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1 Zusammenfassung 

In letzter Zeit hat die Protein-Flüssig-Flüssig-Phasentrennung (LLPS) grundlegende 

Aufmerksamkeit auf sich gezogen. Es wurde festgestellt, dass es eine entscheidende Rolle bei 

physiologischen Aktivitäten und der Bildung einer Reihe von intrazellulären membranlosen 

Organellen spielt. Andererseits wachsen auch viele feste Fibrillen oder Aggregate, die 

neurodegenerative Erkrankungen verursachen, durch LLPS und einen Flüssig-zu-Fest-

Übergangsprozess. Früher wurden über LLPS gebildete intermediäre proteindichte 

Flüssigkeitscluster (DLCs) in den Materialwissenschaften im Zusammenhang mit der 

Erforschung des Keimbildungsmechanismus ausführlicher untersucht. Studien zu den 

kinetischen und physikochemischen Parametern, die LLPS dominieren, und den Eigenschaften 

von DLCs müssen jedoch noch durchgeführt werden, um eine theoretische Grundlage für die 

intervenierende intrazelluläre LLPS zu schaffen und den Engpass der Proteinkristallisation 

anzugehen. DLCs sind metastabile Zwischenprodukte, deren dynamische Entwicklung 

schwierig in Lösung im Nanomaßstab und in situ einzufangen ist, ohne den Bildungsprozess 

zu unterbrechen. Zur Messung der Kinetik der Proteinphasentrennung wurde eine nicht-

invasive Technik der polarisierten und depolarisierten dynamischen Lichtstreuung 

(DLS/DDLS) eingesetzt. Das DLS/DDLS-Verfahren kann gleichzeitig die 

Dimensionsentwicklung und die geometrische Anordnung von Partikeln in der Suspension 

überwachen. Zwei klassische Phasenübergangsmodelle, Proteinkristallisation und Fibrillation, 

wurden angewendet, um die Wirkung physikalisch-chemischer Parameter auf die Kinetik der 

Proteinphasentrennung, die Eigenschaften von Protein-DLCs und die nachfolgenden Prozesse 

gründlich zu untersuchen. 

Ein gut untersuchtes Modellprotein, Glukoseisomerase (GI, 43,23 kDa) aus Streptomyces 

Rubiginosus, wurde zunächst mittels DLS/DDLS, optischer Mikroskopie und 

Transmissionselektronenmikroskopie (TEM)-Methoden erforscht, um die Wirkung gepulster 

elektrischer Felder (pEFs) auf zu untersuchen die Pränukleationsassemblierung und 3D-

Ordnung des Proteins. Der Diffusionswechselwirkungsparameter (KD) von GI bei 

verschiedenen Ionenstärken wurde gemessen, um zu untersuchen, wie die spezifischen und 

unspezifischen Protein-Protein-Wechselwirkungen LLPS und Keimbildungsprozesse 

beeinflussen. Darüber hinaus wurde die Rolle von mesoskopisch geordneten Clustern (MOCs) 

bei der Proteinkristallisation zum ersten Mal untersucht, indem durch pEFs induzierte 

homogene MOCs zu frischen Kristallisationströpfchen hinzugefügt wurden. Ein 
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rekombinanter Pyridoxal-5-phosphat (Vitamin B6)-Synthase (Pdx)-Komplex aus 

Staphylococcus aureus, zusammengesetzt aus zwölf Pdx1- und zwölf Pdx2-Proteinmonomeren, 

wurde verwendet, um die für GI beobachteten Phänomene zu validieren. Es wurde festgestellt, 

dass gepulste pEFs die Wachstumskinetik, Abmessungen und Morphologien von Protein-

DLCs und Mikrokristallen signifikant beeinflussten. Die pEF-induzierten MOCs erwiesen sich 

als hocheffizient zur Optimierung der Kristallisationsgeschwindigkeit und -qualität. Noch 

wichtiger ist, dass durch DLS/DDLS mehrere Nukleationswege entdeckt wurden, bei denen 

die geometrische Proteinordnung nach oder gleichzeitig mit dem Proteinclusterprozess 

erfolgen kann, abhängig von der Ionenstärke, der Konzentration des Crowding-Mittels und den 

pEF-Bedingungen. Experimentelle Ergebnisse der Circulardichroismus (CD)-Spektroskopie 

lieferten Hinweise darauf, dass pEF Konformationsänderungen von gut gefaltetem GI auslöste, 

die folglich Protein-Protein-Wechselwirkungen modulieren könnten, was zur Bildung von 

DLCs mit unterschiedlichen Morphologien, Abmessungen und inneren Ordnungen führt. 

Anschließend wurde ein intrinsisch ungeordnetes Protein (IDP) Alpha-Synuclein (ASN) 

untersucht, das über LLPS amyloidreiche Hydrogelcluster bilden und die Parkinson-Krankheit 

verursachen kann. Dieses Experiment zielte darauf ab, die Rolle von LLPS im Fibrillationsweg 

und die Wirkung von pEFs auf die physikalisch-chemischen Eigenschaften von intermediären 

DLCs zu verstehen. Die Assemblierungs- und 3D-Ordnungskinetik von ASN wurde mittels 

DLS/DDLS unter veränderten ionischen und EF-Bedingungen überwacht, gefolgt von der 

Charakterisierung der assemblierten ASN unter Anwendung von Thermostabilitätsassays, 

Fluoreszenz-/Autofluoreszenzassays und TEM. Der zugrunde liegende molekulare 

Mechanismus wurde basierend auf experimentellen Daten von KD- und CD-Messungen 

diskutiert. Die Ergebnisse zeigten, dass monomeres ASN in Gegenwart von 150–250 mM NaCl 

in einem Temperaturbereich von 20–70 °C hochgradig löslich ist und in überfüllten 

Umgebungen über LLPS lösliche DLCs bilden kann. Im Vergleich dazu kann die Ionenstärke 

von 50 mM NaCl Konformationsänderungen und attraktive Diffusionswechselwirkungen von 

ASN zur Bildung geordneter und thermostabiler ASN-Anordnungen auslösen. Durch die 

Beeinflussung der Konformation und Wechselwirkung von ASN können die angewendeten 

pEF- und NaCl-Gradienten die physikalisch-chemischen Eigenschaften mesoskopischer ASN-

Anordnungen modifizieren, einschließlich optischer Anisotropie, Thermostabilität und 

Autofluoreszenz. Bemerkenswerterweise ist eine Art geordneter ASN-Anordnungen mit hoher 

Thermostabilität und einer Rotlicht-Autofluoreszenz bei ca. 700 nm wurde durch Auftragen 



 3 

von 250 mM NaCl und pEF erzeugt, was intermolekulare ASN-Wechselwirkungen unter 

Bildung von β-Faltblattstrukturen und Wasserstoffbrückennetzwerken leitete. 

Die Unterschiede zwischen der Wirkung von pEF auf das gut gefaltete Protein GI und die 

IDP ASN werden am Ende der Arbeit diskutiert. Zusammenfassend enthüllen die erhaltenen 

Daten und Ergebnisse: 1) Optionen zur Modulation der Wachstumskinetik, Morphologien und 

physikalisch-chemischen Eigenschaften von biomakromolekularen DLCs, Anordnungen und 

Kristallkeimen; 2) physikalisch-chemische Werkzeuge zur Anpassung der Nukleationswege 

durch Änderung der Ionenstärke, des Crowding-Agents oder der Verwendung eines externen 

EF; 3) eine neuartige und reproduzierbare experimentelle Strategie zur Erleichterung und 

Optimierung des Kristallisationsprozesses durch die Verwendung von MOCs; 4) die 

Wachstumskinetik und physikalisch-chemischen Eigenschaften mesoskopischer ASN-

Anordnungen unter verschiedenen NaCl- und EF-Bedingungen und der entsprechende 

Fibrillierungsprozess.  
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2 Summary 

Recently, protein liquid-liquid phase separation (LLPS) has attracted fundamental attention. 

As it was found to play a vital role in physiological activities and the formation of a series of 

intracellular membraneless organelles. On the other hand, many solid fibrils or aggregates 

causing neurodegenerative diseases also grow through LLPS and a liquid-to-solid transition 

process. Earlier, intermediate protein dense liquid clusters (DLCs) formed via LLPS were 

studied more extensively in material sciences in the context of exploring the nucleation 

mechanism. However, studies on the kinetics and physicochemical parameters dominating 

LLPS and the properties of DLCs remain to be carried out, to provide a theoretical basis for 

intervening intracellular LLPS and addressing the bottleneck of protein crystallization. DLCs 

are metastable intermediates, which dynamic evolution is challenging to be captured in solution 

at the nanoscale and in situ without interrupting the formation process. For measuring the 

kinetics of protein phase separation, a non-invasive technique of polarized and depolarized 

dynamic light scattering (DLS/DDLS) was employed. DLS/DDLS method can simultaneously 

monitor the dimensional evolution and geometrical ordering of particles in the suspension. Two 

classical phase transition models, protein crystallization and fibrillation, were applied to 

investigate thoroughly the effect of physicochemical parameters on the kinetics of protein 

phase separation, the properties of protein DLCs, and the subsequent processes.  

A well-studied model protein, glucose isomerase (GI, 43.23 kDa) from Streptomyces 

Rubiginosus, was researched first via DLS/DDLS, optical microscopy, and transmission 

electron microscopy (TEM) methods to explore the effect of pulsed electric fields (pEFs) on 

the prenucleation assembling and 3D-ordering of the protein. The diffusion interaction 

parameter (KD) of GI under various ionic strengths was measured to study how the specific and 

non-specific protein-protein interactions affect LLPS and nucleation processes. Further, the 

role of mesoscopic ordered clusters (MOCs) in protein crystallization was investigated for the 

first time by adding homogeneous MOCs induced by pEFs to fresh crystallization droplets. A 

recombinant pyridoxal 5-phosphate (vitamin B6) synthase (Pdx) complex from Staphylococcus 

aureus, assembled from twelve Pdx1 and twelve Pdx2 protein monomers, was utilized to 

validate the phenomena observed for GI. It was found that pulsed pEFs significantly affected 

the growth kinetics, dimensions, and morphologies of protein DLCs and microcrystals. The 

pEF-induced MOCs were proved to be high-efficiency for optimizing the crystallization rate 

and quality. More importantly, multiple nucleation pathways were detected by DLS/DDLS that 

protein geometrical ordering can happen after or simultaneously with the protein clustering 
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process depending on the ionic strength, crowding agent concentration, and pEF conditions. 

Experimental results of circular dichroism (CD) spectroscopy provided evidence that pEF 

triggered conformational changes of well-folded GI, which may consequently modulate 

protein-protein interactions leading to the formation of DLCs with different morphologies, 

dimensions, and internal orders.  

An intrinsically disordered protein (IDP) alpha-synuclein (ASN), which can form amyloid-

rich hydrogel clusters via LLPS and cause Parkinson’s disease, was investigated subsequently. 

This experiment aimed to understand the role of LLPS in the fibrillation pathway and the effect 

of pEFs on the physicochemical properties of intermediate DLCs. The assembling and 3D-

ordering kinetics of ASN was monitored via DLS/DDLS under altered ionic and EF conditions, 

followed by the characterization of the assembled ASN applying thermostability assays, 

fluorescence/autofluorescence assays, and TEM. The underlying molecular mechanism was 

discussed based on experimental data of KD and CD measurements. Results showed that in the 

presence of 150-250 mM NaCl, monomeric ASN is highly soluble in a temperature range of 

20-70 °C and can form dissoluble DLCs via LLPS in crowded environments. In comparison, 

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

interactions of ASN towards the formation of ordered and thermostable ASN assemblies. Thus, 

by influencing the conformation and interaction of ASN the applied pEF and NaCl gradients 

can modify the physicochemical properties of mesoscopic ASN assemblies, including optical 

anisotropy, thermostability, and autofluorescence. Remarkably, a species of ordered ASN 

assemblies with a high thermostability and a red-light autofluorescence at approx. 700 nm was 

produced by applying 250 mM NaCl and the pEF, which guided ASN intermolecular 

interactions forming β-sheet structures and hydrogen-bond networks. 

The differences between the effect of pEF on the well-folded protein GI and the IDP ASN 

are discussed at the end of the work. In summary, data and results obtained unveil: 1) options 

to modulate the growth kinetics, morphologies, and physicochemical properties of bio-

macromolecular DLCs, assemblies, and the crystal nuclei; 2) physicochemical tools to adjust 

nucleation pathways by changing ionic strength, crowding agent, or utilizing an external EF; 

3) a novel and reproducible experimental strategy to facilitate and optimize the crystallization 

process by using MOCs; 4) the growth kinetics and physicochemical properties of mesoscopic 

ASN assemblies under different NaCl and EF conditions and the corresponding fibrillation 

process.  
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3 Introduction 

3.1 Discovery and history of liquid-liquid phase separation (LLPS)  

Lately, investigations about liquid-liquid phase separation (LLPS) have entered the 

"explosive growth" stage. These studies reported that LLPS performs a series of essential 

functions in biological systems and can be associated with many human diseases, especially 

neurodegenerative diseases.1,2,3,4,5,6,7,8 Before these discoveries, LLPS received more attention 

as a natural phenomenon in the field of physical sciences, involving inorganic and organic 

materials such as water9, silica10, metal alloy11, and biological macromolecules12–15. 

