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Amyloidogenic intrinsically disordered proteins:  

Conformational plasticity, membrane binding and aggregation 

Karishma Bhasne 

Department of Biological Sciences 

Indian Institute of Science Education and Research (IISER), Mohali 

M.S. Thesis Supervisor: Dr. Samrat Mukhopadhyay 

Abstract: 

Natively unfolded or intrinsically disordered proteins (IDPs) possess astonishing 

conformational plasticity that allows them to adopt a wide range of structures. My work 

involves the study of two amyloidogenic IDPs, namely -synuclein and tau, aggregation 

of which are involved in Parkinson’s and Alzheimer’s diseases, respectively. -synuclein 

adopts a helical structure upon binding to the membranes. However, the high-resolution 

structural and dynamical insights of the membrane bound -synuclein remain elusive. We 

took the advantage of the fact that -synuclein does not have any tryptophan and 

incorporated single Trp mutant along the polypeptide chain. These Trp mutants of the -

synuclein have been used as a crucial scout. The fluorescence anisotropy map illuminates 

the structural rigidification of various regions of the polypeptide chain mediated by 

membrane binding-induced folding. In order to obtain the depth-profile of different 

segments of α-synuclein from the membrane surface, we utilized a unique and reliable 

indicator, such as red-edge excitation shift (REES), which is utilized to monitor the 

dynamics of restricted water molecules at the membrane-water interface.
1,2

 The 

membrane-water interface comprises of ~ 15 Å thick water layers having strongly bound 

(restrained) water (also known as biological water) and has been hypothesized to play a 

pivotal role in a variety of crucial biomolecular processes. In order to achieve the distance 

profile between the membrane surface and the protein residues, we have used 

fluorescence resonance energy transfer (FRET) experiments between fluorescently 

labeled membrane and Trp locations of -synuclein. Taking together all the results from 

these fluorescence readouts, we have proposed a model that elucidates the precise 

conformation of the -synuclein protein on the negatively charged membrane. 

Additionally, we have also investigated the influence of -synuclein in the amyloid 

aggregation of tau protein that is implicated in human neurodegenerative disorders.  
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1. Introduction: 

Intrinsically Disorder Proteins (IDPs) do not follow the conventional sequence-structure-

function paradigm.
3
 IDPs being conformational plastic can adopt different structures 

depending upon their binding partners such as ligands and membranes. This property of 

IDPs makes them more useful in a wide range of physiological functions involving cell-

signaling, transcription, etc.
4
 -synuclein is mainly found in presynaptic terminals of 

neurons in the brain and the central nervous system (CNS). It is a small protein of 140 

amino acids and the complete sequence is divided into three distinct regions (Figure 1) : 

N-terminal (1-60 amino acid) which has an affinity to bind to the membranes, central 

region (61-95 amino acid) known as NAC region (non-amyloid  component of 

Alzheimer disease amyloid) which initiates the aggregation
5
 and the third region C-

terminal (96-140 amino acid) is highly negatively charged and it facilitates the binding of 

calcium and other ions).
6
 The exact function of -synuclein protein is poorly understood, 

though, there are few proposed functions known such as synaptic transmission
7
, synaptic 

vesicle localization
8
, maintenance of  neuronal plasticity

9
 etc. The synaptic transmission 

mechanism by SNARE complex is not clearly understood. SNARE complex is the group 

of proteins that helps in the vesicle fusion to the presynaptic terminal, which results in the 

neurotransmitter release to the presynaptic cleft. It has been evident that -synuclein 

interacts with the SNARE complex protein of the presynaptic terminal of the axon. Many 

biophysical experiments have been performed to understand the interaction between 

membrane (mimic as presynaptic terminal) and -synuclein, the results showed that -

synuclein undergoes a conformational change from random coil to alpha helical 

structure.
10

 Numerous studies have led to the conclusion that -synuclein can exist either 

in broken helix (horseshoe)
11,12

 or extended helix form.
12

 But the in-depth residue-specific 

information of the membrane bound -synuclein is still remains exclusive. Therefore, in 

order to understand the residue specific structural details, we have employed a variety of 

fluorescence techniques such as fluorescence anisotropy, red-edge excitation shift 

(REES), time-resolved emission spectra (TRES) and fluorescence resonance energy 

transfer (FRET). We took the advantage that -synuclein does not have any tryptophan 

and incorporated single Trp residue along the polypeptide chain using site-directed 

mutagenesis. These Trp mutants of the -synuclein have been used as a crucial scout. The 

fluorescence anisotropy map illuminates the structural rigidification of various regions of 
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the polypeptide chain mediated by membrane binding-induced folding. In order to obtain 

the structural underpinnings and the depth-profile of different segments of α-synuclein 

from the membrane surface, we utilized a unique and reliable indicator, such as REES, 

which is utilized to monitor the dynamics of restricted water molecules at the membrane 

interface.
1,2 

The membrane-water interface comprises of ~ 15 Å thick water layers having 

strongly bound (restrained) water (also known as biological water) and has been 

hypothesized to play a pivotal role in a variety of crucial biomolecular processes. In order 

to achieve the distance profile between membrane and protein we have used FRET 

experiments between NBD-PE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-

(7-nitro-2-1,3-benzoxadiazol-4-yl)) labeled membrane and Trp of -synuclein. Taking 

together all the results from these fluorescence readouts, we have proposed a model, 

which elucidates the precise conformation of the -synuclein protein on the negatively 

charged membrane.  

