EPR and pulsed EPR. To achieve
this objective, spin-labeled a-synuclein was incubated with lipid membranes at different
protein-to-lipid molar ratios and then ultracentrifugation was carried out to separate the
membrane bound a-synuclein from unbound protein.

i) a-synuclein structure on tubes: The conformational change in a-synuclein associated
with tubulation was compared to previously obtained data on lipid vesicle-bound protein
[13]. A total of eight spin labeled sites (31R1, 37R1, 41R1, 44R1, 48R1, 52R1, 70R1 and
76R1) within the membrane binding region of a-synuclein (~1-95 amino acid residues) were
investigated (Fig. 4). The corresponding X-band EPR spectra showed a transition from a
highly dynamic structure in solution to an ordered structure on the tubulated membrane with
spectra similar to those previously observed for vesicle-bound a-synuclein [53, 54].

The membrane bound protein was then subjected to accessibility measurements
toparamagnetic colliders and the data were compared to those obtained for vesicle-bound a-
synuclein [13, 54]. In the vesicle-bound state, residues 37R1, 41R1, 44R1, 48R1, 52R1 and
70R1 were observed to face into the outer leaflet of lipid vesicles while residues 31R1 and
76R1 faced towards the solvent [53, 54]. A similar behavior was also observed for tube-
bound protein. Based on the ¢-values the residues can be grouped into two sets (green and
red circles in Fig. 4B). Positions 31 and 76 displayed in green circles with reduced ¢-values
correspond to the solvent- exposed surface and are in positions 1X and | on the helical wheel
(Fig. 4B, colored in green). Positions 37, 41, 44, 48, 52, and 70 displayed in red circles with
larger ¢-values (Fig. 4B, red circle) correspond to the membrane-inserted residues and are in
positions 111, VIl and 1X on the helical wheel. Residues 41 and 44 displayed membrane
insertion further suggesting an extended a-helical conformation on tubes [53, 54].

Measuring intramolecular distances between two amino acid residues provide valuable
information regarding the conformational state of a protein. Distance measurements were
carried out between key residues on a.-synuclein to distinguish which conformation — broken
helix or extended helix - is populated on membrane tubes [13] (Fig. 5). Three doubly spin
labeled a-synuclein proteins were used for this purpose, 11R1/26R1, 22R1/52R1 and
63R1/81R1, encompassing the membrane binding region of a-synuclein [13]. The distances
obtained on membranes tubes are almost same to that obtained on lipid vesicles, which
indicated an extended helical conformation on membranes tubes. Specifically, the distance
50 A for 22R1/50R1 pair is different than 23.3 A observed with SDS micelles [13, 52]. An
antiparallel bent helix that brings the residues 22R1 and 52 R1 closer to each other would
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provide a shorter distance unlike an extended helix. Thus, distances obtained through four-
pulse DEER measurement can provide rapid information for the possibility of existence or
non-existence of a a-helix unlike nitroxide accessibility scan using NIEDDA and O, that
requires more laborious exercise.

ii) a-synuclein structure on lipid nanoparticles: Using the aforementioned purification
protocol, it became possible to also investigate the structure of a-synuclein associated with
lipid nanoparticles. Using four-pulse DEER experiment, we measured distances between
spin labels in the same R1 pairs previously tested on membrane tubes (11R1/26R1,
22R1/52R1 and 63R1/81R1) [55]. The distance distribution for 11R1/26R1 was similar to
that on membrane tubes suggesting a helical conformation in this stretch. But 22R1/52R1
displayed a shorter distance, 27 A, like that obtained on SLAS micelles implying a break in
the extended helical structure as opposed to the membrane tubes. 63R1/81R1 pair gave a
distance matching that on tubes but with a broader distribution, suggesting that there could
be multiple conformations of a-synuclein on lipoprotein nanoparticles. In the same study, it
was discovered that nanoparticles generated by a-synuclein contain helical oligomers
including trimers and tetramers. These nanoparticles closely resemble the trimeric and
tetrameric a-synuclein suggested to be the native form present in cells [63, 64]. Our study
raises the possibility that these trimers and tetramers of a-synuclein are possibly formed by
interaction with lipids or fatty acids. a-Synuclein has strong affinity to lipids and during our
study it was found that as a.-synuclein is passed through a chromatographic column
previously exposed to lipids, it transforms from unstructured to helical conformation. It is,
therefore, of utmost importance to ensure that the experiments with a-synuclein are
carefully performed to avoid misinterpretations.