Phase transitions generally describe the transition between solid, liquid, and gaseous states 

of a substance and, in rare cases, plasma. The earliest research on phase transition can be dated 

back to the description of temperature, pressure, and volume of alcohol transition process 

between its liquid and gas states by Charles Caignardde la Tour in 1822.16 In 1869, Thomas 

Andrews reported that a large number of liquid and gas phases can continuously convert into 

each other at the critical point of the phase transition.17 After that, Josiah Willard Gibbs 

introduced Phase Diagram-Thermodynamic Variogram (such as temperature and pressure) in 

1873, which is widely used in phase transition system.18,19  LLPS is an equilibrium process in 

which the homogeneous solution spontaneously separates into two or more distinct phases 

suspended in the bulk solution. The solutes can be flexible polymers as well as 

biomacromolecules with a stable tertiary structure.20 LLPS is widely observed in the material 

world and natural sciences, from small molecules to macromolecules, inorganics to organics 

and metals to non-metals. Nonetheless, all of them follow the same pathways to undergo LLPS, 

which proceeds the formation of aggregation, gelation, and nucleation. Thus, LLPS is widely 

applied and observed in fields such as protein crystallography, protein separation, production 

of drugs and other materials.10,11,29,30,21–28  

The earliest discovery of the LLPS phenomenon in biological sciences was in the lens of 

cataract mammals in 1977.31 However, people rarely knew at that time that it was just the tip 

of the iceberg of biological activities in which LLPS participated. In fact, there are a number 

of membraneless organelles in cells, but it is still a mystery to explain how they formed. Until 

2009, Brangwynne et al. published a paper in Science revealing the liquid-like droplet 

properties of P granule in C. elegan's embryonic cells, including fusion, dripping and wetting 

ability, round and permeable surface, as well as dynamic internal composition. They then 

proposed that the P granule is assembled via LLPS to participate in the asymmetric separation 
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of the reproductive system.32 This discovery inspired the study of the assembling mechanism 

of membraneless organelles. Since then, more membraneless organelles (such as nucleoli, 

centrosomes, stress granules, etc.) in cells were demonstrated to be highly dynamic liquid-like 

droplet structures and assembled through LLPS. At the same time, LLPS is widely found in 

physiological processes of living organisms (such as transcriptional gene regulation, natural 

immune response, stress response, protein classification, biochemical reaction control, 

etc.)3,5,7,8,33–38 and pathological processes (such as neurodegenerative diseases, cancer, cataracts, 

etc.) 39–43. Studies on LLPS also shed light on understanding the functioning mechanism of 

intrinsically disordered proteins (IDPs) and nucleic acids without stable structures in vivo, 

which can hardly be explained by the traditional theories of structural biology. As a result, a 

series of LLPS-related studies were initiated in biological sciences, which can be classified into 

two categories:  

1) From the viewpoint of biophysical sciences, mainly at the macromolecular level, to 

study the role of LLPS in the processes of crystallization and self-assembly of macromolecules. 

2) From the viewpoint of biochemistry and cell biology sciences, mostly at the scale of 

cellular and organism levels, to identify LLPS-relevant macromolecules involved in normal 

and abnormal physiological processes.  

3.2 Role of LLPS in the process of biomacromolecule crystallization and 

assembly 
Crystallization is the primary way for biophysicists to analyse tertiary protein structures 

and understand the relationship between protein structures and functions. Despite the 

development of electron microscopy techniques, nearly 86% of the protein structures deposited 

in the protein data bank were obtained by single crystal X-ray diffraction till the end of 2022, 

demonstrating that protein crystallization is still essential in structural biology. Moreover, 

protein crystallization was also used as a method in obtaining high-purity and high-activity 

proteins,44 which is very useful for the industrial production of biochemical reagents and 

protein materials. The slower dissolution rate of protein crystals can help achieve controlled 

drug release.26,30 Therefore, protein crystallization can be applied to prepare sustained-release 

drugs. 

However, crystal nucleation is a significant obstacle step during the crystallization process. 

Controlling and promoting the nucleation step is crucial for increasing the crystallization rate 

and optimizing the crystals’ number, dimension, and morphology.14 Therefore, the 

thermodynamic and molecular mechanisms of crystal nucleation have always been the focus 
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of crystallography. At present, the classical and non-classical nucleation theories are used to 

explain the mechanism study of crystal nucleation. 

The classical nucleation theory postulates that the formation of crystals is a first-order 

phase transition, in which the first step of forming a new phase is called nucleation.45,46 In this 

process, the total free energy of the system consists of volume-free energy and interface-free 

energy. Among them, the former is energy favourable, while the latter is unfavourable. The 

competition between them forms an energy barrier for nucleation.47 When the thermodynamic 

fluctuation causes structural and density fluctuations in the solution, small particles having 

similar order and density with crystals form and dissolve constantly until they are larger than 

a specific size (critical size) to overcome the free energy barrier. Therefore, these stable and 

ordered small particles are called critical nuclei and will continue to grow up to crystals (See 

Fig. 3-1).48 The classical nucleation theory is valuable and has played a crucial role in 

explaining nucleation for a long time. However, it showed limitations in explaining several 

crystallization kinetic curve characteristics. For example,  

1) In the crystallization experiment of lysozyme protein, the nucleation rate is about ten 

orders of magnitude lower than the rate predicted by the classical theory.49  

2) The dependence of nucleation rate on temperature is more complicated than that 

proposed by classical nucleation theory.49  

3) And it cannot explain the role of metastable dense phases that appeared in the 

nucleation process.49  

 

Figure 3-1. Schematic diagram of the classical one-step nucleation theory. a) Homogeneous 

protein solution, b) prenucleus clusters, c) partial prenucleus clusters overcome energy barriers 

and continue growing into crystal nuclei. 

To complement the limits of the classic nucleation theory, Wolde and Frenkel proposed a 

two-step nucleation theory in 1997 via numerical simulation and thermodynamic model 

prediction.50 According to the two-step mechanism, the homogeneous solution undergoes 

LLPS firstly to form metastable dense liquid clusters (DLCs), having dimensions of approx. 

several hundred nanometres, which are separated from and suspended in the bulk solution. The 
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second step is the formation of ordered nuclei within DLCs, as shown in Figure 3-2. Thus, 

DLCs are considered as precursors of crystal nuclei.51 This mechanism was later validated by 

the thermodynamic data of nucleation obtained from a large number of protein crystallization 

experiments. Alber et al. observed directly the occurrence of LLPS during crystal nucleation 

and the growth of the nuclei.52–54 Afterwards, an increased number of experiments proved that 

the two-step theory is also applicable to small molecule systems, including organic material,55 

colloid,56 polymers,57 and biomineral.58 

 

Figure 3-2. Schematic diagram of the two-step nucleation theory. a) Homogeneous protein 

solution, b) LLPS, c) fusion of DLCs, d) formation of crystal nucleus within DLCs. 

Based on the development of the two-step nucleation theory, it is thus known that LLPS 

is widely present in the assembly and crystallization process of inorganic molecules and 

biomacromolecules. The discovery of LLPS participating in crystal nucleation has profoundly 

extended the nucleation theory and provided new insights for solving the bottleneck problems 

in structural biology and material sciences. 

3.3 Discovery and role of LLPS in intracellular biological activities 

It was only recent decades, LLPS was discovered to participate in intracellular 

physiological and pathological activities, although it has been studied for a long time in 

structural biology. Compared to the extracellular system, the substances involved in LLPS are 

more complex and dynamic in crowded intracellular environments.  

3.3.1 LLPS involves in the formation of membraneless organelles 

The formation of membraneless organelles is a primary phase separation phenomenon 

observed in cells. Intracellular chaotic liquid substances are transformed through LLPS into 

various functional cell compartments, including nuclear bodies (nucleoli, nuclear pore, Cajal 

bodies, histone locus bodies (HLB), Promyelocytic leukaemia (PML) bodies, heterochromatin, 

paraspeckles, and speckles)59–65 and membraneless organelles in the cytoplasm (P granules, 

germ granules, P bodies, stress granules, centrosome, etc.)66–69. Nuclear bodies are generally 
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rich in RNA and proteins vital for gene regulation.70 The largest and most well-known nuclear 

body is the nucleolus, which was first described in 1835 and functions in ribosomal biogenesis 

and is key for cell growth and homeostasis.71  

In 1983, Wolf and Strome & Wood et al. published the first membraneless organelle P 

granules, which participate in the asymmetric division of the germ line of C. elegans embryo 

cells.72 However, the mystery of how this kind of membraneless organelles form was not 

elucidated until 2009, Brangwynne et al. revealed that a P granule is a liquid-like droplet.32 P 

granule proteins combine with each other by low-affinity interactions and separate from the 

large number of cytoplasmic solutes, undergoing a classical phase transition process.73,74,32 

This discovery inspired the explanation of the formation mechanism of other membraneless 

organelles with highly dynamic liquid-like properties. Membraneless organelles formed by 

LLPS have a common feature, consisting of intrinsically disordered protein regions (IDPRs) 

or IDPs, which lack a stable folded structure. The compositions of membraneless organelles 

are similar to that of the surrounding solutes but more dense, and can exchange with the 

surrounding solutes to adapt to environmental stimulation rapidly. 75,76,77  

 

Figure 3-3. A schematic diagram of intracellular membraneless organelles formed by LLPS. 

Besides participating in the assembly process of membraneless organelles, phase 

separation also takes part in the formation of membrane lipid rafts and cytoskeleton, as well as 

in cell sorting of biological tissues.78 For example, the signal centre formed by transmembrane 

receptors,79 assembly of membrane-binding proteins that initiates endocytosis,79 and the 

osmotic barrier inside semi-nuclear pore complex (NPC),80 the extracellular matrix protein 
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network,81 the mitotic structure,82 heterochromatin,83 and the active gene transcriptional 

centre84. In conclusion, phase separation is playing a crucial role in the formation of different 

types of compartmentalization and the regulation of biomacromolecular reactions in cells. 

These discoveries have revolutionized our knowledge of cell structure and biochemistry. 

3.3.2 LLPS in physiological function activities 

The dense phases or aggregates formed by phase separation are the material basis of a 

number of stress sensors and nucleic acid sensors in the cell,38 which enhance the adaptability 

of cells to external stress conditions 2,7,8 and promote the natural immune response of cells 35, 

respectively. Riback et al. reported that yeast poly A binding protein 1 (Pab1) can be separated 

into a gel-like structure from a hypersensitive phase in solution under cellular stress conditions 

(for example, proteasome inhibition, acidosis, heat shock, hypoxia, DNA damage) 85, acting as 

a physiological stress sensor to enhance the biocompatibility of cell.8  

In addition to resisting stress, there are diverse nucleic acid sensors in cells to monitor 

viral invasion and simultaneously activate downstream immune pathways to resist viral 

infection. But how nucleic acid sensors activate the downstream signalling pathway in time by 

recognizing external viral nucleic acids efficiently in the cell? Zhijian J. Chen revealed the 

mechanism that long-chain dsDNA in cells activates the cGAS-cGAMP-STING immune 

signalling pathway by inducing phase separation of the nucleic acid sensor cGAS.35 At the 

cellular level, long-chain dsDNA binds to the N-terminal of cGAS, which is disordered and 

positively charged, causing cGAS to nucleating and further concentrating to form liquid 

droplets by phase separation. Then, these droplets fuse with each other to produce larger 

spheres to activate cGAS and thus the cGAS-cGAMP-STING pathway. As a result, the 

synthesis of cGAMP depends on the degree of phase separation. It was found that free zinc 

ions can promote phase separation of dsDNA-cGAS and increase the activity of cGAS. 

Therefore, it is supposed that the chemical environment in vivo, such as charge density, may 

affect phase separation.26 By comparing the phase behaviour of single-stranded DNA and 

double-stranded DNA with different lengths, Anisha found that local flexibility of DNA is 

another determinant of LLPS, not only charge patterns. And in the presence of double-stranded 

DNA, the second phase separation occurs, producing sub-molecules--liquid crystal dsDNA 

within the droplets.86  

Gene transcription regulation is a basic activity in human life. Transcription factors 

generally consist of DNA binding domain and activation domain. Since the activation domain 

of most transcription factors contains low complexity amino acid sequences, i.e., IDPRs, which 
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are difficult to crystallize. Therefore, its molecular mechanism was not elucidated for a long 

time. Interestingly, the activation domains of different transcription factors have very low 

sequence similarity but are functionally interchangeable and can interact with the same 

coactivator complex.3,33,87,88 Richard A. Young team discovered the phase separation ability of 

the activation domain of transcription factors, which depends on the IDPRs of the activation 

domain. The acidic amino acids of IDPRs provide electrostatic interaction of IDPRs-IDPRs 

between transcription factors and coactivators, promoting the phase separation and formation 

of condensates which involves in gene activation.3 The model in which the activation domain 

of transcription factor functioning by a condensate formed with coactivator factor through 

LLPS explains how hundreds of transcription factors with low sequence similarity interact with 

the coactivators (Shown in Fig. 3-4b), which cannot be explained by the classic Lock-and-Key 

model (Shown in Fig. 3-4a).  