Tau is also an amyloidogenic IDP that is found mostly in the CNS. It is a highly soluble 

microtubule binding protein, which interacts with tubulin protein and stabilizes the 

polymerization of tubulin protein. In human brain tissues, six different isoforms of Tau 

are present which are different in the number of microtubule binding domains (repeats).
13 

Hyperposphorylation of Tau protein at specific position results in the self assembly which 

leads to the formation of tangles of paired helical filaments (PHF)
14

 that are involved in 

Alzheimer’s disease.  It has been shown that Tau and -synuclein are colocalized in many 

diseases like multiple system atrophy, Pick's disease, Parkinson's disease, etc.
15 

The 

colocalization of these two proteins also result in the formation of aggregates which 

results in the neuronal degradation and finally results in dementia.
16

 We aim to answer 

some fundamental questions pertaining to the co-aggregation of Tau and -synuclein 

which will help to understand the molecular mechanism in great detail. 
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2. Experimental Section:  

2.1 Materials: 

Chloroform solutions of POPG (1-palmitoyl-2-oleoyl-snglycero-3-phospho (1’-rac-

glycerol)) and NBD-PE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-

2-1,3-benzoxadiazol-4-yl) (ammonium salt)) were purchased from Avanti Polar Lipids. 

di-8-ANEPPS (di-8-butyl-amino-naphthyl-ethylene-pyridinium-propyl-sulfonate) was 

purchased from Invitrogen. LB (luria broth mixture powder), agar powder, tris, glycine, 

SDS (sodium dodecyl sulphate), NaCl (sodium chloride), lysozyme and MgCl2 

(magnesium chloride) were purchased from Hi-Media. EDTA (ethylenediaminetetraacetic 

acid), protease inhibitor cocktail, HEPES (4-(2-hydroxyethyl) piperazine-1-

ethanesulfonic acid), KI (potassium iodide), MES (2-(N-morpholino) ethanesulfonic 

acid), DTT (dithiothreitol), SP (sulfopropyl) sepharose fast flow resin, MgSO4 

(magnesium sulphate), glucose and ThT (thioflavin T) were purchased from Sigma and 

used as received.  Ampicillins, chloramphenicol and IPTG (isopropyl β-D-1-

thiogalactopyranoside) were purchased from Goldbio.Com. HCl (hydrochloric acid), 

CaCl2 (calcium chloride), ethanol, glacial acetic acid and ammonium sulphate were 

purchased from Merck. Q (quaternary ammonium) sepharose fast flow resin was 

purchased from GE Healthcare and streptomycin sulphate was purchased from CDH and 

used as received.  

 

2.2 Protein Expression and Purification: 

2.2.1 -synuclein: 

Wild-type and mutant -synuclein were purified using a reported protocol.
17

 The pT7-7 

plasmid with -synuclein gene was kindly provided by Prof. Vinod Subramaniam from the 

University of Twente, The Netherlands. It was transformed in BL21 (DE3) strain of 

Escherichia coli. Briefly, 1 % of the overnight grown culture (containing 100 g/mL 

ampicillin and 35 g/mL chloramphenicol) of BL21 (DE3) was transferred into fresh 

media (containing 100 g/mL ampicillin) and when the O.D at 600 nm reached to 0.6 - 

0.8, the cells were induced with 800 M IPTG for 4 hours. To obtain the cell pellet, 

culture was centrifuged at 4,000 rpm for 30 min at 4 °C. Pellet was resuspended in lysis 

buffer (50 mM Tris, 150 mM NaCl, 10 mM EDTA, pH 8 containing 50 L protease 
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inhibitor cocktail). And stored at -80 °C till further use. The lysed cells were boiled at 95 

°C for 30 min followed by centrifugation at 12,000 rpm for 30 min at 4 °C. The 

supernatant was collected and thoroughly mixed with 136 L/mL of 10 % streptomycin 

sulphate and 228 L/mL of glacial acetic acid followed by centrifugation at 12,000 rpm 

for 30 min at 4 °C. To the clear supernatant, equal volume of saturated ammonium 

sulphate was added and kept at 4 °C with an intermittent mixing for 1 hour. The 

precipitated protein, separated by centrifugation at 12,000 rpm for 30 min at 4 C was 

suspended in equal volume of 100 mM ammonium acetate and ethanol followed by 

centrifugation at 4,000 rpm for 10 min at 4 °C. Finally, the pellet was washed twice with 

absolute ethanol and dried at room temperature, until ethanol evaporated. The pellet was 

suspended in equilibrating buffer (10 mM Tris, pH 7.4) and further purified by FPLC 

(fast performance liquid chromatography) on a Q Sepharose column and the protein was 

eluted at ~ 300 mM NaCl.  The purity of the collected fractions was assessed by SDS-

PAGE (SDS - polyacrylamide gel electrophoresis) (Figure 1). The pure fractions were 

dialyzed in a dialysis buffer (10 mM HEPES, 50 mM NaCl, pH 7.4) and stored at -80C. 