Summary of different a-synuclein structures and implications—Altogether, the
combined CW EPR and pulsed EPR data showed that an extended helix was favored on lipid
vesicles and tubes (micellar tubes and bilayer tubes) while a broken helix was favored on
detergent micelles such as SDS and SLAS as well as on lipoprotein nanoparticles generated
after membrane remodeling by a-synuclein. Overall, there seemed to be a clear indication
that the energetic differences between the structures are relatively small. Also certain
geometric conditions facilitate the formation of an extended structure. The extended helical
structures can easily be accommodated on long tubes or on vesicles. In contrast, an extended
helical structure (~14 nm in length) does not easily fit onto relatively small detergent
micelles (~ 4 nm diameter SDS micelles) or nanoparticles (~10 nm diameter) In contrast, a
‘kink’ near the middle of the helix reduces the length and allows for a better fit [54].

Another important lesson learned from the EPR studies was that structural studies performed
on membrane curvature inducing proteins like a-synuclein need to be carefully carried out.
In particular, the resulting membrane morphologies need to be verified under the conditions
of the experiments, as the conformation of protein can vary with conditions depending on
how membrane morphology is altered.

After the discovery of the membrane curvature inducing potential of a-synuclein, in an in
vivo study, overexpression of a-synuclein induced remodeling of membranous organelle
system into highly curved structures at presynaptic termini in transgenic mice [83].
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Curvature induction by a-synuclein -may play an important role in development of
Parkinson’s disease demanding further future investigation. The studies discussed above are
an example of how EPR measurements helped to provide new testable hypotheses for
biological research.

2. Islet Amyloid Polypeptide-IAPP

Overview of IAPP membrane interaction—IAPP is an amyloidogenic peptide that is
co-secreted with insulin and that has been linked to the development of type Il diabetes
mellitus [84, 85]. The 37 residue IAPP forms the main constituent of pancreatic amyloid that
is characteristic of type Il diabetes. IAPP amyloid is formed by misfolding of monomeric
IAPP into oligomeric structures and then conversion of these oligomers into fibrils. Both
oligomers and fibrils are suggested to be mediators of cellular toxicity [86, 87]. As in the
case of a-synuclein, membrane damage has been considered one of the potential pathogenic
features of IAPP [40]. Membranes have been shown to mediate the aggregation of IAPP and
in turn 1APP can cause disruption of cellular membranes, a process that could cause toxicity
[40, 41, 86, 88-90]. Different mechanisms of membrane damage have been proposed for
IAPP [38]. As mentioned above for a-synuclein, many of these mechanisms, like pore
formation and carpet mechanism, are commonly described for amyloidogenic proteins and
antimicrobial peptides. An additional mechanisms describes the extraction of membrane
lipids during the growth of fibrillar IAPP and thereby destabilizing the membrane [43].
However, IAPP analogues or rat IAPP that does not readily form fibrils are also able to
disrupt membranes suggesting that multiple modes of membrane disruption might be present
[91]. The existence of IAPP in different structural forms like monomer, oligomer and fibril
complicates the investigation for understanding the mechanism of cellular toxicity. In
solution, as a monomer it exhibits a random coil structure with some residual helicity that is
transformed to a largely helical form after interacting with membranes [40, 89, 90]. The
helical form can convert into largely p-sheet form that is observed in oligomeric and fibrillar
IAPP. Unstructured monomeric IAPP can also directly transform into a B-sheet oligomer or
fibril without the helical IAPP intermediate [92-95].

