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Formation kinetics and physicochemical
properties of mesoscopic Alpha-Synuclein
assemblies modulated by sodium chloride
and a distinct pulsed electric field†

Mengying Wang, a Roland Thuenauer, bcd Robin Schubert, e

Susanna Gevorgyan,a Kristina Lorenzen,e Hévila Brognaroa and Christian Betzel*a

Alpha-Synuclein (ASN), a presynaptic protein, has been widely reported to form amyloid-rich hydrogel

clusters through liquid–liquid phase separation (LLPS) and liquid-to-solid transition. However, in-depth

investigations about the parameters that influence the assembling kinetics, structures, and physico-

chemical properties of intermediate ASN assemblies are still missing. Therefore, we monitored for the

first time the assembling and ordering kinetics of ASN by polarized/depolarized light scattering (DLS/

DDLS) under the effect of ionic strength and a pulsed electric field (EF), followed by characterizing the

resultant ASN assemblies applying thermostability assays, fluorescence/autofluorescence assays, and

TEM. The underlying molecular mechanism was discussed based on experimental evidence. Results

showed that in the presence of 150–250 mM NaCl, monomeric ASN is highly soluble in a temperature

range of 20–70 1C and could form dissoluble liquid dense clusters via LLPS in crowded environments,

while the ionic strength of 50 mM NaCl could trigger conformational changes and attractive diffusion

interactions of ASN monomers towards the formation of mesoscopic assemblies with ordered internal

structures and high thermostabilities. We discovered that pulsed EFs and ionic strength can modulate

effectively the thermostability and autofluorescence effect of mesoscopic ASN assemblies by tuning the

molecular interaction and arrangement. Remarkably, a specie of thermostable ASN assemblies showing

a maximum autofluorescence emission at approx. 700 nm was synthesized applying 250 mM NaCl and

the distinct pulsed EF, which could be attributed to the increase of b-sheet structures and hydrogen-

bond networks within ASN assemblies. In summary, the presented data provide novel insights for

modulating the growth kinetics, structures, and physicochemical properties of bio-macromolecular

mesoscopic assemblies.

Introduction

Alpha-Synuclein (ASN) is an aggregation-prone protein, whose

physiological function covers maintaining lipid-packing, sensing,

and vesicle fusion.1–4 Fibrillar aggregates of ASN have been widely

detected in the nerve tissue of Parkinson’s patients.5–9 It was

demonstrated that ASN undergoes liquid–liquid phase separation

(LLPS) and liquid-to-solid transition before forming amyloid

fibrils.10 Recently, Sawner and Ray et al. (2021) have investigated

and published the influence of pH, salt, PD-associatedmultivalent

cations, N-terminal acetylation on the critical time and critical

concentration of ASN LLPS in vitro applying PEG8000.11 Mono-

meric ASN is a natively unfolded protein and can adapt a number

of conformational states, caused by different intramolecular

interactions in varying physicochemical environments.12 The

intramolecular interactions depend on electrostatic/hydrophobic

interactions and hydrogen bonds between amino acid residues.13

As a result, altering the physicochemical parameters, such as pH,

salt, temperature, and external fields, can induce conformational

changes in monomeric ASN and in ASN assemblies. The aggrega-

tion mechanism and the early stages of ASN fibrils have been

investigated for many years. Krishnan and collaborators found in
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2003 that the formation of an ASN dimer is the critical step for

fibrillation,6 while in 2008 Tashiro’s group, using time-resolved

SAXS, detected an oligomerized heptamer at the initial stage of

ASN fibrillation.14 Applying dynamic light scattering, Saraiva

(2021) identified micellar-like aggregates with hydrodynamic radii

(Rh) of approx. 210 nm at low concentrations of ASN (o100 mM)

and oligomers with Rh approx. 82 nm at high protein concentra-

tions (4100 mM) in the early stages of aggregation.15 Especially,

the metastable globular oligomers have been observed widely

preceding the formation of rigid fibrils as protofibrils.16–19 On

the other hand, using both amyloid-b and lysozyme, Hasecke et al.