 

 

Figure 1. (a) Sequence of -synuclein showing distribution of charged amino acids. Residues underlined 

were replaced by tryptophan (b) SDS-PAGE showing fractions of pure -synuclein (c) Different regions of 

-synuclein with mutant positions highlighted in black. 
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2.2.2 Tau k18 fragment: 

The plasmid pET11a containing Tau (k18) gene was kindly provided by Prof. Elizabeth 

Rhodes from the Yale University, New Haven, USA. Tau k18 fragment was expressed 

and purified in the similar manner as -synuclein, except that the buffer and column used 

were different. Lysis buffer composition: protease inhibitor cocktail, lysozyme (12 mg / 

60 mL), 500 mM NaCl, 50 mM Tris buffer pH 8 and Equilibrating buffer: 20 mM MES, 1 

mM EDTA, 2 mM DTT and 1 mM MgCl2. The SP sepharose (strong cation) column was 

used and the protein was purified by FPLC and eluted at ~ 300 mM NaCl. The pure 

fractions were assayed on SDS-PAGE (Figure 11) and dialyzed in a dialysis buffer (MES 

20 mM, MgCl2 1 mM, DTT 2 mM and EDTA 1 mM, pH 6.8) and stored at -20C. 

 

2.3 Preparation of protein samples: (-synuclein) 

Prior to every experiment the wild type and single Trp mutants of -synuclein were 

passed through 50 kDa molecular weight cut-off (MWCO) AMICON filter (purchased 

from Millipore) and concentrated using 3 kDa MWCO AMICON.  The concentration of 

proteins was by measuring tryptophan absorbance using UV-Vis spectrophotometer 

(Chirascan, Applied photophysics)). The concentration of wild-type protein was 

determined using ε275=5,600 M
-1

cm
-1

.
17

 Concentration for all the mutants (except Y39W) 

was determined using 280 =10,810 M
-1

cm
-1

, whereas, for Y39W 280 = 9,970 M
-1

cm
-1

.
 18

 

The measurements were carried out using 1 mm pathlength cuvette with a scan range of 

260-300 nm and a scan rate of 1 nm/s. The final spectra were averaged over 2 scans and 

buffer subtracted. The purified proteins were stored at -80 °C. 

 

2.4 Preparation of small unilamellar vesicles (SUV) 

Small unilamellar vesicles (SUVs) (diameter ~ 35 nm) from anionic POPG were prepared 

using a reported protocol.
19

 Briefly, appropriate amount of the respective chloroform 

solution was taken in a round bottom flask and purged with a gentle stream of nitrogen 

for 1 hour followed by vacuum desiccation for 2 hours to ensure complete removal of the 

residual organic solvent. The dried lipid film was hydrated in DPBS (Dulbecco’s 

phosphate buffer saline: 2.67 mM KCl, 1.47 mM KH2PO4, 138 mM NaCl, and 8.06 mM 

Na2HPO4, pH 7.4) buffer with intermittent vortexing for 1 hour to a final lipid 
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concentration of 10 mM. This resulted in a turbid solution having MLVs (multilamellar 

vesicles). The MLVs were subjected to 5 freeze-thaw cycles, alternating between liquid 

nitrogen and water bath (preset at 42 °C) for one minute. The MLVs were then sonicated 

in a bath sonicator for 1 hour at 40 C using 37 Hz pulse rate to obtain SUVs. The size of 

the SUVs (35 nm ± 10 nm) was confirmed by DAWN 8 Helios MALS system (Wyatt 

Technology). The fluorescently labeled SUVs were prepared in the similar manner as the 

unlabeled SUVs.  5 % of NBD-PE (chloroform solution) was added into the chloroform 

solution stock of POPG before proceeding for lipid film formation. The labeled liposomes 

were kept protected from light.  

 

2.5 Tau and -synuclein co-aggregation: 

Tau and -synuclein co-aggregation was carried out using different ratiometric 

concentrations of Tau and -synuclein (1:2, 1:4 and 1:5). The aggregation reaction was 

setup in 14 mM MES buffer (pH 6.8) with 200 rpm agitation, on a stirrer that was preset 

at 37 C. Aliquots of the aggregation reaction were taken out at regular intervals, diluted 

to a 5 M concentration of Tau using a buffer (14 mM, MES, pH 6.8), and allowed to 

cool at room temperature prior to ThT fluorescence measurements.  ThT was used as an 

indicator for aggregation. For aggregation experiments, ThT concentration of 20 μM was 

used which was obtained by suitable dilution of a stock solution (1 mM) of ThT (prepared 

in Milli-Q water and stored at 4 C) into the aliquot of aggregation solution and the 

spectra were collected using the following parameters: λex = 450 nm, λem (range) = 460-

520 nm, excitation bandpass = 1.5 nm, emission bandpass = 4.5 nm and scan rate was 

fixed at 1 nm/s. 