 

Figure 3-4. Comparison of two different interaction mechanisms of biomacromolecules in vivo. 

(a) Lock-and-key model by which proteins with defined tertiary structure binding with 

substrates and function. (b) LLPS processes by which biomacromolecules bind with their 

substrates and function. 
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In addition, recent high-resolution studies on the chromatin 3D organization of 

mammalian single cells have revealed that LLPS participates in regulating chromatin 

organization and gene expression. LLPS can also be used as a model to describe how individual 

gene loci respond to activation stimuli and how multiple chromatin loci achieve synergistic 

behavior.89  

3.3.3 Mechanism of LLPS in the process of cellular activities 

The lack of stable structures of distinct protein components appears to be critical for the 

phase separation and formation of various membraneless organelles in cells.75 X. Fang et al. 

identified the functional requirements of FLL2 (a coiled-coil protein) in the formation of 

nuclear body of Arabidopsis thaliana FLA, demonstrating that coiled-coil protein can promote 

liquid-liquid phase separation.90 Coiled-coils are alpha-helical super secondary structures that 

mediate protein-protein interactions and oligomerization.91 The Arabidopsis RNA-binding 

protein FCA contains a prion-like domain that can phase separate in vitro and exhibits 

behaviour consistent with phase separation in vivo.  

Phase separation at the cellular level is primarily driven by intermolecular interactions 

and shows protein/nucleic acid concentration dependence, multivalent dependence, 

IDPs/IDPRs dependence, and more. The ability of IDPs/IDPRs based on their homotypically 

or heterotypically dynamic association is essential to LLPS.89 IDPs/IDPRs constitute 

agglomerates in many cells. These IDPs have low sequence complexity and flexible 

conformation, lack of hydrophobicity, and are rich in charged and polar amino acids, including 

glycine, serine, glutamine, proline, glutamic acid, lysine, and arginine. The polypeptide 

backbone composed of these residues can achieve charge-charge, cation-π interaction, and π-π 

stack interactions, enabling their multivalent interactions with DNA or RNA.92 The lack of 

folded structures in IDPs/IDPRs is normally governed by the strong electrostatic repulsion 

between many similarly charged residues and the weak hydrophobic attraction between a few 

hydrophobic residues.93–95 Charge patterns of IDPs/IDPRs are therefore critical for phase 

separation.  

Although intrinsic protein disorders are essential in the intracellular LLPS activities, 

LLPS can also be triggered by interactions of well-folded proteins associated with phase 

transition. Phase separation can occur when the interacting macromolecule reaches a critical 

concentration and is assisted by multivalent interaction.96 For example, the Nck-SH3 domain 

induces phase separation by multivalent interaction. The phase separation of Nck and N-WASP 

depends on the number of SH3 domains, one SH3 domain is not sufficient to induce phase 
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separation.97 In contrast, Joshua indicated that a single Fyn-SH3 domain, which can be a 

multivalent binding platform itself for hnRNPA2 LC, is sufficient to induce phase separation 

of hnRNPA2 LC.98  

Overexpression of key protein components is also sufficient to drive stress granules to 

assemble without any stimuli of stress.99 Several membraneless organelles, including nucleoli 

and stress granule, assemble only when the components are denser than the concentration 

threshold.100,101 Studies on the phase transition theory of polymer systems (including proteins, 

DNA, and RNA) have shown that polymer solutions are more susceptible to phase separation 

because the configuration entropy of a single chain effectively reduces the energy contribution 

of the mixed entropy. The system tends to reach the lowest energy state in terms of the phase 

transition thermodynamics, which is determined by the combination of entropy and enthalpy.92 

Multivalent interactions of protein-protein or protein-DNA/RNA are principal drivers of phase 

separation of complexes associated with an intracellular signalling pathway. These proteins 

generally have an SH3 repeat domain that can bind proline-rich motifs.98,102,103  

The knowledge about molecular mechanisms controlling intracellular phase separation is 

constantly being enriched, but it still needs to be further investigated. In the future, more 

research is required to construct a more comprehensive mechanism network, so that scientists 

can better understand and influence the formation process of LLPS to develop treatments for 

related diseases. 

3.4 LLPS involved in pathological activities 

3.4.1 Diseases caused by phase separation 

Liquid-like condensate is not the only result of LLPS. The metastable dense liquid formed 

by phase separation is the precursor of a solid-state protein. The concentrated protein solution 

will further aggregate to form a solid phase such as precipitate, crystal, or amyloid fibre. These 

solid-phase aggregates can be the molecular basis of various human diseases.  

These solid phases may be formed by ordered proteins with a stable 3D structure, such as 

nucleolar aggregates found in human breast and prostate cancer tissue,104,105 lens proteins that 

cause cataract and haemoglobin in sickle cell anaemia disease, respectively.106,107,108,109,31 

Toyoichi Tanaka measured the protein diffusion coefficient in the lens of cataract humans, 

revealing the presence of a large number of protein aggregates, which is the result of phase 

separation of lens protein-aqueous solution.110  

On the other hand, the natural unfolded IDPs participate in most of the neurodegenerative 

diseases, such as Alzheimer's disease (AD), Parkinson's disease (PD), amyotrophic lateral 
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sclerosis (ALS), frontotemporal dementia (FTD), and traumatic brain injury (Protein molecules 

of TBI), Huntington's disease.111–116 The major neurodegenerative diseases caused by phase 

separation of related proteins are summarized in Table 3-1. Neurodegenerative diseases are 

protein deposition diseases characterized by the formation and accumulation of extracellular 

amyloid fibrils or intracellular inclusion bodies with amyloid-like characteristics.117 Among 

them, prion diseases can induce diseases by spreading protein-infected factors that misfold and 

aggregate proteins, and thus such proteins are called prions. The prion-like domain has low-

complexity and exists in approx. 240 human proteins. Proteins with prion-like domains are 

inherently easy to aggregate and carry on LLPS causing neurodegenerative diseases.118 

Abhisek reviewed the molecular mechanism of prion-like transmission of protein 

aggregates.119  

The concentration of intracellular RNA can regulate the phase separation behaviour of 

prion-like RNA-binding proteins (RBPs). Changes in RNA or the RNA-binding ability of 

RBPs can cause abnormal phase transitions. For example, high RNA/protein ratios in the 

nucleus can prevent the phase separation and aggregation of RBPs, while a low RNA/protein 

ratio in the cytoplasm promotes the phase separation of RBPs and the formation of solid 

pathological aggregates.120 Even so, the current molecular mechanisms for regulating the phase 

separation behaviour of intracellular IDPs/IDPRs and the factors involved in it are limited, 

more relevant research is needed to improve this knowledge system in the future. 

Table 3-1. Neurodegenerative diseases caused by protein phase separation 

Neurodegenerative Diseases Proteins 

Synucleinopathies 

Parkinson’s disease (PD) α-synuclein 
Dementia with Lewy bodies α-synuclein 
Multiple system atrophy (MSA) α-synuclein 
Hallervorden–Spatz disease α-synuclein 

Taupathies 

Alzheimer’s disease (AD) Tau, Amyloid-β(Aβ), α-synuclein 
fragment 

Traumatic brain injury (TBI) Tau 
Motor neuron disease with 
neurofibrillary tangles 

Tau 

Progressive supranuclear palsy Tau 
Corticobasal degeneration Tau 
Niemann–Pick disease type C Tau 
Subacute sclerosing 
panencephalitis 

Tau 

Myotonic dystrophy Tau 
Argyrophilic grain disease Tau 

Other types 
Amyotrophic lateral sclerosis 
(ALS) 

FUS, superoxide dismutase (SOD1), 
TDP-43, hnRNAP1, chromosome 9 ORF 
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72 (C9ORF72), angiogenin (ANG), 
survival motor neurons (SMN1) protein  

Frontotemporal dementia 
(FTD) 

FUS, TDP-43, hnRNAP1, chromosome 
9 ORF 72 (C9ORF72)  

Down’s syndrome Nonfilamentous amyloid-β 

PolyQ repeat diseases 

Huntington’s disease Huntingtin protein with polyQ expansion 
Spinocerebellar ataxias Ataxins with polyQ expansion 
Spinocerebellar ataxia type 2 
(SCA2) 

Ataxin-2 

Machado–Joseph disease 
(MJD/SCA3) 

Ataxin-3 

Spinocerebellar ataxia type 2 
(SCA6) 

P/Q-type calcium channel α1A subunit  

Spinocerebellar ataxia type 2 
(SCA7) 

Ataxin-7 

Spinocerebellar ataxia type 17 
(SCA17) 

TATA box-binding protein with polyQ 
expansion 

Spinal and bulbar muscular 
atrophy 

Androgen receptor with polyQ 
expansion 

Dentatorubral–pallidoluysian 
atrophy (DRPLA) 

Atrophin-1 

Prion diseases/ 
Transmissible 
spongiform 
encephalopathies 

Creutzfeldt–Jakob disease 
(CJD) 

Prion proteins or fragments 

Gerstmann–Sträussler–
Scheinker (GSS) disease 
Fatal familial insomnia (FFI) 
Scrapie in sheep 
Bovine spongiform 
encephalopathy (BSE)  
Chronic wasting disease 
(CWD) in mule deer and elk 

Familial dementias 
Familial British dementiad ABri  
Familial Danish dementia ADan 

 

3.4.2 Diseases caused by the disruption of phase separation process 

Since LLPS fulfil numerous physiological function activities. It is obvious that the 

abnormal phase separation triggered by protein mutation or environmental stress may cause 

severe disorders of related physiological functions and lead to diseases. A typical case is SPOP 

(Speckle-type POZ protein), a tumour suppressor, which is an E3 ubiquitin ligase receptor 

protein, usually mutated in prostate cancer and other solid tumours. Bouchard et al. found that 

substrate binding is required for the accumulation of SPOP complexes in membraneless 

organelles formed by phase separation. Mutations of cancer-associated SPOP disrupt the 

colocalization and phase separation of SPOP-substrate. Thereby, reducing ubiquitination and 
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degradation of substrates results in the accumulation of proto-oncogene proteins and the 

formation of cancer.121  

Due to the richness of IDPs/IDPRs in vivo and the key role of LLPS in many signalling 

pathways, their dysfunction is highly associated with the pathogenesis of various human 

diseases.39–42,119,122–124 In addition, it was reported that a large number of sites of post-

translational modifications (such as acetylation, hydroxylation, ubiquitination, methylation, 

phosphorylation, etc.) are often located within IDPRs, or in the vicinity of its sequence. This 

makes the phase separation of related IDPRs more likely to be affected, resulting in loss or 

abnormality of related physiological functions, leading to disease occurrence.125–128  

3.5 Biological significance and value of LLPS 

3.5.1 Theoretical value 

The study of liquid-liquid phase separations has been highly concerned, as the basis for 

studying dynamic order/disorder phenomena. So far, the main research targets of structural 

biology are mostly structurally stable biomacromolecules and their complexes. These 

biomacromolecules and their complexes often have relatively defined spatial structures, which 

can be studied by existing structural analysis methods. However, many bioactive proteins do 

not form a relatively low-energy, single folded structure, such as intrinsically disordered 

proteins (IDPs), which lack stable tertiary and/or secondary structures under in vitro 

physiological conditions. IDPs complement the function of folded proteins and are material 

basis of many physiological activities as well as pathological activities that cannot be ignored. 

Obviously, such biomacromolecules are difficult to be analysed by traditional structure 

analysis methods, such as X-ray diffraction crystallography, due to the lack of a stable 

conformation. It is also challenging to explain their biological functions using the classical 

Lock-and-Key model as shown in Fig. 3-4. Therefore, how these biomacromolecules function 

in cells has been a mystery for structural biologists before the discovery of LLPS. In recent 

years, the research of LLPS has inspired the study of large structural motions and fluctuations, 

also shed light to reveal the function of such biological macromolecules, supporting to 

understand the rules of life more completely. 