(2018) revealed that the fibril assembling kinetics depends on the

critical oligomer concentration and suggested that the globular

oligomers can compete with the fibrils consuming monomeric

proteins, thus inhibiting the nucleation and growth of rigid

fibrils.20 Obviously, the interconvertibility among ASNmonomers,

dimers, oligomers, and fibrils highly depends on the physico-

chemical conditions.

It was reported that an electric field (EF) strength across the

neuron synapses is approx. 40 kV cm�1,21 which can cause the

self-aggregation of proteins. In this context, the role of EFs in

the assembling process of ASN and the physicochemical prop-

erties of intermediate ASN assemblies are till now not studied.

Therefore, in the data we present and corresponding experi-

ments performed, we focus on gaining insights into the effect

of physicochemical factors, EFs and a NaCl gradient, on the

early-stage assembling mechanism of ASN and the physico-

chemical properties of ASN intermediate assemblies. The

experimental strategy is shown in Scheme 1. Polarized, and

depolarized dynamic light scattering (DLS/DDLS) were employed

to monitor simultaneously the early-stage evolution of the hydro-

dynamic radius and anisotropy of ASN assemblies. A light scatter-

ing instrument installed with a temperature control program was

utilized to analyse the thermostability of monomeric ASN and

the interconvertibility between ASN assemblies, oligomers, and

monomers. Transmission electron microscopy (TEM), optical

brightfield microscopy, and confocal laser scanning microscopy

(CLSM) were applied to characterize the morphologies and auto-

fluorescence effect of ASN assemblies. Finally, the diffusion

interaction parameter-KD and the secondary structure of mono-

meric ASN under different conditions were also determined to

uncover the underlying molecular mechanism resulting in the

diverse phase behaviours of ASN.

Results and discussion
Phase diagram of a-Synuclein in solution at pH 7.4 and

applying PEG8000 as a crowding agent

With the resolution of an optical microscope Leica M205C, ASN

dense liquid clusters (DLCs) and mesoscopic globular assemblies

(10–1000 nm) were observed from droplets incubated 1 hour in a

sitting-drop plate at 20 1C and conditions shown in the dotted

frame of Fig. 1. It was noticed that ASN at high concentrations

(200–500 mM) tended to undergo liquid–liquid phase separation

(LLPS) and form DLCs after 1 hour incubation with 10–20%

PEG8000, followed by liquid to gel-like transitions within 72 hours

of incubation (ESI† Fig. S2–S4). However, at low concentrations

(5–100 mM) ASN mainly aggregated to globular mesoscopic assem-

blies within 1 hour of incubation applying 15–20% PEG8000

(Fig. 1). Similar phase diagram of ASN mixed with PEG8000 was

also observed by Sawner’s group11 and Ray’s lab.22 ASN self-

assemblies, without applying a crowding agent, were also observed

after 24 hours of incubation (the first column of ESI† Fig. S2). The

mesoscopic assemblies have homogeneous dimensions regardless

which protein concentration was applied. Further, fibrillar struc-

tures formed via the linear attachment of mesoscopic globular

assemblies were observed in droplets containing 50–100 mM ASN

and PEG8000 after 24 hours of incubation (ESI† Fig. S2–S4), which

can be considered to be the origin of fibrillation.

Monitoring the dynamic assembling and three dimensional (3D)-

ordering of a-Synuclein in a NaCl gradient exposed to pulsed EFs

To obtain insights about the early-stage assembling and 3D-

ordering kinetics of ASN, a non-invasive DLS/DDLS technique

Scheme 1 Experimental strategy. The coordinates of monomeric a-Synuclein (ASN) were obtained from the protein data bank (PDB code: 2KKW).40 The
colour of mesoscopic assemblies denotes the diverse autofluorescence effects. The molecular arrangement shown in different assemblies do not
represent the real inner structure of ASN assemblies.
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monitoring simultaneously and time-resolved the hydrodynamic

radii and optical anisotropy of particles was utilized. Firstly, ASN

solutions applying NaCl in a range of 0–250 mM and pH 7.4 were

investigated at 20 1C to understand the effect of NaCl and the

applied EF on ASN stabilities and self-assembling behaviour. As

a sufficient DLS signal intensity is required for generating a

normal autocorrelation function to analyse the particle radii, a

concentration of 200 mM ASN was applied for the pure protein

samples. Results showed that the monomeric ASN was stable

within 2 hours of measurements at high concentrations of NaCl,

150–250 mM (the upper panel of Fig. 2a). However, oligomers

with a hydrodynamic radius (Rh) of approx. 7.6 nm and 46.0 nm

formed after 2 hours in solutions containing none NaCl, and

50 mM of NaCl, respectively.