 

2.6 Circular Dichroism (CD) experiments: 

The CD spectra were collected on Chirascan CD spectrometer (Applied Photophysics, UK) 

using a 1 mm path length quartz cuvette at room temperature. The concentration of wild-

type and mutants of -synuclein were fixed as 25 M. CD spectra in the absence and in the 

presence of POPG (1 mM) in DPBS buffer were collected with a scan rate of 1 nm/s and 

averaged over 3 scans. The scan range was fixed from 200 nm to 260 nm. All the spectra 

were buffer subtracted and smoothened using Chirascan ‘ProData viewer’ software provided 

with the instrument.  
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2.7 Steady state-fluorescence measurements: 

All steady state experiments were carried out on Fluoromax-4 (Horiba Jobin Yvon, NJ) 

using 10 mm x 2 mm quartz cuvette at room temperature. For anisotropy experiments, the 

concentration of all mutants of -synuclein and SUVs were fixed at 50 M and 2 mM 

respectively. The steady-state anisotropy is given by:  

r = (I-GI) / (I-2GI),        (1) 

 where I and I are fluorescence intensities collected using parallel and perpendicular 

geometry of the polarizers, respectively and the perpendicular components were corrected 

using respective G-factors. For anisotropy measurements, excitation wavelength and 

bandpass were fixed to 295 nm and 1 nm, respectively, whereas emission wavelength was 

fixed at the maxima for each mutant with a bandpass of 5 nm. The integration time was 

fixed as 3 s. 

 

2.7.1 REES (Red Edge Excitation Shift) POPG experiments: 

For REES experiments, the concentration of -synuclein Trp variants and SUVs were 

taken as 50 M and 2 mM, respectively. Following parameters were adjusted for 

collecting tryptophan emission spectra; λex = 280/295/305 nm and λem (scan range) = 310 

nm to 400 nm. The excitation bandpass was adjusted to 0.5 nm (for λex = 280 nm and 295 

nm) and 1 nm (for λex = 305 nm). The emission bandpass was fixed to 3 nm. For λex = 280 

nm and 295 nm, the integration time was fixed to 1 s and averaged over three scans, 

whereas, for λex = 305nm, five scans were averaged over 3 s integration time. All the 

spectra were buffer subtracted and intensity-normalized at the peak maximum to visualize 

the spectral-shifts using OriginPro Version 8.5 software. 

 

2.7.2 Tryptophan quenching experiments: 

For tryptophan quenching experiment, KI (potassium iodide) was used as a quencher. 5 

M stock solution of KI containing 250 M of sodium thiosulphate (Na2S2O3) was 

prepared in MilliQ water and was diluted to a final concentration of 200 mM. The variant 

A78W was chosen for quenching experiment, since it showed high REES. The 

concentration of A78W -synuclein mutant and SUVs were 50 M and 2 mM, 

respectively. The tryptophan emission was observed in the presence and in the absence of 

KI. Following parameters were fixed for collecting tryptophan scans: λex = 295 nm and 

λem scan range was from 310 nm to 400 nm. The excitation and emission bandpass were 
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adjusted to 0.5 nm and 3 nm, respectively. The integration time was fixed at 1 s and 

averaged over three scans. All the spectra were buffer subtracted and intensity-normalized 

at the peak maximum to visualize spectral-shifts using OriginPro Version 8.5 software. 

 

 

2.7.3 Membrane dipole potential measurements: 

For membrane dipole potential experiments, the concentration of SUVs were kept 

constant at 2 mM in DPBS buffer, whereas, variable concentrations of -synuclein (viz. 

10 M, 50 M and 100 M) were used. di-8-ANEPPS was used as a voltage sensitive 

styrylpyridinium probe and the dipole potential measurements were performed by dual 

wavelength ratiometric approach.
20,21

 500 M stock solution of di-8-ANEPPS was 

prepared in ethanol and diluted to a final concentration of 5 M. Two excitation 

wavelengths of 420 nm and 520 nm were used and emission was fixed at 670 nm with an 

integration time of 2 s. The excitation bandpass and emission bandpass were fixed to 1 

nm and 2 nm, respectively. All samples (with protein and POPG) were incubated with di-

8-ANEPPS for 1 hour before collecting the data. Dipole potential in mV was calculated 

from R (Ratio of emission at 670 nm, exciting at 420 nm and 520 nm) using the following 

relationship:
21

 

d = (R + 0.3) / (4.3 X 10
-3

)        (2) 

 

2.8 Time-resolved fluorescence measurements: 

The time-resolved fluorescence decays of the samples (in the absence and presence of Trp 

variants in POPG) were collected using a time correlated single-photon-counting (TCSPC) 

setup (Fluorocube, Horiba Jobin Yvon, NJ). 295 nm LED (Light Emitting Diode) was 

used as excitation source having repetition rate of 1 MHz. All the decays were collected 

at magic angle (54.7) with 12 nm bandpass and a PhotoMultiplier Tube (PMT) 