Further, it is worth noting that in addition to IDPs/IDRs, other proteins with defined 

structures also can undergo a LLPS process, meaning that the structurally defined proteins may 

also function through the LLPS way. Therefore, LLPS provides a new approach to interpret 

biomacromolecules functioning mechanisms, which is different from the traditional Lock-and-

Key mechanism, which is of great significance. 
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3.5.2 Application value 

The use of polymer blends improves the adjustability of the drug-loaded fibres, and an 

understanding of the phase behaviour of polymer blends facilitates the development of 

sustained-release drugs.27,30,129 The hollow fibres formed by phase separation have higher 

performance in drug loading and release kinetics.28,130 Secondly, nanostructures of core-shell 

and uniformly dispersed microstructures can be obtained by controlling phase separation 

processes. Bromberg et al. used light scattering to study the kinetics of the formation of human 

insulin particles in an insulin-PEG-water ternary system under rapid cooling, by which the 

relatively monodispersed and uniform spherical insulin particles were formed.131 The thermally 

induced phase separation technology is used to rapidly prepare monodisperse porous 

microspheres. This technology supports the uniform encapsulation of granular fillers and drugs, 

and can improve the efficiency of drug encapsulation.129 By analysing and controlling the 

kinetic parameters that affect the phase separation behaviour, the drug release rate also can be 

optimized.29,26 Drug-enriched phase formed by LLPS provides a solution for the 

transmembrane transport of drugs with low water solubility.27 Ming Tan et al. reported that 

Norovirus P particles, a protein aggregate formed by LLPS, can be used as an excellent carrier 

for enhancing the immunogenicity of external antigens.132 It has broad application advantages 

in vaccine development and antibody production.133,134  

On the other hand, the presence of LLPS in the preparation of drugs causes physical 

instability of the formulation, such as LLPS in the preparation of monoclonal antibodies.23,135 

Therefore, control of the LLPS process can provide solutions for pharmaceutical engineering 

and new insights for protein dynamics and drug designment. 

3.6 Questions remain to be addressed 

As described before, LLPS behaves like a double-edged sword in a biological system. A 

comprehensive and in-depth understanding of the general physicochemical rule of the phase 

separation process is necessary for providing a theoretical basis to control LLPS towards 

crystallization or to prevent pathological LLPS. For example, the following specific questions 

and the possible solutions:  

1) Kinetics of the LLPS process and its role in the subsequent processes from the aspect 

of biophysical sciences. As a classical phase transition phenomenon, protein crystallization is 

an ideal model for studying the LLPS process and its subsequent results, such as crystal 

distribution, size, quantity, quality, etc.  
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 2) The effective and universal methods for modulating the LLPS process. Based on the 

obtained knowledge, LLPS takes place in vivo mainly through weak interactions (charge-

charge, π-π, cation-π) of proteins and nucleic acids. These interactions can be influenced by 

biochemical methods (mutations in amino acid sequences), chemical methods (varied pH and 

salt), or physical methods (application of external fields). Studies have shown that electric and 

magnetic fields can affect protein crystallization,136  which indicates that electric and magnetic 

fields could also have effects on the LLPS process.137–141  

Considering the wide application of electric fields in crystallography and healthcare fields 

and its existence in physiological cell activities, this work investigated the effect of 

physicochemical parameters of ionic strength and electric fields on the kinetics of protein phase 

separation, the subsequent phase transition, and the underlying mechanism.  
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4 Aims and Outline 

Several model proteins especially glucose isomerase (GI), which has been extensively 

studied to understand the crystal nucleation theories, were selected and investigated firstly to 

address the mentioned questions. In this project, those selected model proteins were utilized to 

establish a methodology for investigating the effect of ionic strength and electric fields (EFs) 

on the protein LLPS/aggregation kinetics, the subsequent phase transition, and the 

corresponding underlying mechanism.  

Both crystals and fibrils can be the final resultant products of the liquid-to-solid phase 

transition of protein intermediates, the former is the critical point to obtain protein spatial 

structures via X-ray diffraction and the latter is the pathogenesis of many neurogenerative 

diseases. However, the formation of both products at early stages may share a similar 

mechanism of LLPS. Therefore, this work investigated protein LLPS in both pathways leading 

to crystallization and fibrillation, to better understand the role of LLPS in the formation of 

polymorphic protein aggregates and the effect of physicochemical parameters on this process.  

For this aim, experiments have been designed and performed systematically as described 

below to elucidate the general physicochemical laws of protein LLPS, to analyse the influences 

of EFs and ionic strengths on the protein LLPS that appeared in different pathways, and to 

explore physicochemical means to effectively intervene the LLPS process.  

1) Preliminary study of the effect of pulsed EFs on protein LLPS in vitro (Publication 1) 

• Designing the setups to apply pulsed EFs to protein solutions which can be observed by 

optical microscopes.  

• Observing protein LLPS via optical microscopy and the influence of pulsed EFs with 

different layouts and waveforms applying different proteins (GI, ovalbumin, BPTI, b-

lactoglobulin, haemoglobin). 

• Analysing the dependence of protein’s response to EFs considering the net charge and 

dipole moment of the corresponding proteins.  

• Preliminary comparison of protein phase transition, spatial distribution, and 

morphologies of protein DLCs/nuclei, and analysing the protein secondary structure 

under different EF conditions.  

2) Kinetics studies of protein LLPS in the pathway of crystallization and the modulation 

effect of ionic strength and pEFs (Publication 2) 
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• Effect of varied ionic strengths on electrostatic interactions, early-stage condensing, and 

prenucleation 3D-ordering of GI.  

• Effect of crowding agents on condensing and prenucleation ordering of GI.  

• Effect of a pEF on the prenucleation condensing and 3D-ordering of GI under different 

ionic and crowding conditions.  

• Effect of mesoscopic ordered clusters (MOCs) induced by a pEF on GI crystallization.  

• Validating the effect of the pEF on the prenucleation condensing and 3D-ordering of 

protein and the effect of MOCs on protein crystallization applying the Pdx complex of S. 

aureus. 

3) Modulating the kinetics of protein phase separation and the properties of mesoscopic 

protein assemblies during fibrillation applying a NaCl gradient and a distinct pEF 

(Publication 3) 

• Phase diagram of a-synuclein (ASN) in solution.  

• Monitoring the dynamic assembling and 3D-ordering of ASN in a NaCl gradient exposed 

to a pEF.  

• Characterizing the morphologies, b-sheet structures, and autofluorescence effect of 

assembled ASN.  

• Characterizing the thermostability of monomeric and assembled ASN.  

• Analysing the diffusion interaction parameter (KD) and the secondary structure of 

monomeric ASN under different ionic and EF conditions.  
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5 Results 

Summary of the publications presented in this section 

Briefly, a novel method was established to apply the protein crystallization/fibrillation process 

as a model to investigate protein phase separation and the effect of electric fields on this process. 

The data obtained enriched the understanding of the physicochemical mechanism of protein 

phase separation and the role of mesoscopic protein clusters in crystallization/fibrillation. The 

results of this project also provided the theoretical basis for influencing protein phase 

separation by physicochemical means. The results shown in this section followed the structure 

as described in the outline of the work: 

1) Preliminary study of the effect of pulsed EFs on protein LLPS in vitro applying GI and 

four other model proteins. 

2) Kinetics studies of protein LLPS in the pathway of crystallization and the modulation 

effect of ionic strength and a distinct pEF. 

3) Modulating the kinetics of protein phase separation and the properties of mesoscopic 

protein assemblies during the fibrillation pathway of Alpha-synuclein applying a NaCl 

gradient and a distinct pEF. 

Summary of contributions 

For the three first-authorship publications presented below, I designed and executed the 

experiments, evaluated and interpreted the data, and wrote the original manuscripts. For the 

publication in the Crystals journal, I shared the first authorship with A. Barra considering the 

value of the results obtained from the Pdx protein provided by Barra. I contributed to the major 

of the work, including designing and performing all experiments, evaluating and interpreting 

data, and writing the manuscript.  
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5.1 Pulsed electric fields induce modulation of protein liquid-liquid phase 
separation (LLPS) 

Summary 

This article describes the screening investigations and corresponding results of protein LLPS 

exposed to pulsed electric fields (pEFs), generated by five different waveforms and two 

electrodes’ configurations. Five proteins including glucose isomerase (GI), selected according 

to their distinct chemical and biophysical parameters, were used to study how the dipole 

moment and net charge of a protein can affect the response to pEFs. Morphologies and phase 

transitions of GI dense liquid clusters (DLCs) formed via LLPS under pEFs were analysed 

further and compared via optical microscopy and transmission electron microscopy. The effect 

of pEFs on the kinetics of protein LLPS and the secondary structures of monomeric proteins 

were also investigated and discussed. And the results obtained clearly indicate that proteins 

having higher dipole moments are more influenced by pEFs. pEFs can effectively drive protein 

LLPS in terms of kinetics, spatial distributions, and morphologies of DLCs. Among the five 

waveforms and two configurations tested, a pEF generated by waveform 4 and platinum wire 

electrodes induced the formation of homogeneous DLCs which transited subsequently to 

homogeneous crystal nuclei. 

 

Graphic abstract. Comparison of the growth kinetics and morphologies of GI DLCs without 

and with the application of a pEF.142 The upper and lower panels show the scheme of protein 

solution in the DLS cuvette without and with the application of a pEF, respectively, and the 

representative results of DLS radius plots, optical microscopy image, and TEM image of GI 

DLCs/nuclei. 
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The time-resolved dynamic assembly and the structures of protein

liquid dense clusters (LDCs) were analyzed under pulsed electric

fields (EFs) applying complementary polarized and depolarized

dynamic light scattering (DLS/DDLS), optical microscopy, and

transmission electron microscopy (TEM). We discovered that pulsed

EFs substantially affected overall morphologies and spatial distribu-

tions of protein LDCs and microcrystals, and affected the phase

diagrams of LDC formation, including enabling protein solutions to

overcome the diffusive flux energy barrier to phase separate. Data

obtained from DLS/DDLS and TEM showed that LDCs appeared as

precursors of protein crystal nuclei, followed by the formation of

ordered structures within LDCs applying a pulsed EF. Experimental

results of circular dichroism spectroscopy provided evidence that

the protein secondary structure content is changing under EFs,

which may consequently modulate protein–protein interactions,

and the morphology, dimensions, and internal structure of LDCs.

Data and results obtained unveil options to modulate the phase

diagram of crystallization, and physical morphologies of protein

LDCs and microcrystals by irradiating sample suspensions with

pulsed EFs.

Introduction
Today it is widely established that liquid–liquid phase separa-
tion (LLPS) is involved in biomineralization,1 nucleation of
ice crystals,2 the origin of life,3 and protein crystal nuclei
formation.4 However, LLPS of proteins and particularly RNAs
in cells gained substantial attention in recent years, as it was
found that LLPS is the driving mechanism for the formation of

membrane-less organelles, such as nucleoli, centrosomes, stress
granules, Cajal bodies, P bodies and others.5,6 Further, LLPS is
seen as the fundamental process within the formation of in vivo
grown crystals and amyloid formation,7 the pathological basis for
several diseases. Examples are cytoplasmic phase separation in
the formation of cataract, Charcot–Leyden crystals in allergic
diseases, crystallization of hemoglobin C in hemolytic anemia,
ragged-red fibers in mitochondrial myopathies and hematin
crystals in malaria.8–14

Macromolecules forming LDCs in biological systems are
proteins and nucleic acids, which are heterogeneously charged,
with highly individual electrostatic surface potential distri-
butions, distinct dipole moments and three-dimensional
structures.15 RNA, DNA molecules and the polypeptide chains
of proteins are at least partly polar, thereby form ionic, ion–p
and p–p interactions, which stabilize their 2D and 3D structures
and facilitate intermolecular interactions, supporting the
formation of stable liquid dense clusters (LDCs).16 Research
efforts to understand the LLPS in biological systems have
mainly focussed on identifying the role of LLPS in stress-
related and pathologically relevant processes.17,18 Biophysical
investigations focussed on exploring the determining factors of
protein LLPS, such as specific amino acid sequences, distinct
protein secondary structures, pH, temperature and external
forces.17,19–24 However, due to the individual structural com-
plexity of biomacromolecules, knowledge about (I) physio-
chemical parameters that influence LLPS, and (II) methods to
modify biomacromolecular LDCs via external forces, e.g. magnetic
fields and electric fields,25–28 is still rather incomplete. Conversely,
for homopolymers and nanocomposites the mechanisms of LLPS
formation have already been well investigated.29–36 In this context,
external force fields, especially electric fields (EFs), controlling
motion and phase separation of nanoparticles were applied to
obtain and prepare nanomaterials with specific structures and
functions, e.g. carbon nanotubes, nanowires and conducting
polymers.37,38

Experiments analyzing the effect of EFs on biological systems
and biomolecular suspensions focused till now predominantly on
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investigating the impact of EFs on protein crystallization,25,26,39,40

protein dynamics,41 protein conformation/structure,42–47 and
cellular morphologies.48 Experimental efforts to understand the
influence of EFs on the formation of protein LDCs have only rarely
been performed. Hence, applying EFs during protein LDCs for-
mation will provide insights into opportunities to modulate
protein LDCs by EFs. Therefore, we applied polarized and depo-
larized dynamic light scattering, optical and transmission electron
microscopy and circular dichroism spectroscopy to analyze the
dynamics of the LDCs assembling process, the internal structure
and order of protein LDCs, as well as the secondary structure
content of proteins exposed to EFs.