Understanding the details of different structural forms of IAPP is key to resolving the
mechanism of cellular toxicity. A methodology combining site directed spin labeling with
CW and pulsed EPR (analogous to that described for membrane-bound a-synuclein above)
was used to determine the structure of fibrilar IAPP [94]. Initially, singly labeled IAPP
peptides in fibrillar form were monitored by CW EPR. The change in inverse line width
(AH,;~1), a measure of spin label mobility, was monitored as the monomeric IAPP assembled
into fibrillar form. Residues from 14-19 and 31-36 displayed AH,,~Z that alternates with a
periodicity of two. This periodicity is generally observed for p-sheet region where one face
is buried more than the other. The data is in good agreement with a previous solid state
NMR model where the abovementioned region forms p-sheet in IAPP fibrils [92]. Next,
four-pulse DEER measurements were carried out with doubly labeled IAPP peptides to
generate the three-dimensional arrangement of these two -sheet regions with respect to
each other and the intermolecular arrangement of different IAPP molecules in the fibril. The
EPR data was then used as constraint to develop IAPP fibril model by simulated annealing
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molecular dynamics [94]. The resulting fibril model displayed a left-handed helical structure
with an overall twisted morphology that was observed by electron microscopy [94].

One of the main challenges for understanding the structure of membrane-bound IAPP was to
identify the conditions that stabilize its membrane bound form as the high aggregation
propensity of IAPP often causes rapid misfolding of membrane bound IAPP. It was observed
that under weakly stable a-helical conditions, membranes accelerate the aggregation and p-
sheet formation of IAPP [90, 96]. Membranes likely enhance misfolding by the reduced
dimensionality of diffusion and the increased local peptide concentration on the membrane
surface [90, 96]. This acceleration towards aggregation was inhibited by targeting the helical
form of IAPP using small molecules that bind to the residues in IAPP within the region with
high helical propensity [97]. The resultant was decreased cellular toxicity of IAPP further
underlining the importance of investigating the membrane interaction of IAPP. Low ionic
strength and high negative charge of lipid membranes were found to kinetically trap the
membrane bound form for hours [89, 90]. The structural evaluation of IAPP was, thus,
realized by stabilizing the a-helical conformation on membrane.

Structure of vesicle-bound IAPP from EPR spectroscopy—To understand the
mechanism of membrane disruption and to understand the mechanism of membrane-
mediated misfolding, it is pertinent to identify the conformation of IAPP on the membranes.
The initial membrane-bound structure of IAPP was investigated by CW EPR studies [89].
IAPP was bound to 100 nm unilamellar vesicles composed of 80% POPS and 20% 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (mol/mol). Based on accessibility
and mobility analysis analogous to those described above, residues 9-20 were found to be in
a helical conformation in the presence of membranes. This finding was in good agreement
with prior circular dichroism spectra of IAPP obtained immediately after the addition lipid
membranes indicating the presence of an a-helical conformation about ~15-19 amino acid
in length [90]. In a later NMR study, the solution structure of IAPP on SDS micelles
revealed a ‘kinked-helix’” formed by residues 7-17 and 21-28 [98]. While there is significant
overlap between the helical regions, the differences again suggest that protein structures can
be strongly influenced on the specific lipid or detergent context.

Membrane remodeling by IAPP—The presence of a helix at the interfacial region of
membrane called for an investigation into whether IAPP can also induce membrane
curvature through ‘helix-wedging’ mechanism like as described above for a-synuclein. To
test this notion, IAPP was incubated with negatively charged lipid membranes and using
various assays it was shown that IAPP is a highly efficient inducer of membrane curvature
and it could be one of the mechanisms that IAPP utilizes to inflict membrane disruption
[41]. Giant unilamellar vesicles with different compositions of POPS, POPC, POPG or
DOPG lipid vesicles were used in this study. The first evidence of membrane curvature
induction by IAPP came through phospholipid clearance assay and fluorescence microscopy
data wherein large, negatively charged phospholipid vesicles were transformed into smaller
structures [41]. Circular dichroism data revealed the membrane remodeling occurring
through formation of helical conformation. The remodeling coincided with significant
membrane disruption culminating in the formation of lipid tubules and smaller vesicles [41].
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Another report also details the ability of IAPP to for vesicles and tubes from supported lipid
membranes [99]. The ability to remodel membranes is very similar to that observed with a-
synuclein. However, compared to a-synuclein, the amount of vesiculation was more
pronounced than tubulation. One possibility for this difference could be the length of the
helix. In case of a-synuclein, the length of the helix is ~14 nm while for IAPP it is ~2 nm. It
is possible for a longer helix to stabilize long anisotropic curvature in tubular membrane
structures as observed with a-synuclein. But a shorter helix, as in IAPP, may not be able
provide stability to the anisotropic curvature in tubules. This instability could result in
preferential formation of smaller vesicles with isotropic curvatures.