(Hamamatsu Corp) was used as detector. An aqueous solution of 2 % ludox was used to 

collect the instrument response function (~1.1 ns). In order to obtain a good signal-to-

noise ratio, 10,000 counts were collected at the peak. All the experiments were carried out 

at room temperature. 
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2.8.1 Tryptophan fluorescence intensity decay: 

For all the life time measurements, the concentration of -synuclein mutants and SUVs of 

POPG were kept constant in DPBS buffer, as 50 M and 2 mM respectively. Cuvette 

(from Helma) of pathlength 10 mm x 2 mm was used. Tryptophan decay was collected in 

the presence and in the absence of -synuclein variants at 335 nm. The intensity decay 

were collected and analyzed. 

 

 

2.8.2 FRET (Fluorescence resonance energy transfer): 

For fluorescence resonance energy transfer (Trp  NBD) measurements, the 

concentration of -synuclein mutants and 5 % NBD-PE labeled-POPG SUVs were kept 

constant in DPBS buffer, as 50 M and 2 mM, respectively.  A cuvette (from Helma) of 

pathlength 10 mm x 2 mm was used for the measurements. The tryptophan decay was 

collected at 335 nm for all the variants. The tryptophan decay in the presence and in the 

absence of labeled SUVs were collected and analyzed. The FET efficiencies (E) were 

estimated from the lifetime of Trp in the absence of acceptor (D) and in the presence of 

acceptor (DA) using the following relationship. 

E = 1- (DA/D)                                                                                                                   (3) 

 

2.8.3 TRES (Time Resolved Emission spectra) – measurement and analysis: 

The TRES measurement was carried out for A78W -synuclein mutant (50 M) with POPG 

SUVs (2 mM) in DPBS buffer in a cuvette of pathlength 10 mm x 10 mm. The tryptophan 

intensity decays were collected in the wavelength range from 315 nm to 360 nm with an 

interval of 5 nm. The tryptophan intensity decays were deconvoluted with respect to IRF 

(Instrument Response Function) and analyzed by fitting them as a sum of exponentials. 

The fits were used to construct the TRES. The spectra were normalized and fitted to 

logarithm normal function using OriginPro V8.5 software. 
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2.9 Tryptophan fluorescence anisotropy decay: 

Time-resolved anisotropy decay measurements of the samples were made using a 

picosecond laser Ti: sapphire laser (Tsunami, Spectra Physics) coupled to a time-

correlated single-photon-counting setup.
40

 A frequency tripled output of 885 nm was used 

to excite Trp at 295 nm. The IRF at 295 nm was collected using a dilute colloidal 

suspension of dried nondairy whitener. The width of the IRF was ~ 40 ps. For the 

anisotropy decay measurements, the emission data were collected at 0 and 90 with 

respect to the excitation polarization. NATA solution was to estimate the G-factor. The 

emission monochromator was fixed at 335 nm for F4W and A56W, whereas, for A140 W 

it was fixed at 350 nm with a bandpass of 20 nm. A 320 long-pass filter was placed just 

after the sample to block any scattering from the sample. The anisotropy decays were 

analyzed by globally fitting I(t) and I(t) as follows: 

I=          (4) 

I=           (5) 

The perpendicular component of the fluorescence decay was corrected for the G-factor of 

the spectrometer. I(t) is the fluorescence intensity collected at the magic angle (54.7) at 

time t. The anisotropy decays were analyzed using a biexponential decay model 

describing fast and 

slow rotational correlation times as follows: 

r(t)=ro[fastexp(-t/ fast) +slow exp(-t/ slow)]      (6) 

where ro is the intrinsic fluorescence anisotropy; fast and slow are the fast and slow 

rotational correlation times; and fast and slow are the amplitudes associated with fast and 

slow rotational time. The global (slow) rotational correlation time (slow) is related to 

viscosity () and molecular volume (V) by the Stokes-Einstein relationship as follow: 

slow=V/kT          (7) 

V=4/3Rh
3
          (8) 

where Rh is the hydrodynamic radius of the molecule. 
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3. Results and discussion: 

3.1 Binding-induced folding of -synuclein at the lipid membrane surface: 

The study was initiated by performing Circular dichroism (CD) of -synuclein in the 

absence and in the presence of lipid membrane (Figure 2). We have chosen POPG SUVs, 

since it is known to bind to -synuclein with highest affinity
22,23

. We observed a 

transition from random coil state to a highly helical state upon binding with SUVs derived 

from POPG. This preliminary result prompted us to understand this conformational 

change in residue specific manner. 

Figure 2. CD spectra of wild-type -synuclein. (a) Change in secondary structure from random coil (Black: 

Native) to -helix  with POPG (Red) (b) Schematic diagram to show the transition from  IDP to helical 

state. 