Results and discussion
Monitoring protein LLPS applying optical microscopy

To investigate the influence of EFs on protein LLPS, a platinum
wire (Pt) and a parallel conductive glass (PCG) EF experimental
setup were used to expose suspensions of glucose isomerase
(GI), ovalbumin, bovine pancreatic trypsin inhibitor (BPTI), and
b-lactoglobulin solutions to five different pulsed waveforms
(ESI,† Fig. S1), which were applied for the first time by
A. Rodrı́guez-Romero et al.40 to investigate effects of alternating
electric fields on crystal growth. The proteins were selected
according to their distinct chemical and biophysical parameters
summarized in ESI,† Table S1. Experimental materials, proce-
dures and methods applied are also summarized in the ESI.†

In Fig. 1 GI LDCs and microcrystals obtained after 5 hours
applying the Pt EF setup (Fig. 1a and b), PCG EF setup

(Fig. 1c and d) and no EF (control), respectively. Overall
negatively charged GI at pH 6.5 formed LDCs with dimensions
of 1–5 mm around the anode when Pt EF waveforms 1–3 were
applied (wave 1–3 of Fig. 1a and b). Rectangular crystals were
observed at the boundary of LDCs (wave 3 in Fig. 1b). Pt EF
waveforms 4 and 5 induced the formation of LDCs with a uniform
diameter of approx. 2 mm equally distributed in the entire droplet
(wave 4–5 in Fig. 1a and b). In Fig. 1c and d, PCG EFs between two
parallel conductive glasses guided GI to form homogeneously
shaped LDCs with approx. dimensions of 25 mm under each
pulsed waveform. Microcrystals occurred after a phase transition
of LDCs applying waveforms 1–5 (waves 1–4 as shown in Fig. 1c
and waves 2 and 5 as shown in Fig. 1d). A representative evolving
process of GI LDCs formed under different EF conditions is
shown in Fig. 2. In the control group (Fig. 2a1–a3), GI LDCs
evidently showed Ostwald ripening49 and resulting clusters
have different dimensions and shapes. Interestingly, GI LDCs
formed within the PCG EF setup (Fig. 2b1–b3) and Pt EF setup
(Fig. 2c1–c3) did not coalesce with neighboring LDCs, probably
due to electrostatic repulsion between LDCs under an EF. Instead, a
transition from LDCs with high protein concentration to micro-
crystals with geometrically ordered structure in both EF setups was
observed, respectively. Based on these results, it is concluded that GI
LDCs and microcrystals formed with the PCG EF setup had larger
dimensions and uniform spatial orientation, which may attribute to
the parallel EF lines between two parallel conductive glass plates
(ESI,† Fig. S1b-EF lines). Nevertheless, the Pt EF setup, particularly
when applying waveforms 4 and 5, demonstrated advantages to
facilitate the formation of GI LDCs and microcrystals with similar
dimensions and similar morphology.

Fig. 1 GI LDCs and microcrystals formed with EFs and without EFs (control), respectively. (a) GI droplets under different Pt EF waveforms. (b) Magnified
views of corresponding droplet areas indicated in Fig. 1a by red squares. GI LDCs and microcrystals formed (c) at the anode side and (d) at the cathode
side in the PCG EF setup with different waveforms.
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Images showing effects of pulsed EFs on the LDCs formation
for the other three proteins (BPTI, ovalbumin, and b-lacto-
globulin) were also recorded (ESI,† Fig. S3–S5). Different to
GI, no quasi-crystals or microcrystals, only morphological
changes of LDCs were observed for the other three proteins
under EFs. The LDCs formation of BPTI under the selected
condition is temperature dependent.50 No supersaturation or
LLPS was observed after mixing BPTI with KSCN at 20 1C when
an EF was absent. However, BPTI LDCs appeared in the same
condition after 1 hour under Pt EFs (ESI,† Fig. S4), which
obviously indicated that the pulsed EF supported the formation
of attractive forces in the BPTI solution and thereby supported
phase transition. In contrast, it was also observed that LLPS of
ovalbumin was impeded by applying pulsed EFs with wave-
forms 1, 2 and 4 (ESI,† Fig. S3). The inhibited LLPS process of
ovalbumin was irreversible when applying the Pt EF setup with
waveform 2, which was probably caused by the high frequency
and amplitude of waveform 2. For b-lactoglobulin, LDCs nearby
the cathode were smaller and more uniform than those nearby
the anode due to the negative protein net charge. Compared
to the results obtained by using GI, no obvious differences of
LDCs morphology and geometrically ordered structures were
observed with these three proteins exposed to different pulsed
EFs. Hence, GI was identified to be a beneficial model protein
to analyze the effects of pulsed EFs on protein phase transition
in more detail and structural properties of LDCs, as described
in the following sections.

Polarized and depolarized dynamic light scattering (DLS/DDLS)

DLS/DDLS was utilized to analyze whether pulsed EFs influence
the dynamic assembly and internal structure of protein LDCs at
the early stage of LDCs formation. Based on the birefringence
of material with lattice order exposed to laser light DDLS can
distinguish ordered and amorphous material.51–53 Due to a

spatial limitation of the DDLS cuvette, Pt wire electrodes were
assembled at the DDLS cuvette to produce a pulsed EF with
waveform 4 (Vmax-500O = 20 V) during DLS/DDLS measurements
(ESI,† Fig. S2). PEG20 000 was added at the beginning of the
measurement to induce supersaturation of the GI solution. In
the control group, without application of a pulsed EF, a particle
fraction with a large hydrodynamic radius of approx. 300 nm
appeared after 3600 s measurement (Fig. 3a) accompanied by
an obvious increase of DLS signal intensity (Fig. 3a0), indicating
an initial formation of GI LDCs. An increase of the corres-
ponding DDLS signal intensity was only detected after 12 600 s
along with the growth of GI LDCs in size (Fig. 3a0), demonstrating
the initiation of nuclei formation with lattice order. The contribu-
tion of multiple scattering to the DDLS signal intensity can be
neglected when the DLS signal intensity of measurements is lower
than 5000 kHz.51 Hence, this result revealed a nucleation process
with two steps, as proposed by P. Vekilov and others, i.e. the
crystal nucleus occurs within an LDC.54 Nevertheless, when
a pulsed EF with waveform 4 was applied during the whole
measurement, the fraction with hydrodynamic radii of approx.
300 nm appeared rapidly at the beginning of the measurement
and grew steadily to a larger population with radii of 1–5 mm
(Fig. 3b). In parallel, a noticeable fluctuation of the DDLS signal
intensity was detected after a short time increase of DLS signal
intensity (Fig. 3b0), indicating an initial formation of ordered
structures at the early stages of LDCs formation. The dynamic
scaling law, which supposes the evolution of the droplet size

Fig. 2 Pictures showing the evolution processes over 5 hours of GI phase
transition (a1–a3) without application of EFs (b1–b3), with an EF applying
the PCG EF setup (c1–c3), with an EF applying the Pt EF setup. Red, yellow,
and green circles in images (b2) and (b3) show the same GI LDCs after
different evolving time. Scale bar: 50 mm.

Fig. 3 Hydrodynamic radius distributions of GI (a) without and (b) with
application of a pulsed EF (waveform 4, Vmax-500O = 20 V) over time.
(a0) and (b0) show the corresponding DLS/DDLS signal intensities without
and with an EF, respectively. Kinetic evolution of the hydrodynamic radii
(nm) for GI (a00) without and (b00) with an EF.
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distribution over time (R = ktn) predicates a power law depen-
dence on time (n) and a prefactor (k), supports the identifi-
cation of specific growth/coarsening mechanisms involved in
the cluster formation.55 The kinetic evolution of hydrodynamic
radii over 3 hours without (Fig. 3a00) and with application of
EF (Fig. 3b00) was plotted and shows an obvious power law
coefficient (t0.33), which represents the diffusion-limited growth
in supersaturated solutions.56 Thereby, we assume that (I)
pulsed EFs can support protein solutions overcoming the
diffusion limitation to form LDCs, and (II) pulsed EFs can
accelerate the transition process from a liquid dense phase to
an ordered phase.

Transmission electron microscopy (TEM)

TEM was applied to visualize and compare GI LDCs obtained
with and without a pulsed EF at the nanoscale. A pulsed EF with
waveform 4 (Vmax-500O = 20 V) was applied to GI solution during
the whole process of sample preparation for a total of 5 hours.
Images in Fig. 4a–c show GI LDCs formed in the presence of the
pulsed EF, with a uniformly triangular shape and size around
300–400 nm. Two kinds of nuclei according to the appearance
were identified. However, one of them showed relatively gentle
corners and curved edges surrounded by amorphous protein
molecules (Fig. 4d), indicating a primary stage of nucleation.

Another nucleus, presumably in an advanced nucleation
stage with sharp faceted corners and straight edges, forming a
perfect rigid and rather triangular structure is shown in Fig. 4e.
Furthermore, an obvious electron diffraction pattern was
observed (inset of Fig. 4e), confirming the initial 3D structure of
a matured nucleus. LDCs in the control group (Fig. 4f), without
application of an EF show amorphous shape and random size
distribution. Additionally, no nucleus or nucleus-like shape was
observed in the control group. It is notable that only LDCs or
nuclei with size under 500 nm were fixed on the grids and
observed by TEM. According to results of the DDLS signal
intensity (kHz), ordered structures occurred only after LDCs grew
to a micro meter size in the absence of an EF, however, berifrin-
gence was detected at the early stages of LDCs formation under
EFs. This may explane why no nuclei or ordered phases were
observed by TEM in the control group. Thereby, results of TEM
experiments are in good agreement with the DDLS results
obtained.

The role of net charge and dipole moment during the influence
of EFs on protein LLPS

According to the results summarized before, questions of why
different proteins showed different responses to pulsed EFs
and why different pulsed waveforms induced different protein
phase behaviors were investigated considering three factors:
dipole moment, surface net charge and secondary structure
composition of the proteins.

As shown in ESI,† Fig. S6, it is known that molecules with an
overall net charge in solution move to the oppositely charged
electrode when exposed to an EF. However, proteins also
possess an intrinsic electric dipole moment based on the
spatial position and orientation of charged amino acids, and
the orientation of secondary structure elements, particularly of
a-helices. It was reported that EFs show more influences on
proteins with higher dipole moments than on proteins with
lower dipole moments.42 The resulting dipole moment is
defined as:

~q ¼
Xn

i¼1
qiðiÞ~ri

where n is the total number of protein atoms, qi is the charge of
the atom i, ri is the directional vector of each atom.45

Based on this correlation, we investigated the influence of
EFs on the phase behaviors of proteins with different electric
dipole moments. Results obtained are shown in ESI,† Fig. S7.
During the experiments, negatively charged GI particles, with a
dipole moment of 1082 D (1 D = 1 $ 10%18 statC cm), moved to
the anode and formed LDCs within 15 minutes after applying
the EF. BPTI and b-lactoglobulin, with relatively low dipole
moment compared to GI, formed LDCs around the electrode
much slower. However, hemoglobin, with the lowest dipole
moment of 201 D, indicated no mobility within the droplet
exposed to an EF (ESI,† Fig. S7d). These results indicated a
critical role of the protein dipole moment in the individual
response of proteins towards EFs. In this context the dipole

Fig. 4 Observation of LDCs of Glucose isomerase by TEM. (a–c) Triangular
LDCs with round corners, (d) nucleus-like shape, and (e) crystal nucleus of GI
formed under a pulsed EF with waveform 4 (Vmax-500O = 20 V) for 5 hours.
The inset image in figure (e) is the corresponding electron diffraction
pattern of the nucleus. (f) GI LDCs of round shape formed without
treatment of EFs.
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moment can be considered to be a key parameter to estimate
whether EFs may influence the phase behavior of a distinct
protein.

Secondary structure analysis

Circular dichroism spectroscopy was applied to analyze the
effect of EFs on the secondary structure of GI. CD spectra in the
far UV region, specifically 190–260 nm, probe the secondary
structure composition of proteins. Fig. 5a shows the far UV CD
spectra of GI treated with different pulsed waveforms with the
Pt EF setup. The negative ellipticities at 222 nm and 208 nm
correspond to a-helical structure and negative ellipticity at
216 nm is indicative for b-sheet structure. Compared to the
GI spectra in the control group, without application of an EF,
the decreased content of a-helices and b-sheets was mainly
promoted by waveforms 1, 2, and 4 (Fig. 5b), while waveforms
3 and 5 introduced less changes in the spectra and the secondary

structure of GI (Fig. 5a). This was probably caused by the high
frequencies of waveforms 1, 2 and 4. Moreover, they contain
pulses in the second half period of the waves, which were not
present in waveforms 3 and 5 (ESI,† Fig. S1c). The CD spectro-
scopy assays supported to understand results obtained by optical
microscopy showing that EFs with different waveforms can induce
morphologically different GI LDCs. It also assisted to explain a
behavior observed for ovalbumin that indeed did not form LDCs
when applying waveforms 2, 4, and 1 using the Pt wire setup
(ESI,† Fig. S3a). Further, CD spectroscopy results indicated that
minor changes of the secondary structure composition are closely
related to phase behavior and LDCs formation of protein.

Perspectives
Future experiments analyzing time resolved processes of
LLPS and LDCs under EFs applying particular time-resolved
small angle X-ray scattering (SAXS) are planned to obtain time-
resolved structural information and further insights about the
process.