Another significant observation is that in presence of weakly negatively charged membranes,
IAPP takes the role of membrane curvature sensor as opposed to an inducer of membrane
curvature [41]. Whether it is the induction or sensing of membrane curvature, this could
directly influence the function of IAPP in physiology as well as pathology. It could also
impact the subcellular location of IAPP as demonstrated by preferential localization of IAPP
on mitochondrial cristae that are highly curved membrane structures [41].

D. Non-amyloidogenic Proteins and membrane remodeling

Induction of membrane curvature is important in many cellular events such as endocytosis,
exocytosis and cell division and in the maintenance of different membrane shapes, for
example, as observed in Golgi complex and endoplasmic reticulum. Protein-membrane
interactions play a major role in these events. Many proteins involved in these events have
large size, contain multiple domains and form oligomers which makes structural and
functional characterization an extremely formidable task. How EPR studies have supported
investigation into the structural characterization and understanding of the mechanistic role of
N-BAR proteins (amphiphysin and endophilin) and EHD2 (Eps15-homology domain-
containing protein 2), a protein involved in induction of membrane curvature, is discussed
below.

1) N-BAR Proteins (Endophilin and Amphiphysin)

One of the proteins which is involved in recycling of vesicles is endophilin that, like
amphiphysin, forms part of the Bin/Amphiphysin/Rvs (BAR) superfamily. Endophilins are
BAR domain containing proteins that function in clathrin-mediated endocytosis of synaptic
vesicles [7, 22, 100, 101]. Mutation in this protein is associated with impaired synaptic
vesicle recycling [102, 103].

Endophilin and amphiphysin possess an N-terminal helix followed by BAR domain linked
to an SH3 domain by a variable linker region [104, 105]. The BAR domain forms a crescent-
shaped dimer [100, 106, 107] which senses, induces and stabilizes membrane curvature. The
SH3 domain is a protein-protein recognition module that also modulates the activity of
endophilin. Evidence suggests a role of endophilin in synaptic endocytosis by interacting
with synaptojanin and dynamin through its SH3 domain [108-110] and by inducing
membrane curvature [100, 107, 111]. /n vivo, endophilin localizes to the neck region of
endocytotic vesicles at the synapses and /n vitro, transforms large vesicles into small highly
curved vesicles and lipid tubes [112-114].
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While the crystal structures of N-NBAR proteins clearly show a bent structure (Fig. 6A) that
is likely to act via scaffolding, there are other regions that are important for the control of
membrane curvature that are typically not resolved in the crystal structures. For example, the
N-terminal regions of N-BAR proteins are known to contain important regions for
membrane interaction. Sequence analysis suggested that these regions might form
amphipathic helices in the presence of membranes. Using EPR, we were able to directly
demonstrate that the N-termini of endophilin and amphiphysin indeed insert into the
membrane where they aid in curvature induction and stabilization [100]. Proteins bound to
large unilamellar vesicles prepared from brain lipid extracts were studied. Using
accessibility measurements, the depth parameter, @, was determined and the helices were
shown to directly penetrate into the membrane where could act as wedges. As described
below, the precise location of the helices, however, depended on whether the proteins were
bound to tubes or vesicles suggesting that these regions act differently in stabilizing vesicles
and tubules. There is an additional helical insert, called “helical 1 insert (H11)” in endophilin
that is not present in amphiphysin. This insert was predicted to interact with membranes and
this interaction was again directly demonstrated using EPR spectroscopy [101]. The same
study also showed that the helices run perpendicular to the BAR domain, a position that is
optimized for wedging [101]. This result was obtained from EPR distance and depth
measurement coupled with simulated annealing-based structural refinement used for the
structural analysis of membrane-bound a-synuclein [101].