The clustering evolution was also monitored in solutions

containing 50 mM ASN, a physiological relevant ASN concen-

tration, 15% PEG8000, and NaCl ranging from 0 up to 250 mM.

Fig. 2b revealed the instant formation of ASN oligomers with Rh of

approx. 20 nm in the absence, and the presence of 150–250 mM

NaCl. Accordingly, the Rh growth kinetics of ASN oligomers in

presence of 150–250 mM NaCl followed the scaling power law of

Rh = k � t0,33, where k is a constant pre-factor and t is the time,23

demonstrating a diffusion-limited Ostwald ripening mechanism

of LLPS.24 Despite the fact that the initial and final Rh of ASN

assemblies obtained at 0mMNaCl are comparable with assemblies

obtained at 150–250 mM NaCl, the Rh developing pattern observed

within 2 hours of measurements showed a power law of t0,2 at 0

mM NaCl. The ionic strength of 50 mM NaCl favoured the largest

ASN assemblies with Rh approx. 100 nm appearing and growing

with the power law of Rh = k � t0,5, implying a surface attachment-

limited coarsening.23 It’s worth noting that the growth of ASN Rh

from 100 to 500 nm in 18minutes was accompanied by the descent

of the corresponding DLS signal intensity (purple circles) and an

increase of the DDLS signal intensity (green rhombuses) (Fig. 2b).

Considering that the DLS signal intensity depends on the particle

size and concentration,25 thus the reducing DLS signal intensity

indicated that parts of metastable mesoscopic assemblies formed

at the beginning of mixing and were consumed during the growth

and ordering of ASN assemblies. Both, DLS and DDLS signal

intensities reached a plateau after 18 minutes, considering the

continuous growth of Rh, it indicates an equilibrium between the

growth in size and the decrease in the number of ASN assemblies.

Fig. 2c and d are displaying the evolving results of ASN in the same

solutions, as shown in Fig. 2a and b, respectively, but under the

influence of a pulsed electric field (EF) applied throughout during

the measurement. Compared to the corresponding control groups,

it is apparent that EFs prompted the formation of ANS assemblies

with a slight anisotropy in the absence of PEG8000. According to

the Rh growth pattern and DLS/DDLS signal intensities obtained for

the control and EF experiments we showed that EF cannot influ-

ence the phase behaviour of ASN in a PEG8000 solution without the

presence of ions (Fig. 2b and d, 0 mM NaCl). However, the applied

EF modified the early-stage phase behaviours of ASN in PEG8000

solutions containing 50–250 mM NaCl, since the obtained Rh data

did not fit to the scaling power law of both the surface attachment-

limited coarsening (t0,5) and the diffusion-limited Ostwald ripening

(t0,33) mechanisms (Fig. 2d, 50–250 mM NaCl). The DDLS signal

intensities of EF groups at 150–250 mM NaCl were stronger than

their corresponding control groups, suggesting a more ordered

alignment of ASN molecules, guided by the applied EF. To analyse

further the effect of NaCl and applied EF on physicochemical

properties of ASN assemblies and considering the visible particle

dimension, samples, presented in Fig. 2b and d, were characterized

by TEM and optical microscopy, as summarized below.