Since -synuclein is binding to the outer surface of the POPG SUVs, so we asked, if is 

there any effect on the ordering of the lipid head-groups. To address this question, we 

measured the dipole potential of lipid membranes derived from POPG in the absence and 

in the presence of α-synuclein. The change in the dipole potential arises because of non-

random arrangements of ester groups linked to the glycerol backbone of phospholipids 
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and usually ranges between 200-500 mV depending on the lipids.
24

Using a ratiometric 

fluorescent reporter, di-8-ANEPPS (a charge transfer dye).
25

  

Figure 3. (a) Measurement of membrane dipole potential using di-8-ANEPPS at different concentrations of 

-synuclein. (b) Schematic representation of the membrane bilayer showing the localization of di-8-

ANEPPS in the membrane.  

We measured the dipole potential of POPG membrane. The schematic representation of 

binding of di-8-ANEPPS with the membrane is given in Figure 3(b). We observed an 

increase of 30-50 mV dipole potential in the presence of α-synuclein depending upon the 

protein concentration (Figure 3(a)). These results demonstrated that α-synuclein upon 

binding to POPG SUVs, undergoes some conformational rearrangement that lends 

ordering of phospholipids. 

3.2 Structural and dynamical insights into the membrane-bound state of -

synuclein: 

The above interesting results from 

CD and membrane potential lead 

us to perform further experiments 

to understand the residue specific 

structural dynamics of -synuclein 

in membrane-bound state.  

Figure 4. Tryptophan fluorescence 

anisotropy in the absence (light gray) and 

in the presence of POPG SUVs (dark 

gray).  
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We took the advantage of the fact that α-synuclein is devoid of any tryptophan (Trp) 

residue. So, 10 single-Trp mutants were generated over the polypeptide chain length. For 

incorporating Trp, the residue positions at 4, 39, 69, 90, 124 and 140 were chosen based 

on earlier reports
26

 due to conservative exchange of amino acid. We made additional four 

single Trp mutants (27, 56, 78 and 107) which maintain disordered structure of protein in 

unbound form and form helical structure in bound form to POPG SUVs. Previous studies 

from the lab have demonstrated that these mutants behave like the wild-type protein. 
22 

In 

the free form, anisotropy was low (0.05 ± 0.01) for all the Trp variants, which indicates 

that the protein exist in the disordered form (Figure 4). Based on this experiment, we 

revealed that the N-terminal end is tightly bound and structured, whereas, C-terminal end 

does not seem to participate in the folding event. The middle region of the N-terminal 

segment (Trp 27 and 39) showed a higher degree of flexibility, while the region 

juxtaposing the N- and the NAC-domain (Trp 78) is highly structured as indicated by 

high anisotropy.  The NAC-domain also showed different degrees of structural 

organization. The initial region (Trp 69) showed a lower degree of structure as compared 

to the middle region (Trp 78). The anisotropy of the mutants after Trp 78 progressively 

decreases as Trp is moved from the NAC- to the C-terminal region. This experiment 

provides residue-specific structural organization of the α-synuclein upon the POPG 

SUVs.  

We have carried out picosecond time-resolved fluorescence anisotropy measurements that 

provide insights into the local and global rotational dynamics of proteins.
27,28

Global 

dynamics is represented by a slow rotational correlation time (slow) that is generally 

related to the size (hydrodynamic radius) of the protein (Eq. 6-8). In the unbound form, 

-synuclein showed two rotational correlation times. The fast rotational correlation time, 

fast is ~ 0.13 ns and 0.14 ns for F4W and A124W, respctively, (Table 1) which represents 

the local dynamics of Trp, whereas slow is 1.1 ns and 1.56 ns for F4W and A124W, 

respectively, and could indicate the segmental mobility and does not depend on the 

protein size, since the segmental conformation fluctuations depolarize the fluorescence 

much more rapidly than the global tumbling of the polypeptide chain.
28

 For the membrane 

bound variants of the protein, slow increased to ~ 45 ns for F4W variants, whereas, for 

A124W variant it is around 1.3 ns. These results indicates that the -synuclein is tightly 

bound to the position near 4 amino acid, whereas, the 124
th

 residue (C-terminal variant of 

-synuclein) is not bound to the membrane.  



14 
 

 

Figure 5. (a) Picosecond time-resolved fluorescence anisotropy decays [r(t)] in the presence and absence of 

POPG LUVs of F4W (lane 1) and A124W (lane 2). The solid red line is the biexponential fit (Eq. 6). 

Table 1. Tryptophan fluorescence life time and rotational correlation times for two single-Trp mutants of 

-synuclein (F4W and A124W) in the absence and in the presence of lipid membranes. 