A somewhat surprising result from the EPR studies was that the BAR domains of endophilin
and amphiphysin seemed to be far away from membranes in the vesicle-bound states.
However, there was strong evidence that the BAR domain plays an important role in
membrane curvature induction [6, 100]. To resolve this seeming contradiction, it was
necessary to further evaluate the structures of tube-bound endophilin [7] and amphiphysin
[8] (Fig.6). Interestingly, some significant differences were observed for the tube-bound
proteins compared to their vesicle-bound counterparts: (a) both the N-terminal helix (helix
0) and the central helical insert (H1I) were found to insert deeper into the tubes as compared
to small vesicles; (b) the BAR domain of amphiphysin as well as endophilin made contacts
with the membrane surface of tubes that were absent on vesicles. The presence of two
different conformations on tubes and vesicles follows the theme of different structures seen
for different membrane morphologies and it could mean important regulatory mechanisms
can modify the conformation during different steps in endocytosis.

It is notable that a single mutation at position S75 can act like a conformational switch in
endophilin [7]. The residue S75 is inserted into the membrane in tubes but is exposed to
aqueous environment in vesicles. A physiologically significant S75D phosphomimetic
mutation favors vesicle formation over tubulation, suggesting that post translational
modifications could regulate what types of membrane morphologies can be generated.

2) EHD2 - Eps15-homology domain-containing protein 2

Introduction—EHD2 is a membrane remodeling protein involved in the regulation of
caveolae formation by localizing to the neck of caveolae that are flask-shaped invaginations
of plasma membrane and stabilizing the highly curved membrane surface [115]. EHD2
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contains an N-terminal G domain with ATPase activity, a middle helical domain followed by
C-terminal EH domain. According to X-ray structure analysis, EHD2 and dynamin have
structurally related G domains [9]. Another shared property is the ability to tubulate vesicles
with negatively charged phospholipids and oligomerization into ring-like structures around
the membrane tubules [9, 116]. Despite the availability of X-ray crystal data, the question
regarding the structural changes associated with membrane tubulation remained unanswered.
EPR made two contributions toward understanding the EHD2 mechanism of action. First,
accessibility measurements directly identified membrane contacts and second, the N-
terminal membrane binding region of EHD2 was poorly resolved in the crystal structure, but
could be located based upon distance measurements by EPR. The following sections
describe both of these aspects.

Mapping of membrane-binding regions—Based on previous crystallography data and
mutagenesis studies, it was suggested that residues within the tip region of the helical
domain (320-340) could mediate membrane binding (Fig. 7). Using SDSL and EPR we
tested whether this region was responsible for recruiting EHD2 to the membrane [10, 117].
First, the three native cysteines in EHD2 were mutated to serines. This cysteine-less mutant
showed uncompromised ability to interact with membranes like the wild-type EHD2 protein.
Second, six residues in the helical region were individually replaced with cysteines and spin
labeled. The spin-labeled proteins were incubated with lipid vesicles prepared from bovine
brain lipids (Folch). The spectra of spin label at Phe322 that is positioned at the tip of the
helical region displayed ordering after binding to Folch lipid vesicles. Spin labels at
positions 320, 321, 323, 324 and 328 also revealed ordering, thereby confirming the
interaction of the amino acids at these positions with the membrane. Accessibilities of the
spin labels to O, and NiEDDA further supported the notion that this region of the helical
domain inserts into the membrane [10]. A subsequent study [117] found that this membrane
binding region also included additional amino acids in the tip region, as the helical domain
can undergo a domain rotation that allows additional amino acids to come into contact with
the membrane (Fig. 7).

Trilateration method to locate N-terminal region only poorly resolved in X-ray
structure—The previous X-ray data could not resolve the structural information for
residues 1-18 although these residues were found to be highly conserved. Mobility analysis
of spin labels at position 2-9, surprisingly revealed a predominantly ordered conformation
even though the lack of assignment in the X-ray data had suggested a potentially flexible
conformation [10]. EPR spectra also showed the presence of a small fraction of highly
mobile component. The fraction of mobile component increased when hydrophobic residues
Phe2, Trp4 and Leu5 were substituted with R1, indicating the importance of these amino
acids in stabilizing the ordered conformation through the hydrophobic interaction.