Characterizing the morphologies and b-sheet structures of

assembled a-Synuclein at different time scale

To track the morphological transitions of ASN assemblies

considering a physiological relevant protein concentration of

50 mM,26,27 samples shown in Fig. 2b and d were incubated at

20 1C for 3 days and analysed afterwards by TEM. Results

showed that mesoscopic ASN assemblies formed in control

groups without EFs showed mainly a globular shape (upper

row of Fig. 3a), whereas aggregated assemblies were also

observed in EF groups (lower row of Fig. 3a). Especially,

protofibril-like morphologies formed through curvilinear or

linear attachment of globular assemblies were detected in EF

groups containing 0 and 50 mM NaCl, respectively. Thioflavin T

(ThT), which increases the fluorescence intensity upon binding

to amyloid b sheets, was used to analyse the fibrillation of ASN

assemblies. In accordance with the DDLS results about the

internal structure changes, ASN assemblies in the EF group

containing 150 or 250 mM NaCl exhibited a higher fluorescence

intensity than the control group, while no noticeable difference

was detected between the control and EF groups at solution

conditions of 0–50mMNaCl (Fig. 3b). It was reported that Congo

red (CR) dye specifically stains stacked b-sheet aggregates and

Fig. 1 Representative phase diagram of a-Synuclein after 1 hour incuba-
tion applying PEG8000 in a buffer of 20 mM Tris pH 7.4, 150 mM NaCl and
1 mM DTT at 20 1C. The white scale bar corresponds to 50 mm for all
droplets, while the black scale bar represents 10 mm for all magnified
images shown in the dotted frame.
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does not bind to non-polymerized amyloid peptides.28–30 Therefore,

0.01% (w/v) CR was added to the solutions containing 50 mM

ASN and 15% PEG8000 to detect stacked b-sheet structure

elements. As presented in ESI† Fig. S5a, monodisperse globular

ASN assemblies showed the same colour as the surrounding

solution. Nonetheless, the aggregated assemblies showed a more

intensive colour of CR dye than the solvent, demonstrating the

presence of stacked b sheets inside the aggregated ASN assem-

blies. ESI† Fig. S5b displayed the CR staining results for the eight

ASN samples prepared applying the same procedure as for the

samples used for TEM and ThT assays. Except for globular ASN

assemblies observed in the control group with solution condi-

tions containing 50–250 mM NaCl, aggregated ASN assemblies

formed in all other groups showed a strong binding of the CR

Fig. 2 The dynamic evolution of hydrodynamic radii and internal order during the early stage assembling of a-Synuclein applying a NaCl gradient and
pulsed EFs. 200 mM of a-Synuclein solutions containing a gradient of NaCl from 0 up to 250mM (a) without and (c) with the application of EFs. Mixtures of
50 mM a-Synuclein with 15% PEG8000 and NaCl range of 0–250 mM (b) without and (d) with the stimulus of EFs. All solutions are in 20 mM Tris–HCl
buffer at pH 7.4 and containing 1 mM DTT. The DLS (purple circles) and DDLS (green rhombuses) signal intensities detected from each condition were
plotted below the corresponding hydrodynamic radii graph.

Fig. 3 (a) TEM images and (b) ThT fluorescence assays of ASN assemblies incubated at 20 1C for 3 days in solutions of 50 mM ASN, 15% PEG8000, and a
NaCl gradient in the absence (control) or being exposed for 2 hours by a pulsed electric field.

Paper Soft Matter

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

3
 J

an
u
ar

y
 2

0
2
3
. 
D

o
w

n
lo

ad
ed

 o
n
 9

/4
/2

0
2
4
 8

:5
4
:3

1
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online



This journal is © The Royal Society of Chemistry 2023 Soft Matter, 2023, 19, 1363–1372 |  1367

dye, revealing the formation of stacked b sheets within ASN

assemblies.

After a continuous incubation of samples displayed in

Fig. 2b and d for 30 days, mesoscopic globular ASN assemblies

appeared to aggregate with each other particular in control

groups having 0–50 mM NaCl in the solution and in all EF

groups (Fig. 4a). Remarkably, the ordered arrangement of

globular assemblies within the aggregated structure is particu-

larly discernible in the control group at 50 mM NaCl and in the

EF group containing 250 mM NaCl (Fig. 4a), which also

exhibited relatively high fluorescence intensities applying the

ThT assay (Fig. 4b). According to the DDLS results (Fig. 2),

optical anisotropy was detected for early-stage ASN mesoscopic

assemblies formed in the control group applying 50 mM NaCl

and in the EF group applying 250 mM NaCl. Thus, we presume

that the driving force for ASN mesoscopic assemblies attaching

to each other to form larger aggregated structures with internal

order might be attributed to the early-stage nucleation.