Trp Variants

(Conditions)

Fluorescence Lifetime  in ns 

(amplitude)

Mean 

Lifetime in 

ns

Rotational Correlation 

time in ns 

(amplitude)

1

(1)

2 (2) 3 

(3)

av 2 1

(1)

2

(2)

r0 rss 2

F4W 

(free; native)

4.13 (0.37) 1.9 (0.43) 0.51 

(0.20)

2.4       1.13 1.1 (0.44) 0.13 (0.56) 0.2 0.03 1.9

F4W

(with SUVs)

3.9 (0.50) 1.61 (0.36) 0.39 (0.14) 2.6       1.12 44.8 (0.76) 0.56 (0.24) 0.208 0.156 1.9

A124W 

(free; native)

3.51 (0.34) 1.87 (0.44) 0.65 (0.22) 2.16     0.99 1.56 (0.53) 0.14 (0.47) 0.211 0.05 1.9

A124W

(with SUVs)

4.14 (0.20) 2.2 (0.56) 0.65 (0.24) 2.22     1.2 1.32 (0.52) 0.15 (0.48) 0.213 0.044 1.9
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The anisotropy decay for the F4W in the membrane-bound form did not completely 

depolarize in the timescale of Trp fluorescence. The tumbling of the SUV-protein 

complex is much slower (on the s timescale). Whereas, in the case of A124W variant in 

membrane bound form, anisotropy of Trp decayed to zero indicating fast tumbling 

(Figure 5) and this location is far away from the membrane-binding site.  

  

3.3 The depth profile of α-synuclein on the membrane surface: 

The above results prompted us to perform experiments that would allow us to distinguish 

the proximal and distal tryptophan with respect to the membrane surface. One of the 

fluorescence readouts is the red-edge excitation shift (REES), it is generally observed 

with polar fluorophores in motionally restricted media (or with liposome) where the 

dipole relaxation time for the solvent shell around a fluorophore is comparable to or 

longer than its fluorescence lifetime (nanoseconds). The emission maxima exhibit a 

progressive shift towards the longer wavelength, when excitation wavelength shifted to 

the red edge of the absorption band. In the disordered state, Trp residues placed along the 

sequence showed very little or no REES, whereas, in the membrane-bound form, different 

residue positions demonstrated a varied extent of REES. This was previously 

demonstrated in our lab.
22

 The REES experiments were repeated before carrying out 

time-resolved emission spectra (TRES) measurements that provide direct evidence of 

slow water relaxation. For REES measurements, the fluorescence spectra were collected 

by exciting Trp of POPG-bound α-synuclein (Trp 78 and 140)  at three different 

wavelengths (280 nm, 295 nm and 305 nm) at the red-edge of the tryptophan absorption 

maxima (Figure 6a). In the spectra, progressive shift in the emission maxima for Trp 78 

variant was observed as a function of excitation wavelength. Trp 140 which is located at 

the end of C-terminus did not undergo detectable shift. We plotted the REES (in nm) for 

each residue position in the membrane-bound form to construct a dynamic hydration map 

(Figure 6b). Initial part of the N-terminal sequence (Trp 4) demonstrated a large extent of 

the REES (~13 nm), whereas, the middle region (Trp 27 and 39) exhibited much lower 

REES. In the NAC-domain, residues 78 and 90 showed a significant REES (~ 15 nm and 

11 nm, respectively), whereas, the residue 69 exhibited much lower REES (~ 5 nm).  
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 Figure 6. (a), (b) Spectral shift with progressive change in excitation wavelength (lex=280, 295, 305) for 

two mutants (A78W and A140W) in the presence of POPG SUVs. (c) Extent of REES observed with all 

Trp variants in the presence and in the absence of POPG. 

 

The C-terminal residues did not show any significant REES. We would like to point out 

that the shift can also arise due to a structural heterogeneity. 

Figure 7. (a) Tryptophan fluorescence spectra of A78W mutant in the absence and in the presence of 

quencher (KI). (b) Intensity normalized Tryptophan fluorescence spectra of A78W mutant in the presence 

and absence of KI to visualize the spectral shift.  
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 In order to rule out this possibility, we carried out a control experiment with Trp 78 

mutant that exhibited maximum extent of REES. We recorded fluorescence spectra in the 

absence and in the presence of a quencher (potassium iodide) and observed that the 

spectral shape and emission maximum remains unaltered (Figure 7). Therefore, the REES 

observed was indeed due to slow water reorientation dynamics and not due to any 

structural heterogeneity. The schematic model for the unbound (Native) and membrane 

bound form of the -synuclein is shown in Figure 10.  

 

3.4 TRES measurements to provide direct insights into the water dynamics at the 

membrane-water interface felt by membrane-bound -synuclein: 

As mentioned before, REES arises due to the rate of water reorientation dynamics that is 

either comparable to or slower than the fluorescence lifetime. In order to directly monitor 

the water dynamics, we next embarked upon studying the timescale of hydration 

dynamics of α-synuclein in the presence of POPG SUVs using time-resolved emission 

spectra (TRES) that measures the time-dependent Stokes shift (TDSS) on the nanosecond 

timescale.  In order to perform TRES experiments, we decided to use Trp 78 variant due 

to its maximum extent of REES. The time-resolved decay of Trp fluorescence was 

monitored at different emission wavelength. It was observed that the fluorescence decay 

become progressively longer with an increase in the average fluorescence lifetime as a 

function of emission wavelength (Figure 8).  