To determine the location of the N-terminus, a trilateration method using DEER was used.
EHD2 double mutant variants were generated with one spin label at position 5 and the other
one at any one of the positions 28, 294, 303 and 313. The distances ranged from 27 to 48 A
pinning the position close to the G domain. This prediction was then confirmed by X-ray
crystrallography of a LeuSMet mutant that was generated as a selenomethionine derivative.
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Interestingly, this structure changed upon membrane interaction as the N-terminus switches
out of its binding pocket in the G-domain and binds to the membrane. This conformational
change was revealed by mobility and accessibility analysis of spin labeled EHD2 derivatives
labeled individually at positions 2-9. All of the labels displayed a spectral change in the
presence of lipid vesicles indicative of membrane interaction and depth measurements of
labels at position 2-9 revealed membrane penetration at all sites except for positions 3 and 4.
Altogether, the data indicated a shallow membrane insertion of the N-terminus. In contrast to
the membrane binding region of the helical domain, this N-terminal binding region was not
essential and is considered a secondary membrane binding site. For example, while the N-
terminal region binds to the membrane, cryo-EM data showed that EHD2, devoid of the first
18 residues, can still efficiently induce membrane curvature. The N-terminal membrane
binding region did however affect cellular localization. Overall, it is thought that the N
terminus region constitutes a switch region controlling recruitment of EHD2 to specific
membranes [10].

E. Conclusion

This review focused on different membrane remodeling proteins and how EPR can be a
valuable tool to explore the structure and underlying mechanism for membrane curvature
induction. A common theme in the aforementioned studies is the tremendous interplay
between the precise structure of the lipids and the proteins. A large variety of membrane
structures can be stabilized by the same protein under different conditions. Importantly,
these different lipid structures are often associated, in turn, with different protein
conformations. As described above, it is possible to bind a-synuclein to the same lipids
under slightly different conditions and obtain either tubules or nanoparticles. This will result
in very different conformations that either contain an extended or a bent helical structure. As
described above, it appears that many of the reported differences in the a-synuclein
literature have resulted from differences in the precise lipid state and membrane
morphology. This makes it essential to verify the exact membrane structure when studying
membrane remodeling proteins at the time of measurement. In our experience, the structural
analysis of membrane remodeling proteins requires careful optimization with respect to
finding the best conditions that favor tubulation, vesiculation or nanoparticle formation.
Such optimization should also include kinetic stability studies to ensure that the lipid state
remains unchanged during the measurements. A surprisingly large number of proteins and
peptides have recently been reported to have membrane curvature effects. According to this
notion, it might even be generally advisable to investigate whether a given protein can
impact lipid structure, if one performs structural studies.

In relatively simple systems, like IAPP and a-synuclein, it was possible to obtain protein
structure information from EPR data alone without the need for any prior structural
information from NMR or crystallography. For more complex structures, like the EHD2 and
BAR proteins discussed here, this would not have been feasible. However, the availability of
high-resolution structural data from the soluble form of these proteins provided a structural
framework to guide the EPR studies. Although analysis of the EHD2 and BAR protein
crystal structures alone has already provided tremendous insights into potential mechanisms
of action, the structural differences between the solution and membrane bound states of
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these proteins, as well as the lipid state dependence of the membrane bounds structure still
make it essential to investigate what the exact membrane bound state looks like. The
strength of EPR is that it can provide such information.
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HIGHLIGHTS
Membrane remodeling by proteins is vital for many cellular processes

Protein structure analysis on curved membranes problematic for most
techniques

EPR-based structure analysis can be applied to all membrane and detergent
systems

Amyloidogenic and non-amyloidogenic proteins induce variety of membrane
curvatures

Different membrane structures often associated with different protein
structures
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FIGURE 1.
Mechanisms of membrane bending. A) Scaffolding mechanism - Membranes are bent by the

scaffolding of intrinsically curved protein domains (Orange curved structures) on the
membrane surface; B) Wedging mechanism - Membrane bending occurs by insertion of
protein (Orange triangles) on the membrane surface that acts like a wedge pushing apart the
phospholipid headgroups; and C) Bilayer couple mechanism — By asymmetric addition of
material on one side of the bilayer, for example, small unilamellar vesicles are able to able to
retain high curvature due to presence of ~twice the amount of lipid molecules in outer
monolayer as compared to inner monolayer.
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FIGURE 2.
a-Synuclein induces different membrane morphologies based on lipid composition and