Conclusions
Applying complementary optical microscopy, TEM, DLS/DDLS
and CD spectroscopy, our investigations revealed distinct and
innovative ways to modulate the morphology of protein LDCs
and microcrystal growth by tuning or selecting distinct pulsed
EFs. Five proteins were selected and different pulsed EF wave-
forms were applied for the experiments described. In summary,
(I) pulsed EFs can change the dynamic process of protein
phase separation. For example, the phase separation experi-
ments with BPTI strongly indicate that EFs modulate the phase
diagram and support BPTI to overcome the energy barrier to
undergo phase separation. (II) Diverse morphological properties,
i.e. shape, size and spatial distribution of protein LDCs and
microcrystals can be obtained by tuning the frequency and
amplitude of pulsed EFs. Phase-separated condensates in bio-
logical systems very often have crucial and distinct functions,
as known for example for membrane-less organelles and more
solid protein aggregates in neurodegenerative diseases. In this
context the formation of LLPS or prevention of LLPS formation
can be influenced by EFs, opening opportunities for applica-
tions of EFs in material sciences and treatment of LLPS related
diseases. Particularly waveform 4 produced with the Pt EF setup
supports the emergence and formation of homogeneous micro-
crystal suspensions, which are required for serial femtosecond
X-ray crystallography diffraction data collection approaches.
Waveforms 1–3 with the Pt EF setup induces a protein concen-
tration gradient which can be used to control the crystal
nucleation rate and thereby the number and dimensions of
crystals to be obtained. Further, results achieved from DLS/DDLS
and TEM experiments confirm a two-step crystal nucleation
mechanism and demonstrate that pulsed EFs can introduce or
accelerate the formation of ordered structures within LDCs.
Finally, CD spectroscopy results provided evidence that the overall

Fig. 5 (a) Far UV-CD spectra of GI after exposure to different EF wave-
forms (Vmax-500O = 20 V). (b) The ellipticity of GI at 208 nm (blue), 216 nm
(yellow) and 222 nm (green) without EF (control), and with different EF
waveforms. The negative ellipticity at 222 nm and 208 nm is indicative for
a-helical structure, at 216 nm represents b-sheet structure.
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secondary structure content of proteins changes under pulsed
EFs, which may in consequence affect protein–protein inter-
actions and therefore the morphology and internal structure
and order of LDCs.
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5.2 Exploring nucleation pathways in distinct physicochemical environments 
unveiling novel options to modulate and optimize protein crystallization 

Summary 

Based on the screening results shown in publication 1, the modulating effect of pEFs on protein 

phase separation was investigated further in detail within the pathway of protein crystallization, 

applying distinct ionic strengths and crowding agent conditions. GI was used first to study 

systematically the influence of pEFs on the growth kinetics and formation mechanisms of 

mesoscopic protein clusters in a number of physicochemical conditions. The role of protein 

mesoscopic ordered clusters (MOCs) in the crystallization pathway was uncovered by adding 

pEF-induced MOCs to fresh crystallization droplets. The protein complex Pdx of S. aureus, 

composed of twenty-four protein monomers, was employed finally to validate the effectiveness 

of pEF modulating the kinetics and mechanisms of protein clustering and to confirm the role 

of MOCs in overcoming the energy barrier of nucleation and improving protein crystallization. 

In conclusion, multiple phase separation and nucleation mechanisms were observed applying 

the DLS/DDLS technique after tuning the proportion of specific and nonspecific protein 

interactions by varying the ionic strength, crowding agent, and pEF parameters in the protein 

solutions.  

 



 34 

Graphic abstract. Illustrations of a protein nucleation model under influence of different 

physicochemical factors.143 Four different channels from the left to the right side represent a 

schematic protein nucleation process, including clustering and ordering, driven by multivalent 

ions alone, crowding agent only, both multivalent ions and crowding agent, and multivalent 

ions applying an EF, respectively.  
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Abstract: The scientific discussion about classical and nonclassical nucleation theories has lasted for
two decades so far. Recently, multiple nucleation pathways and the occurrence and role of metastable
intermediates in crystallization processes have attracted increasing attention, following the discovery
of functional phase separation, which is now under investigation in different fields of cellular life
sciences, providing interesting and novel aspects for conventional crystallization experiments. In
this context, more systematic investigations need to be carried out to extend the current knowledge
about nucleation processes. In terms of the data we present, a well-studied model protein, glucose
isomerase (GI), was employed first to investigate systematically the early stages of the crystallization
process, covering condensing and prenucleation ordering of protein molecules in diverse scenarios,
including varying ionic and crowding agent conditions, as well as the application of a pulsed electric
field (pEF). The main method used to characterize the early events of nucleation was synchronized
polarized and depolarized dynamic light scattering (DLS/DDLS), which is capable of collecting the
polarized and depolarized component of scattered light from a sample suspension in parallel, thus
monitoring the time-resolved evolution of the condensation and geometrical ordering of proteins
at the early stages of nucleation. A diffusion interaction parameter, KD, of GI under varying salt
conditions was evaluated to discuss how the proportion of specific and non-specific protein–protein
interactions affects the nucleation process. The effect of mesoscopic ordered clusters (MOCs) on
protein crystallization was explored further by adding different ratios of MOCs induced by a pEF to
fresh GI droplets in solution with different PEG concentrations. To emphasize and complement the
data and results obtained with GI, a recombinant pyridoxal 5-phosphate (vitamin B6) synthase (Pdx)
complex of Staphylococcus aureus assembled from twelve monomers of Pdx1 and twelve monomers
of Pdx2 was employed to validate the ability of the pEF influencing the nucleation of complex
macromolecules and the effect of MOCs on adjusting the crystallization pathway. In summary, our
data revealed multiple nucleation pathways by tuning the proportion of specific and non-specific
protein interactions, or by utilizing a pEF which turned out to be efficient to accelerate the nucleation
process. Finally, a novel and reproducible experimental strategy, which can adjust and facilitate a
crystallization process by pEF-induced MOCs, was summarized and reported for the first time.

Keywords: phase transition; multiple nucleation pathways; mesoscopic ordered clusters; pulsed
electric field; dynamic light scattering; depolarized dynamic light scattering

1. Introduction
Regardless of the establishment of the nucleation theory for approximately a hundred

years [1], the discussion between classical and nonclassical nucleation theories is still an
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ongoing topic in the field of crystallogenesis [2–12]. The most important characteristic of the
classical nucleation theory (CNT) assumes a one-step nucleation of solute molecules directly
from the supersaturated bulk solution, along with the simultaneous increase in two ordering
parameters—concentration and structural arrangements guiding the three-dimensional
(3D) ordering of a protein crystal [13]. However, proposed simulations have decoupled the
development of the two ordering parameters leading towards a multi-step nucleation [14],
termed as nonclassical nucleation theory (NCNT), which was supported subsequently by
experimental discoveries [15–18]. In particular, the two-step nucleation theory has recently
been receiving more attention since widespread observations of functional liquid-liquid
phase separation (LLPS), part of the two-step nucleation process, were published in cellular
biology, in the crystallization of inorganic [19–23] and organic particle system [24–27], and
in the in vivo formation of crystals and fibers, which can also be involved in diseases [28–31].
According to the two-step nucleation theory, the homogeneous solution undergoes LLPS
and firstly forms a liquid dense phase without internal order, after which the molecules
within this liquid dense phase can rearrange to form nuclei [32,33]. This liquid dense
phase is classified as a metastable intermediate, as its free energy level is lower than in
the initial homogeneous solution, but higher than in the following crystalline phase [34].
By analyzing the impact of mesoscopic clusters in protein solutions in the context of the
observed nucleation rate, Mike Sleutel and Alexander E. S. Van Driessche demonstrated
that mesoscopic clusters can enhance the crystallization rate 10-fold for lysozyme and
100-fold for glucose isomerase [35]. With the recent options of time-resolved imaging
at a molecular resolution, direct evidence of nucleation through multiple pathways was
uncovered. For example, Houben et al. recorded utilizing Cryo-STEM tomography the
formation of disordered ferritin aggregates, followed by a desolvation process which leads
to a jointly continuous increase in density and order from the surface towards the center of
aggregates [36]. This observed phenomenon is already beyond the original explanation
of either CNT or NCNT. Van Driessche et al. observed, by means of Cryo-EM, the early
nucleation events of GI with varying precipitants, showing no occurrence of liquid dense
intermediates as a precursor of crystal nuclei, but driven by the oriented attachment of
nanosized and ordered ‘building blocks’ emerged directly from the protein solution [7].
They revealed further the interplay between the earliest formed crystalline nano-assemblies
and their effect of oriented attachment upon the nucleation process [37]. On the other hand,
and complementarily, the group of Fajun reported the effect of multivalent ions capable of
tuning protein interactions [38–41], and reviewed the interplay of specific and nonspecific
interactions influencing the nucleation pathway which can contain metastable intermediate
phases [9]. In this context, more comprehensive crystallization scenarios remain to be
explored in more detail, applying complementary bioanalytical techniques to obtain more
insights about the crystal nucleation pathways.

Here, we employed a well-studied model protein glucose isomerase (GI, 43.23 kDa)
from Streptomyces rubiginosus to investigate systematically: (1) the early stages of protein
phase transition and crystallization in a wide range of physicochemical scenarios, including
varying salt conditions, crowding agent polyethylene glycol (PEG) and applying a pulsed
electric field (pEF); (2) the mediating effect of mesoscopic ordered clusters (MOCs), which
mostly have a dimension range of 10 to 1000 nm [42], induced by pEF on the crystallization
process. Furthermore, a more challenging and complex biomacromolecular system, the
pyridoxal 5-phosphate (vitamin B6) synthase (Pdx) complex of Staphylococcus aureus, was
employed to verify the universal effect of pEFs and to verify the effect of MOCs on the
crystallization process. The Pdx complex, as shown in Figure 1b, is formed by a dode-
cameric assembling of Pdx1 (32.12 kDa) attached to twelve monomers of Pdx2 (23.76 kDa)
via a dynamic and transient complex formation that causes the crystallization to be most
challenging for obtaining X-ray-suitable crystals [43]. To date, three-dimensional X-ray
structures of Pdx complexes from four different organisms, but not S. aureus, have been
reported and deposited in the protein data bank. Strohmeier and co-workers found that
the H170N (H165N in Pdx2 from S. aureus) mutation in the catalytic site of Pdx2 from
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Bacillus subtilis stabilizes the complex in a fully saturated form, enabling and supporting
crystallization and structural analysis [44]. Therefore, in our investigations, we also ap-
plied the Pdx2 mutant of S. aureus to prepare a Pdx1/Pdx2H165N (Pdx) complex for the
experiments performed.

 

Figure 1. (a) The structure of monomeric glucose isomerase from Streptomyces rubiginosus
(PDB: 4ZB2) [45]. (b) The Pdx1–Pdx2 complex from the homologue Bacillus subtilis (PDB: 2NV2)
shown in two orientations rotated by 90�. Twelve Pdx1 synthase subunits form a double hexameric
ring core (purple), to which twelve Pdx2 glutaminase subunits (orange) are attached [44].

The main technique utilized in this work is non-invasive depolarized dynamic light
scattering (DDLS) [46–50], which employs the birefringent optical property of crystalline
materials to detect the early and nanoscale formation of nuclei not detectable via opti-
cal microscopes. The scattered DDLS signal intensity therefore rises with the ordering
of a 3D structure in a solution exposed to laser light. Meanwhile, the polarized compo-
nent of scattered light is collected by a separate detector as a conventional DLS signal,
whose intensity depends only on particle dimension and density in solution. Hence,
synchronously monitoring DLS and DDLS signal intensities allows us to identify and
investigate the early-stage evolution of a crystal nucleation process time-resolved under
different physicochemical conditions following both detected signals and corresponding
derived parameters—condensing and ordering. In addition, we measured the diffusion
interaction parameter KD, applying a different hardware system, to investigate the influ-
ence of different salt conditions to non-specific protein–protein interactions and to the
resulting phase behaviors. Our results confirm the coexistence of different nucleation
pathways by tuning the proportion of specific and non-specific protein–protein interactions
and by introducing an external force–pulsed electric field. The application of pEF and the
addition of pre-grown mesoscopic ordered clusters proved for both proteins applied in
these investigations to be effective methods to support and improve protein nucleation
towards obtaining X-ray suitable crystals.

2. Materials and Methods
The homotetrameric glucose isomerase (GI) from Streptomyces rubiginosus (Hampton

Research, Aliso Viejo, CA, USA), with an isoelectric point of 5.0 and molecular weight of
43.23 kDa, was stabilized in 10 mM MES buffer, pH 6.5 with 1 mM dithiothreitol (DTT).
The Pdx complex from Staphylococcus aureus, composed of twelve Pdx1 (32.12 kDa) and
twelve Pdx2H165N (23.76 kDa) subunits, with an isoelectric point of 5.26, was expressed and
purified as reported before [51] and stored in 20 mM Tris-HCl buffer, pH 8, 200 mM NaCl,
1 mM ethylenediaminetetraacetic acid (EDTA), 2 mM DTT and 10 mM L-glutamine. All
the stock solutions of precipitants and salts applied were prepared in the same buffer with
the corresponding proteins and filtered prior to use, applying either a 0.2 µm or a 0.45 µm
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filter (SARSTEDT, Nümbrecht, Germany). Prior to experiments, GI and the Pdx complex
were centrifuged for 30 min at 21,130⇥ g and 4 �C and the protein concentrations were
determined applying a Nanodrop 2000 (Thermo Fisher Scientific, Bremen, Germany). All
measurements were carried out at 20 �C.