Characterizing the thermostability of monomeric and

assembled a-Synuclein

The thermostability of ASN monomers was analysed in solu-

tions containing different NaCl concentrations (0, 50, 150, and

250 mM) along with a temperature ramp up (purple circles in

Fig. 5) and subsequently ramp down (green circles). Results

demonstrated that monomeric ASN with Rh of approx. 3.6 nm

in solutions applying 150–250 mM NaCl is highly soluble in the

temperature range of 20–70 1C (Fig. 5a). On the other hand,

irreversible and stable ASN oligomerization was observed

after the temperature ramp down in solutions containing

0–50 mM NaCl.

Mesoscopic ASN assemblies formed after 2 hour incubation

in presence of NaCl and PEG8000 were also monitored in the

solution along the temperature ramping (Fig. 5b) and demon-

strated a temperature dependency in the presence of 0, 150,

and 250 mM NaCl, which reveals weaker bonding forces of

attraction among the ASN clusters. The reversible ability meets

well with the property of liquid dense clusters formed via LLPS,

for which the kinetics is shown in Fig. 2b.

Further, highly thermostable ASN assemblies, formed in the

presence of pulsed EFs during 2 hour incubation, were detected in

the temperature ramp experiment applying all NaCl conditions, as

mentioned before (Fig. 5c). Also, the thermostability observed for

the mesoscopic assemblies of ASN containing 50 mM NaCl with-

out applying EFs (Fig. 5b) corroborates well with the DDLS results

and confirmed that changes in the optical properties of the

colloidal material are related to the formation of a geometrically

ordered molecular arrangement within ASN assemblies (Fig. 2b,

50 mM NaCl). In conclusion, ASN monomers are more thermo-

stable at higher NaCl concentrations (150–250 mM), while

ordered mesoscopic ASN assemblies are more resistant to higher

temperature than the disordered DLCs. The regularization of the

ACF fitting curves at different temperatures are shown for each

condition in ESI† Fig. S6.

Characterizing the autofluorescence effect of a-Synuclein

assemblies

It is reported that the aromatic amino acid residues tyrosine,

phenylalanine and tryptophan exhibit intrinsic fluorescence

with both excitation and emission in the UV range of 260–

280 nm.31 However, amyloid fibrils specifically emit fluores-

cence in the visible spectra range of 400–450 nm because of the

electron delocalization in the hydrogen-bond-rich network of

fibrils.31–33 It is also observed that dityrosine can emit fluores-

cence in the range of 400–420 nm upon excitation at 284 nm or

315 nm, due to noncovalent p–p stacking between tyrosine

residues.34 ASN contains two phenylalanine and four tyrosine

amino acids. Therefore, to avoid the contribution of aromatic

amino acid residues to the autofluorescence intensity, we

analysed the autofluorescence effect of ASN assemblies within

the emission spectra range of 420–780 nm applying an excitation

wavelength of 405 nm utilizing a confocal laser scanning micro-

scopy (CLSM). The CLSM brightfield images (Fig. 6a) and auto-

fluorescence images (Fig. 6b) showed early-stage morphologies

of ASN assemblies formed in solutions within 2 hours at 20 1C.

Fig. 4 (a) Optical brightfield microscopy images and (b) ThT fluorescence assays of 50 mM a-Synuclein incubated with 15% PEG8000 and applying a
NaCl gradient for 30 days at 20 1C, in the absence (control) or being exposed for 2 hours by a pulsed EF. Scale bars correspond to 20 mm.
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Identical aforementioned conditions were applied in the

presence and the absence (control group) of EFs. Consistent

with TEM observations, mesoscopic ASN assemblies exhibited

mainly monodisperse, globular, and relatively homogeneous

dimension in the solution of the control group (upper rows of

Fig. 6a and b), while under the effect of pulsed EFs the meso-

scopic ASN assemblies packed up into an agglomerated arrange-

ment (lower panels of Fig. 6a and b). The three-dimensional (3D)

distribution of ASN assemblies in each solution were also

analysed applying in situ 3D fluorescence scanning. The spatial

distribution and the morphologies of ASN assemblies observed

in the solution at different conditions are shown in ESI† Fig. S7.

The fluorescence emission spectra of ASN assemblies

formed in the aforementioned conditions were also analysed.