amount of protein. A, negative stain electron micrograph of POPG vesicles without a-
synuclein. B-D, a-synuclein with POPG lipid vesicles at varying protein-to-lipid (P/L) ratio
of 1:40 (B), 1:20 (C), and 1:10 (D). E-G, Membrane composition affects the morphology of
lipid vesicles in presence of a-synuclein. POPG/POPC (1:1) vesicles incubated with a-
synuclein at 1:20 P/L. Arrows indicate “budding vesicles,” and star indicates “budded
vesicle”. H, POPG/POPC (1:4) vesicles incubated with a-synuclein at 1:10 P/L molar ratio.
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Arrows show a smaller tube coming out from a larger tube. Black scale bar is 100 nm.
Figure adapted and modified from (14).
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FIGURE 3.
Multiple conformations of a-synuclein. A) Monomeric a-synuclein is mostly unstructured

prior to aggregation. The largely unstructured protein attains p-sheet conformation in the
oligomeric and fibrillar form; B) a-synuclein has bent-helical conformation on detergent
micelles (~5 nm diameter). The structure varies slightly depending on whether a-synuclein
is bound to SDS or SLAS micelle; and C) Extended helical form of a-synuclein from EPR
experiments and simulated annealing molecular dynamics when bound to small unilamellar
vesicles that is ~30 nm diameter. Panel C adapted from (54).
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FIGURE 4.
Identification of secondary structure and topology of a-synuclein using spin-label

accessibilities to O, and NiIEDDA by continuous wave-EPR analysis. A, helical wheel
depicting the solvent-exposed residues (green) and lipid-exposed (red) residues on
membrane tubes. The roman numerals mark the positions of amino acids in the 11-amino
acid repeat of a-synuclein. B, A similar distribution of ® on small unilamellar vesicles
(SUVs) to @ on tubes means residues are at similar membrane depth on both SUVs and
membrane tubes. Figure adapted from (13).
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FIGURE 5.
Four-pulse DEER experiment to distinguish bent-helical and extended conformation. The

distances between residues connected by light blue line are displayed for bent-helix (SDS-
bound structure of a-synuclein from NMR experiment, top) and extended helix (SUV-bound
structure of a-synuclein from 4-pulse DEER experiment, bottom). These two a.-synuclein
conformation can be distinguished by measuring distances between spin labels at the
indicated positions using 4-pulse DEER experiments. Figure adapted from (55).
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FIGURE 6.
Endophilin Al adopts different conformation on tubes and vesicles and the structure is

modulated by phosphorylation. (A) Crystal structure of Endophilin A1 BAR domain (PDB
ID-1ZWW) and Amphiphysin BAR domain (PDB ID-4ATM). The amphipathic helices
were not resolved in the crystal structure. (B) Endophilin induces vesiculation or tubulation
on binding to membranes. (C) Endophilin stabilizes curvature on highly-curved small
vesicles (Left) using its amphipathic helices (red pentagons) by wedging into the headgroup
region (dark gray) and forcing the adjacent lipid molecules to bend (D, blue lines). On tubes
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(B, Right) the amphipathic helices insert deeply into the acyl chains (C, Right), and
relatively fills larger space for tubes (dt) than for vesicles (dv) in the acyl chain region (light
gray). The deeper insertion of helices in tubes pull the BAR domain towards a closer
proximity to the lipid headgroups (C, Right). Hence, a negative charge at S75 that disfavors
deeper membrane insertion of helices, promotes vesiculation over tubulation. B-D panels
adapted from (7).
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FIGURE 7.
Crystal structure of EHD2 dimer (PDB ID:2QPT). A) EHD2 has a GTPase domain (G

domain), followed by a helical domain and a Eps15-homology (EH) domain at the C-
terminal end. The box with broken line shows the location of the N-terminus region that was
originally unresolved in the crystal structure of EHD2 but was localized by EPR. The box
with solid line indicates the region of the helical domain which was identified through EPR
studies as the primary membrane binding site. B) Magnified primary membrane binding site
(shown by solid box in A) with details of the membrane binding interface of EHD2.
Membrane inserting residues are highlighted in green while the residues that do not insert
into membrane are highlighted in yellow. C) ® was calculated for EHD2 labeled positions
330, 331, 333, 337, 340, 356 in the presence of Folch-SUVs (open bars/left y-axis). Positive
® values show membrane interaction. The membrane insertion depth of each residue was
derived by calibrating with spin-labeled lipids (solid bars/right y axis). Panel B and C are
from (117).
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