2.1. Polarized and Depolarized Dynamic Light Scattering (DLS/DDLS) Experiments
2.1.1. DDLS Instrument and Setup for Applying Pulsed Electric Field

As shown in Figure 2a,b, one custom-built light scattering instrument, which is capable
of detecting simultaneously the vertical component (polarized) and horizontal component
(depolarized) of scattered light from the sample, was designed and constructed in collaboration
with XtalConcepts (Hamburg, Germany). The instrument provides a laser wavelength of
532 nm and a laser output power of 100 mW. The laser light was polarized by a vertical
polarizer before passing through the sample. The vertical component of scattered light (DLS
signal) was collected directly at 90� by an objective (Plan APO ELWD 20 ⇥ 0.42 WD = 20),
and the horizontal component was separated from scattered light by a polarizing beam
splitter (Qioptic Photonics, Göttingen, Germany) and collected as a DDLS signal. The
autocorrelators of the instrument cover an acquisition time range from 0.4 ms to 30 s.
A transparent quartz cuvette (101.015-QS, Hellma Analytics, Munich, Germany), with
3 mm ⇥ 3 mm inner cross-section and 21 mm height, was used as the sample container
and immersed into an index matching bath with plane parallel walls (thickness 1 mm)
and filled with ultrapure water. The design and setup for applying pEF to a sample
suspension in the cuvette during DLS/DDLS measurements is shown in Figure 2c and
was described in detail in a previous publication [52]. Two platinum (Pt) wires with
0.3 mm diameter, 25 mm length and a resistance (R) of approx. 37.5 mW at 20 �C (Sigma,
Neustadt, Germany) were inserted at two opposite corners of the cuvette to generate a
pEF. The applied pulsed waveform is with a pulse amplitude rising continuously in the
first half period and decreasing gradually in the second half period of one waveform circle
(Figure 2c), which was referred to waveform 4 (W4) in our previous publication. The
maximum output pulse amplitude in each wave circle was 30 V and the minimum was no
larger than 1 V on 500 W load. The pulse width (⌧) of each single pulse was 0.6 ± 0.15 ms.

 

Figure 2. (a) Schematic [53] and (b) photographic [52] images of the DDLS instrument. (c) Illustra-
tion of the quartz cuvette with two Pt wires to apply a pulsed electric field during a DLS/DDLS
measurement [52].

2.1.2. Sample Preparation and Experimental Methods for DLS/DDLS Measurements
Prior to DLS/DDLS measurements, the stock solutions of protein, salt and crowding

agent were mixed according to the final concentration of each composite in the mixture with
a final volume of 40 µL. The measured solutions were pipetted into the transparent quartz
cuvette and sealed with a glass cover slid. To investigate the effect of a pEF on protein
crystallization (Sections 3.3 and 3.4), the pEF described in Section 2.1.1 and Figure 2c was
applied to GI and Pdx samples of pEF groups continuously during the entire DDLS mea-
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surement. For GI, each data acquisition step was recorded for 20 s followed by a delay time
of 20 s for a DLS/DDLS measurement of 1 h. For the Pdx complex, each measurement was
recorded for 4 h with 20 s of acquisition time for each data point and 60 s of interval delay
time between two data points. The decay time constants of the DLS signal (translational dif-
fusion coefficient, Dt) and the DDLS signal (rotational diffusion coefficient, Dr) are obtained
from the autocorrelation function (ACF) by using the CONTIN algorithm [54]. Appropriate
viscosity of each solution was considered to calculate the hydrodynamic radii (Rh) based on
the well-known Stokes–Einstein equation [55] (Equation (1)) and Stokes–Einstein–Debye
equation [56] (Equation (2)):

Dt =
KBT

6phRh
(1)

Dr =
KBT

8phR3
h

(2)

where Dt and Dr are the translational and rotational diffusion coefficients derived from the
ACF of the DLS and the DDLS signal as a function of time, respectively. KB is the Boltzmann
coefficient, T is the absolute temperature and h is the viscosity value of the solution.

2.2. Measuring Diffusion Interaction Parameter—KD

To obtain information about the protein diffusion interaction parameter KD, a Wy-
att Mobius instrument was applied (Wyatt Technology, Santa Barbara, CA, USA), which
is a non-destructive and versatile light scattering instrument applied to measure par-
ticle dimensions and electrophoretic mobility of proteins/polymers. The translational
diffusion coefficient Dt determined by DLS is a function of concentration c as shown in
Equation (3) [57], from which the KD value was calculated:

Dt = D0 (1 + KDc) (3)

where Dt is the measured transitional diffusion coefficient, D0 is the diffusion coefficient at
infinite dilution, and c is the concentration of the protein in mg/mL, KD is the first-order
diffusion interaction parameter, which is fundamentally related to the common indicator of
protein–protein interactions—the second virial coefficient A2 [58]:

KD = 1.024A2M � 6.18 (4)

where M is the protein molecular weight.
For the determination of the KD values, six concentrations of the GI solution ranging

from 1 to 20 mg/mL were applied and for the Pdx complex six solutions in the range of 0.5
to 5 mg/mL were prepared and measured. Before preparing the sample suspensions the
concentrations of the stock protein solutions were measured after centrifugating them for
30 min at 21,130⇥ g and 4 �C. Buffers were filtered, applying 0.2 µm filters. Then, 45 µL
of the protein sample solution was pipetted into a quartz cuvette (WNQC45-00, Wyatt
Technology, Santa Barbara, CA, USA) and recorded by DLS. The corresponding KD values
were calculated and analyzed by applying the software DYNAMICS [57].

2.3. Hanging-Drop Crystallization of Protein with Mesoscopic Ordered Clusters (MOCs) Induced
by pEF
2.3.1. Glucose Isomerase

A 40 µL solution of 4 mg/mL GI in 10 mM MES pH 6.5, 1 mM DTT and 50 mM MgCl2
buffer was exposed to a pEF (parameters described in Section 2.1.1) for 30 min (Figure 3,
Step 1). After, the pEF-treated protein solution containing MOCs was mixed on one cover
slide with 4 mg/mL fresh protein solution in five different volume ratios to form a 2 µL
protein droplet in total (Figure 3, Step 2). Finally, protein droplets on four cover slides
were mixed with PEG20k in a 1:1 volume ratio (Figure 3, Step 3). Four concentrations of
PEG20k (2%, 4%, 8% and 12%) were applied to droplets on different cover slides. Then,
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500 µL of PEG20k at the same initial concentration as prepared for the 5 droplets on
each slide was added to the reservoir of the hanging-drop 24-well crystallization plate
(Jena Bioscience, Jena, Germany), and afterwards each cover slide with 5 droplets was
turned over on individual crystallization reservoirs and sealed with silicone grease (Kurt
Obermeier, Bad Berleburg, Germany). All experiments were performed in quadruplicate.
The crystallization plates were placed at 20 �C and observed applying an OLYMPUS SZX12
Microscope (OLYMPUS, Tokyo, Japan).

Figure 3. Scheme showing the three-step experimental procedure to prepare hanging-drop crystal-
lization droplets of GI with varying volume ratios of mesoscopic ordered clusters, prior prepared by
treating a protein solution with a pEF.

2.3.2. Pdx Complex
A 40 µL solution of the Pdx complex at 5 mg/mL was mixed 1:1 with 10% PEG4K,

0.2 M ammonium citrate pH 7.0, 10 mM L-Glutamine and treated with pEF (parameters
described before in Section 2.1.1) for 4 h as shown in step 1 of Figure 3. Afterwards, 0.5 µL
of the pEF-treated protein solution containing mesoscopic ordered clusters was taken from
the cuvette and mixed on a cover slide with 2 µL of 5 mg/mL of fresh Pdx solution to
reach a final volume of 2.5 µL. Subsequently, 0.5 µL of 20% PEG4K was added to the
droplet. For control, a 3 µL droplet was prepared and placed on a glass cover slide without
pEF-treated protein solution but containing the same final concentration of Pdx and PEG4K.
All experiments were prepared in quadruplicates. Each cover slide was turned over on one
crystallization reservoir of the hanging-drop 24-well plate (Jena Bioscience, Jena, Germany)
containing 500 µL of 20% PEG4K as the reservoir mother liquor and sealed with silicone
grease (Kurt Obermeier, Bad Berleburg, Germany). The crystallization plate incubation and
further analysis of droplets were carried as described for GI previously.

3. Results
3.1. Effect of the Metal Cations Na+ and Mg2+ on Early Stage Condensing and Prenucleation
Ordering of GI

To investigate GI prenucleation under the effect of different ions and ionic strength
conditions, a GI solution at 2 mg/mL was mixed with 4% PEG20k acting as crowding agent
in final concentration (Figure 4). The hydrodynamic radius (Rh) of tetrameric and negatively
charged GI was stable during the 1-hour measurement and showed a value of approx. 3 nm
(Figure 4a1), which is smaller than the reported tetrameric Rh of 4.4–5.0 nm [59–61], due
to the hyper-diffusivity of proteins caused by the relative high repelling strength between
proteins in solution at low concentrations of ions [57]. A slight fluctuation of GI Rh appeared
after adding 20 mM NaCl (Figure 4a2); however, only NaCl at concentrations higher than
60 mM triggered the formation of nanoscale clusters with Rh of approx. 9 nm, which
transformed along an increasing NaCl gradient towards mesoscopic clusters with initial
dimensions of approx. 100 nm (Figure 4a3–a5). Clusters with larger dimensions as well
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an increasing clusters density were acquired applying 250 mM of NaCl, as demonstrated
by the increase in the DLS signal intensity, although nonstructural ordering was detected
according to the negligible increase in DDLS signal intensity within 1 h of measurement
(Figure 4a50).

The results shown in Figure 4b,b0 were obtained by adding different concentrations
of MgCl2 into the mixtures of 2 mg/mL GI containing 4% PEG20k. The concentration
of MgCl2 was selected based on the aim to keep the concentrations of chloride ions and
cationic net valency the same as in the NaCl+GI assays (Figure 4a,a0). Compared with the
effect of NaCl, even 10 mM MgCl2 induced the formation of nanoscale clusters with approx.
Rh of 9 nm and mesoscopic clusters with radius of approx. 300–400 nm (Figure 4b2),
accompanied by a strong increase in DLS signal intensity (Figure 4b20). Interestingly,
a synchronous rise in DDLS signal intensity showing changes in structural order also
occurred at MgCl2 concentrations higher than 30 mM (Figure 4b0, 30–125 mM MgCl2),
indicating the simultaneous evolution of structural ordering within condensing GI particles
in solutions.

 

Figure 4. Cont.
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Figure 4. Monitoring phase transition of a 2 mg/mL GI solution by DLS and DDLS under the effect
of Na+ and Mg2+ gradients in 10 mM MES pH 6.5 and 4% PEG20k buffer. (a1–a5) Kinetic evolution
of the hydrodynamic radius in the presence of a NaCl gradient (a10–a50) showing the resultant
DLS (left Y-axis, orange open circles) and DDLS (right Y-axis, green closed circles) signal intensities.
(b1–b5) Kinetic evolution of the hydrodynamic radius and (b10–b50) corresponding DLS/DDLS
signal intensities of a GI solution by mixing the solution with a MgCl2 gradient.

To explore the mechanisms caused by the NaCl and MgCl2 ions on the GI phase
behaviors shown above, the diffusion interaction parameter KD of GI solutions in the corre-
sponding gradients of NaCl (Figure 5c) and MgCl2 (Figure 5d) was measured subsequently.
As an indicator of non-specific protein–protein interactions, positive KD values indicate
repulsive intermolecular interactions, while negative values denote attractive interactions.
The decreased KD value in Figure 5c (black crosses) demonstrated that an increasing NaCl
concentration diminished the repulsive forces between negatively charged GI particles in
solution. However, the divalent cation Mg2+ caused even stronger effects and obviously
promoted more intermolecular interactions between GI molecules, and the KD values of GI
were reduced more sharply in the concentration range of 0 to 50 mM Mg2+ (black crosses
in Figure 5d) compared to those of Na+ ions in the concentration range of 0 to 100 mM
(black crosses in Figure 5c). The positive KD values of GI at MgCl2 concentrations above
50 mM are higher than those of GI with MgCl2 at concentrations below 50 mM. In parallel,
polydisperse Rh values indicate the formation of aggregates at MgCl2 concentrations higher
than 50 mM (red dots in Figure 5d), which were also accompanied by the presence of
multiple decay steps of the corresponding ACF, as shown in Figure 5b. Therefore, the
obtained KD values of GI in the presence of MgCl2 at concentrations above 50 mM probably
do not reveal the real situation of protein interactions. These results correlate with the
order of cations in the Hofmeister series—Na+ is in a higher order in the cation series than
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Mg2+ to enhance the ‘salting in’ effect and the solubility of protein at lower ionic strengths,
while the ‘salting out’ effect appeared and caused the aggregation of the protein at a high
concentration of Mg2+ [62]. It is worth pointing out that the subtle decline in GI Rh with
decreasing concentrations of 100 to 0 mM NaCl (red dots in Figure 5c) and 50 to 0 mM
MgCl2 (red dots in Figure 5d) can be considered as a result of the hyper-diffusivity of the
protein at low ionic strength, which is used to calculate Rh based on Equation (1).