Results showed that mesoscopic ASN assemblies formed without

applying EFs (control group) in all NaCl concentrations emitted a

main peak with a maximum intensity at 470–490 nm, while the

maximum emission spectrum of ASN assemblies, induced by pulsed

EFs, presented a gradual red shift along with the increasing concen-

tration of NaCl up to 250 mM (Fig. 6c). In the presence of EFs,

applying 50 mM NaCl, a second minor peak at approx. 660 nm

emerged in the spectrum and became more prominent at 150 mM

NaCl, which two different electronic structures with emission spec-

trum peaks detected at 500 and 660 nm (Fig. 6c, 150 mM NaCl).

Further, the maximum emission spectra of ASN assemblies

formed in the presence of 250 mM NaCl and EFs completely

red-shifted the spectrum to the wavelength range of 680–

700 nm. In other words, only changing ionic strength cannot

alter the optical properties of ASN assemblies, however, an

ionic gradient can assist EFs to induce assemblies with diverse

secondary structures formed in the ASN agglomerates.

Efforts have been made to red-shift the emission wavelength

for bioimaging applications, as longer emission wavelengths

have less damage to cells and can minimize the background

absorption.35 Therefore, mesoscopic ASN assemblies with red-

light autofluorescence are very prospective to be applied as

label-free bioimaging markers. Grelich-Mucha and collabora-

tors have revealed in 2021 that the arrangement of b-sheet

structures and the resultant hydrogen-bond patterns influence

the autofluorescence of fibrils by comparing the structural and

optical properties of twisted and tapelike fibrils.36 Therefore,

based on the data obtained by DDLS measurements (Fig. 2b

and d) and ThT assays (Fig. 3b), which showed the internal

order rearrangement and the composition of b-sheet structures

within ASN assemblies according to the rise of NaCl concen-

tration and the presence of pulsed EFs, we deduce that the red-

shifted emission spectra of ASN assemblies could be attributed

to the increased composition of b-sheet stacks and hydrogen-

bond networks within ASN assemblies. It’s worth noticing that

assemblies formed at 50 mM NaCl and in the absence of EFs

Fig. 5 The thermostability of (a) monomeric ASN, and the reversibility of assembled ASN induced by PEG8000 after 2 hours (b) without and (c) with a
pulsed EF exposing to the solutions containing 20 mM Tris buffer pH 7.4 and a NaCl gradient.
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did not show a clear redshift, although orientation-dependent

interactions were detected by DDLS. The low ThT fluorescent

intensity (Fig. 3b) and the light CR colour (ESI† Fig. S5b)

observed from ASN assemblies, incubated with 50 mM NaCl

for 3 days, indicate that their internal molecular arrangement

in early stages is different from the observed b-sheet structures

induced by EFs.

Determination of the diffusion interaction parameter (KD) and

the secondary structure of monomeric a-Synuclein

To understand the molecular mechanism resulting in the

diverse behaviours of ASN described before, the diffusion

interaction parameter-KD values and the secondary structure

of ASN monomers were investigated.

KD values. The parameter KD indicates the protein diffusion

interactions and can be determined by analysing the depen-

dence of the diffusion coefficient in context of the protein

concentration in solution. Positive KD value reveals a repulsive

diffusion interaction while negative KD value denotes an attrac-

tive interaction among protein monomers. To analyse the effect

of different NaCl concentrations on the molecular diffusion

interactions of ASN, the diffusion coefficient of monomeric ASN

at different protein concentrations were measured by DLS in

solutions with NaCl ranging from 0 to 250 mM. KD value was

determined, based on Equation 3, for each solution and is

shown in Fig. 7. Monomeric ASN in all NaCl solutions pre-

sented a negative KD value indicating attractive diffusion inter-

actions, which is probably caused by the intrinsic disordered

structure of ASN. The ionic strength of 10 mM NaCl promoted

the strongest attractive interaction among ASN monomers.

Nonetheless, the increase of Na+/Cl� in the solution gradually

raised the repulsive force and thus stabilized ASN molecules.

This fact is also shown in Fig. 2a and 5a, since none ASN

aggregation was observed in solutions with NaCl concentra-

tions of 150 and 250 mM.