 

Figure 8. Trp 78 in presence of POPG: (a) The time resolved decay of Trp fluorescence monitored at 

different wavelengths (b) Time resolved emission shift (TRES) constructed from life time decays. 
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The TRES constructed from the decay analysis exhibited TDSS on the nanosecond 

timescale. These results provided compelling evidence in favour of ultraslow water 

relaxation arising from localization of the Trp-residue at membrane-interface comprising 

a highly ordered water layer with a constrained mobility.  

 

3.5 Proximity between various residues of -synuclein and membrane surface 

monitored by FRET: 

To gain more information about the positioning of residues on the membrane surface, we 

performed FRET (between NBD labeled membrane and Trp variants of the -synuclein) 

experiments. NBD and Trp acts as a FRET pair with a Förster’s distance value, 

determined is 22 Å as reported.
29

The schematic model for the FRET is shown in Figure 

9(b) N- and NAC regions showed variable but high FRET efficiency, whereas, C region 

showed less FRET efficiency (Figure 9(a)). 

Initial part of the N-terminal sequence (Trp 4) demonstrated a large FRET efficiency 

(~50%), Whereas, the middle region (Trp 27) exhibited little less FRET (~30%). In the 

NAC-domain, residues 78 and 90 showed a significant FRET efficiency (53% and 40%, 

respectively), whereas, the residue 69 exhibited much lower FRET (~23%).  The C-

terminal residues showed some FRET efficiency.  Our FRET results by enlarge 

corroborated with the anisotropy and REES experiments 

 Figure 9. (a) FRET efficiency observed with different tryptophan mutants. (b) A schematic representation 

of FRET between protein and membrane. 
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Figure 10. Schematic representation (a) Unbound -synuclein (b) -synuclein bound to membrane 

 

3.6 Co-assembly of Tau and -synuclein Protein: 

Tau and -synuclein are present in different locations in the neuron. It has been reported 

that -synuclein is capable of membrane translocation
30,31

 and fibrillated form may be 

transferred between neurons.
32,33

We initiated the study by monitoring aggregation of Tau  

Figure 11. (a) Sequence of Tau (k18) (b) A schematic map of  full length Tau [I: Insert region, P: Proline 

rich region & R: Repeat region] (c) Tau (k18) protein pure fractions. 

and -synuclein separately under identical conditions. We observed no significant 

increase in Tht intensity which is an indicator of fibril formation (Figure 12a). 
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Tau:20µM; -synuclein:10µM

Tau:50µM; -synuclein:10µMTau:100µM; -synuclein:25µM
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Figure 12. (a) Control experiment (with only Tau and only -synuclein). (b) Tau:-synuclein ratio 2:1 (c) 

Tau:-synuclein ratio 4:1 and (b) Tau : -synuclein ratio 5:1 

 Next we took both the proteins in the same reaction at different protein ratios and found 

that the Tht intensity was greatly enhanced and reached to plateau after ~ 20 hours 

(Figure 12 b,c,d ).The proposed reason for the coaggregation could be due the 

electrostatic interaction, because Tau is positively charged at physiological pH, whereas, 

-synuclein is negatively charged. This observation suggested that some conformational 

changes in the proteins (tau and -synuclein) drive the aggregation process. Though, at 

present it is difficult to answer which one of the two proteins initiates the process. To 

address this question we plan to generate cysteine mutations in -synuclein which when 

labeled with TNB can act as FRET pair for Trp mutations generate in Tau protein. 

Utilizing this system we aim to answer some of the questions pertaining co-aggregation 

of Tau and -synuclein.  
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4. Conclusion and Future Outlooks: 

The prevailing concept in IDPs is that the conformational plasticity allows proteins to 

adopt different structure when they come in contact with different binding partners. -

synuclein adopts a helical structure when it binds to lipid membranes. However the high-

resolution structural and dynamical insight of the membrane bound structure was not fully 

understood. In the present study, fluorescence anisotropy, REES, TRES and FRET results 

have revealed the intricate structural details of -synuclein on the negatively charged 

membrane. Our results elucidate the precise conformation of the -synuclein protein on 

the negatively charged membrane which might have implications in some of its putative 

physiological functions. For instance, it has been proposed that the membrane-bound -

synuclein helps in synaptic transmission and the C-terminal segment interact with a 

SNARE (soluble N-ethyl maleimide sensitive factor attachment protein receptors) 

complex protein known as synaptobrevin which helps in neurotransmitter release. 

Region-specific binding and folding of α-synuclein to the membrane surface can 

influence the membrane stability and fluidity.
34

 It has been known that A30P, missence 

mutation in -synuclein gene results in Parkinson’s disease.
35,36,37

 The region near 27 and 

39 and residue 30 come in-between may be this structurally broken segment of the protein 

facilitates protein aggregation on the membrane surface. Additionally, tau and -

synuclein accumulate to form fibrils that are pathological inclusions in distinct 

neurodegenerative disorders now classified as tauopathies and synucleinopathies, 

respectively.
38,39

 Our results showed the different aggregation propensity at different 

ratios of both the proteins. So, this work can further be extended to understand the precise 

mechanism of co-assembly that has a myriad of important implications in 

neurodegenerative diseases. 
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