The secondary structure. The far-UV circular dichroism (CD)

spectra of monomeric ASN in solutions containing 20 mM Tris

buffer at pH 7.4 in the presence of a gradient of NaF were

measured to study the ionic strength influence on the secondary

structure of ASN. In this experiment NaCl was replaced by NaF

because the chloride ions show strong absorption at wavelengths

less than 195 nm. For each NaF concentration an ASN sample

was pretreated by EFs for 1 hour and measured by CD to study

the effect of EFs on the conformation of ASN. The full wave-

length spectra (190–260 nm) of all ASN samples showed a main

negative peak between 195 and 200 nm, which characterizes the

secondary structure of random coils (Fig. 8a). A magnified view

of the spectra of all samples in the range of 190 up to 210 nm

exhibited a similar spectra profile with minor fluctuations in the

region of the main peak, 195–200 nm. The only exception

noticed was a second main peak maximum at a wavelength of

191–192 nm for a ASN solution containing 50 mM NaF without

applying a pulsed EF (green dashed line in Fig. 8b).

After analysing the results described above, one question

became nonnegligible: why 50 mM NaCl showed distinct effect

on the conformation and phase behaviour of ASN although ASN

Fig. 6 (a) CLSM bright-field images of ASN assemblies observed after 2-hour incubation of 50 mM ASN with 15% PEG8000 in different NaCl solutions
without (control group) or in presence of pulsed EFs at 20 1C. (b) The autofluorescence images and (c) corresponding normalized emission spectra upon
excitation at 405 nm. Scale bars in figures a and b correspond to 2 mm. Blue circular symbols and green dots in each graph of figure c are showing the
experimental data of ASN samples without (control) and with EF treatment, respectively, the solid line is the corresponding fitting curve for each
experimental data set.
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KD values at 0 and 50 mM NaCl are similar? Recently, Ubbiali

et al. showed by applying cross-linking/mass spectrometry that

the native ASN monomer can form a hairpin-like structure via

the long-range interaction between the positively charged

N-terminal region with the negatively charged C-terminal region,

and can change to a more elongated structure after LLPS.37 As an

intrinsically disordered protein (IDP), ASN monomers can form

intra- and inter-molecular interactions thus performing confor-

mational transitions according to the environments. Based on our

KD results (Fig. 7), the intermolecular attraction of unfolded ASN

induced by NaCl was maximum at 10 mM NaCl and gradually

reduced upon increasing the NaCl concentration from 30 to 250

mM. Using the same methods, we have investigated previously

the effect of NaCl on the diffusion interactions of the well folded

protein glucose isomerase (GI) and showed that increasing NaCl

within the range of 0–500 mM can constantly weaken the repul-

sive intermolecular interactions of GI.38 Obviously, the charge

screening effect of NaCl on unfolded ASN and well folded GI is

different because of the surface accessible regions of the protein.

For well folded proteins, the monovalent ions mainly modulate

the surface net charge thus the electrostatic interactions; But for

unfolded IDPs, ions can access most of the protein domains to

influence not only inter- but also intra-molecular interactions thus

resulting in the conformational transition and the nonlinear

dependence of the intermolecular interactions of ASN on ionic

concentration (Fig. 7). We confirmed that the charge screening

effect of 50 mM NaCl on ANS induced a specific conformation

(Fig. 8) which favours protein–protein interactions towards the

formation of ordered mesoscopic ASN assemblies (Fig. 2b) and

b-sheet structure (Fig. 4). Based on those data, now we can also

understand the different morphologies of ASNmesoscopic assem-

blies induced by EF at different NaCl conditions, as shown in

Fig. 3a. Demonstrated by the DDLS results, shown in Fig. 2d,

different internal ordering was detected for mesoscopic assem-

blies of ASN formed at different NaCl concentrations. ASN mono-

mers can elongate to distinct conformations upon interacting and

forming mesoscopic assemblies with different structures, as

observed by TEM from ASN samples incubated for 3 days (Fig. 3a).

Another nonnegligible question came up from the observed

phenomena is: why EF showed different influential trend on

the later organization (Fig. 4a) and fibrillation level (Fig. 4b) of

mesoscopic ASN assemblies induced at different NaCl concen-

trations? Recently, it was reported that the critical size of ASN

oligomers/assemblies capable to form stable fibrils is approx.

40 nm.39 Our data showed that ASN self-assemblies with Rh of

approx. 46 nm formed at 50 mM NaCl within 2 hours (Fig. 2a,

50 mM NaCl) thereby revealed the interaction propensity of

ASN towards fibrillation, which was subsequently validated by

DDLS indicating significant internal order (Fig. 2b, 50 mM

NaCl), higher thermostability (Fig. 5b, 50 mM NaCl), and

stronger ThT fluorescence intensity (Fig. 4, 50 mM NaCl).

On the other hand, the Rh (Fig. 2a and 5a, 150–250 mM NaCl)

and lower KD values (Fig. 7) unveiled that ASN monomers have

relatively weak interactions at 150–250 mM NaCl, resulting in a

smaller number of disordered ASN assemblies with lower

Fig. 7 The determined diffusion interaction parameter—KD value of ASN
in solutions with Tris buffer pH 7.4 and varied NaCl concentrations.

Fig. 8 The far-UV CD spectra of ASN (0.2 mgmL�1) without and with the effect of EFs in solutions containing a gradient of NaF (0–250 mM). (a) The full-
wavelength far-UV CD spectra of ASN. (b) Magnified view of the ASN CD spectra in the wavelength range of 190–210 nm.
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thermostability (Fig. 2b and 5b, 150–250 mM NaCl). The effect

of the applied EF on ASN organization was supported by

increasing NaCl concentrations (Fig. 2, 4, and 6c). The only

exception is that the optical anisotropy level of ASN mesoscopic

assemblies formed at 50 mMNaCl and applying EF (DDLS signal

intensities in Fig. 2d, 50 mM NaCl) and the later observed

fibrillation (Fig. 4b, 50 mM NaCl) reduced compared to the

corresponding control group. This can be explained by the CD

results obtained (Fig. 8), as a specific conformational transition

favouring fibrillation was induced by 50 mM NaCl, but was

altered by EF. Thus, we conclude that the effect of pulsed EF

on ASN assembling/fibrillation is reinforced by increasing the

ionic strength, except for the case of particular conformational

modulations induced by certain ionic concentrations.

Conclusion

We investigated the kinetics and physicochemical properties of

ASN assemblies applying PEG8000 as a crowding agent at pH

7.4. Results obtained confirmed that ASN tended to undergo

LLPS and form DLCs in crowded environments at relative high

protein concentrations (4100 mM). However, it preferred to

assemble oligomers or mesoscopic globular assemblies at low

protein concentrations (o100 mM). The early-stage evolution of

the dimensions and the internal arrangement of ASN assem-

blies was monitored applying a series of NaCl solutions and

utilizing the DLS/DDLS technique. We could demonstrate that

the protein conformational transition and attractive diffusion

interactions of monomeric ASN towards a simultaneous assem-

bling and ordering process was triggered only at 50 mM NaCl.

Further, the effect of pulsed EFs was investigated and proved to

guide ASN assembling and ordering without influencing the

protein secondary conformation but accelerating the b-sheet

formation. Characterization of physicochemical properties

showed in presence of 150 or 250 mM NaCl that the ASN

monomers are thermostable and the PEG-induced ASN assem-

blies show tendency to dissolve and reassemble along with the

temperature ramp up and down in a temperature range of 20–

70 1C. Mesoscopic ASN assemblies formed at 50 mM NaCl or

formed applying pulsed EFs were highly thermostable due to the

probably more ordered organization of ASN molecules within

the assemblies. More interestingly, pulsed EFs have proved to

modify the autofluorescence effect of induced ASN assemblies

by adjusting the molecular arrangement and extending the

hydrogen-bond networks within assemblies. Especially, we dis-

covered for the first time an extraordinary redshift at 700 nm

emission wavelength detected from assemblies formed under

the influence of a pulsed EF and applying 250 mM NaCl.

Overall, the results presented provide experimental strategies

to adjust the kinetics and physicochemical properties of ASN

assemblies by applying a NaCl gradient and distinct pulsed EFs.
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