 

�
Figure 5. The auto-correlation function of a GI solution (a) with varying NaCl and (b) with varying
MgCl2. KD values (left Y-axis, black cross) and the hydrodynamic radii (Rh, right Y-axis, red dot) of
GI as a function of (c) NaCl and (d) MgCl2 concentration.

3.2. Effect of a Crowding Agent on Condensing and Prenucleation Ordering of GI
In a crowded environment, proteins are subjected to an entropic penalty if they form a

large co-volume with impenetrable crowders, which occupy the solvent space and reduce
the volume accessible to the protein [63]. How does volume exclusion affect the protein
nucleation considering condensing and ordering? Here, we tried to answer this question
by monitoring the phase behaviors of GI mixed with varying concentrations of PEG20k
applying DLS/DDLS. Based on the results shown in Figures 4 and 5, the 10 mM MES
pH 6.5, 1 mM DTT buffer was prepared by (i) adding 100 mM NaCl and (ii) adding 50 mM
MgCl2 to investigate the effect of varying PEG20k concentrations on GI phase behavior in
different ionic systems. It is very noticeable, as shown in Figure 6a, that the condensation
of GI in solutions with 100 mM NaCl was promoted gradually with the rise in PEG20k
concentration from 0 to 6%, but no obvious structural ordering was detected as the DDLS
signal intensities remained lower than 5 kHz, as shown in Figure 6a0. ]vspace-6pt
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Figure 6. Time-resolved monitoring of GI phase transition in context of varying crowding environ-
ments. (a1–a5) Kinetic evolution of the hydrodynamic radii and (a10–a50) corresponding DLS (left
Y-axis, orange symbol)/DDLS (right Y-axis, green symbol) signal intensities of a 2 mg/mL GI solution
mixed with a gradient of PEG20k in a buffer containing 100 mM NaCl. (b1–b5) Kinetic evolution of
the hydrodynamic radii and (b10–b50) corresponding DLS/DDLS signal intensities of a 2 mg/mL GI
solution mixed with a gradient of PEG20k in a buffer containing 50 mM MgCl2.

However, evident structural ordering was observed in parallel with GI condensing under
the effect of 4% and 6% PEG20k in the presence of 50 mM MgCl2 (Figure 6b4,b40 and b5,b50).
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The highest DDLS intensities of approx. 360 kHz were detected from the beginning onwards
after mixing GI with 6% PEG20K, indicating a simultaneous trigger of condensing and
structural ordering within the GI particles. Furthermore, 6% PEG 20k induced a different
evolution pattern of Rh, from which no nanoscale or mesoscopic (10–1000 nm) clusters
were detected at the beginning of the mixing; however, after 15 min, a minor population of
mesoscopic clusters approx. 200–400 nm in size occurred (Figure 6b5), and may represent
the existence of a re-arranging nucleation mechanism leading to the re-directing and re-
ordering of MOCs within the clusters during the nucleation process. This re-arranging
nucleation mechanism was also confirmed by the increase in the corresponding DDLS
signal intensities from 400 kHz to 700 kHz during the last 45 min of the measurement
(Figure 6b50). The slight drop in DLS signal intensities shown in Figure 6b40,b50 can be
considered to be caused by the sedimentation of larger particles.

3.3. Effect of a pEF on the Crystallization Process of GI under Different Ionic and
Crowding Conditions
3.3.1. A pEF Modulate the Early Stage of Condensing and Prenucleation Ordering of GI

In a previous work, the effect of the pulsed electric field (pEF) on protein phase sepa-
ration applying five different waveforms was investigated and demonstrated a gradient
pulsed waveform (W4) can support the growth of liquid dense clusters and microcrystals
with homogeneous dimensions and morphology [52]. In terms of the investigations, the
identical setup with waveform 4 was applied to 2 mg/mL GI solutions containing varied
ionic strength and PEG20k. The Rh evolution and DLS/DDLS signal intensities of GI in
conditions without a pEF (control groups) are shown in Figure 6, but the Rh of each control
group is plotted together with the Rh of the corresponding pEF group in Figure 7a1–a4,b1–b4,
allowing direct comparison. For DLS and DDLS signal intensities, only the pEF groups of
all conditions are shown in Figure 7a10–a40 and b10–b40, respectively.

 
Figure 7. Cont.
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Figure 7. The effect of a pulsed electric field on the phase behavior of GI in a solution with different
ions and PEG conditions. (a1–a4) Development of the hydrodynamic radii of 2 mg/mL GI with
PEG20k in a buffer containing10 mM MES pH 6.5, 100 mM NaCl exposed to a pEF (green open circles)
and without pEF (purple bubbles). (a10–a40) The corresponding DLS (left Y-axis, orange open circles)
and DDLS (right Y-axis, green closed circles) signal intensities of the pEF group monitored with a
buffer containing 100 mM NaCl. (b1–b4) Evolution of the hydrodynamic radii of a 2 mg/mL GI
solution mixed with PEG20k and buffer condition of 10 mM MES PH 6.5, 50 mM MgCl2 with a pEF
(pink open circles) and without pEF (green bubbles). (b10–b40) The corresponding DLS and DDLS
signal intensities of the pEF group monitored in a buffer containing 50 mM MgCl2. DLS/DDLS signal
intensities of each control condition without pEF are shown in Figure 6.

Obviously, pEF had less or no functionality in the absence of ions, visualized by
the overlap of GI Rh values between the control group (without pEF) and the pEF group
(Figure 7a1). In the presence of 100 mM NaCl, the size evolution of GI with the application of
pEF showed a similar pattern in Figure 7a2,a3; however, the detected DLS/DDLS intensities
of GI with 1% PEG20k (Figure 7a30) was much smaller than that of GI in both conditions
without PEG (Figure 7a20) and with 2% PEG20k (Figure 7a40) under pEF conditions. This
is because 1% PEG20k was too low to initiate GI condensation according to the size
distribution in the control group of GI with 1% PEG20k (purple bubbles in Figure 7a3),
although it can slow down the motion of molecules in the solution [64]. Conversely, the
formation of mesoscopic GI clusters was initiated in 20 min when PEG20k reached a
concentration of 2% in the solution (purple bubbles in Figure 7a4) and was accelerated after
applying a pEF (green circles in Figure 7a4), the structural ordering within mesoscopic
clusters was significantly induced by the pEF, indicated by a substantial rise in the DDLS
signal intensities, up to 1000 kHz (Figure 7a40). Interestingly, based on the time at which
the DLS and DDLS signal intensities rose, a simultaneous development of condensing
and three-dimensional ordering was stimulated by the pEF in a GI solution without PEG
(Figure 7a20); however, an ordering prior to a condensing process occurred in a GI solution
containing 1% or 2% PEG20k under the effect of pEF (Figure 7a30,a40).
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The applied pEF was shown to be more effective when Mg2+ ions were present in
the solution analyzed. The kinetic evolution of GI showed similar clustering patterns in a
solution of 50 mM MgCl2 without PEG20k (Figure 7b2) and a solution with 100 mM NaCl
and 2% PEG20k (Figure 7a4). In both mixing conditions, GI tetramers were consumed while
particles of approx. 1 µm were formed. Additionally, the DLS/DDLS signal intensities
showed the same level of anisotropy, which may suggest that in the case of GI crystallization,
a crowding agent in the crystallization solution can be replaced by a combination of
applying Mg2+ ions and pEF. The addition of Mg2+ ions and PEG20k from 1% up to 2%
and exposing the solution to a pEF triggered a similarly evolving pattern of size over time
(Figure 7b2–b4); however, a high concentration of PEG20k accelerated the condensing
and structural ordering process of GI under pEF according to the growth of DLS and
DDLS signal intensities (Figure 7b20–b40), leading us to believe that a critical density of
mesoscopic intermediates shall be reached for the nucleation, corresponding to 100 kHz of
DLS signal, and may indicate the metastability of mesoscopic intermediates with respect to
the crystalline phase.

3.3.2. Effect of Mesoscopic Ordered Clusters (MOCs) Induced by a pEF on
GI Crystallization

To explore the effect of mesoscopic ordered clusters (MOCs) in a crystallization pro-
cess, we applied MOCs previously produced by a pEF in a quartz cuvette (right image in
Figure 8a) by adding them into the crystallization droplets of GI. As shown in Figure 3,
crystallization droplets were prepared by mixing 2 µL of the 4 mg/mL GI solution con-
taining different volume ratios of MOCs, which served as crystallization seeds, and 2 µL
of varying concentrations of PEG20k. Then, the droplets were compared considering
aspects such as the number of crystals, crystal dimensions and morphology after 24-hour
incubation at 20 �C. Interestingly, the results show that the number of obtained crystals
increased (Figure 8b) but their size reduced (Figure 8c) after adding increased ratios (v/v)
of MOCs in the droplet, keeping the PEG20k concentration constant. The crystal size and
morphology in each droplet were kept homogenous for droplets where MOCs were placed
prior to crystallization, compared to those where crystallization was performed without
MOCs. This result is consistent with the assumption that increasing the number of struc-
tural ordered MOCs provided more crystallization nuclei in a droplet, and thus resulted
in more crystals. However, the amount of protein molecules in a droplet is limited, and
more nuclei serving as crystallization centers results in crystals with smaller dimensions.
Moreover, the addition of MOCs enhanced the crystallization rate at a low concentration
of PEG20k (Figure 8c, 1% PEG20k), and more crystals with homogeneous size and shape
were obtained compared to the crystals formed without MOCs (Figure 8c, 4% PEG20k).

3.4. Effect of a pEF on Crystallizing the Pdx Complex from S. aureus
Large biological protein complexes, as the Pdx complex, are most of the time chal-

lenging to crystallize [43,51], thus are interesting targets to identify crystallization methods
to overcome the bottleneck. Therefore, the prenucleation mechanism of a recombinant
complex protein from S. aureus, Pdx1/Pdx2H165N (Pdx), applying the influence of a pEF
was investigated to verify the general principle of the pEF to promote the biomolecular
crystallization process.
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Figure 8. (a) Forty microliters of 4 mg/mL GI in a buffer of 10 mM MES pH 6.5, 1 mM DTT and
50 mM MgCl2, incubated in a quartz cuvette for 30 min without and with the application of a pEF.
The scale bar corresponds to 50 µm. (b) GI crystals obtained from droplets with a final concentration
of 2 mg/mL GI, and different ratios (v/v) of fresh protein solution seeded with a pEF-treated protein
solution in 10 mM MES pH 6.5, 1 mM DTT and 50 mM MgCl2 buffer. PEG20k in the same buffer
with GI was applied as crystallization precipitant. Scale bar is 200 µm. (c) Magnified view of crystals
formed in each droplet, and the scale bar corresponds to 100 µm. All droplets were recorded via an
optical microscope after 24-hour incubation at 20 �C.

3.4.1. pEFs Promote the Early-Stage Ordering of Pdx Complex Nucleation
In crystallization screening experiments, crystals of the complex were obtained from

a solution of 2.5 mg/mL Pdx with 5% PEG4000 after incubation of 2–5 days. The early
stages of the crystallization process were monitored in the first 4 h via DLS/DDLS with
and without the application of a pEF. To understand the effect of the pEF on the early-stage
clustering of the Pdx complex, a Pdx crystallization concentration of 2.5 mg/mL as well as
a lower concentration of 0.75 mg/mL were assessed. The Pdx complex showed a similar
growth profile in terms of size evolution and density ordering at both concentrations
without the application of a pEF (Figure 9a,b,a0,b0). The fraction with Rh of approx. 15 nm
showed a single particle population of the Pdx complex as shown in Figure 1b. The
mesoscopic clusters with an initial Rh of approx. 100 nm displayed a progressive growth
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(Figure 9a,b) accompanied with the rise of DLS (orange circles in Figure 9a0,b0) but not
DDLS (green dots in Figure 9a0,b0) signal intensities in the first 2 h at both concentrations
without the application of pEFs, indicating a condensing process of Pdx clusters without
internal structural ordering within the first 4 h of the crystallization process.

 

Figure 9. The effect of pEFs on early stages of Pdx crystallization at different protein concentrations.
Kinetic evolution of the hydrodynamic particle radii from mixtures of 2.5 mg/mL Pdx with 5%
PEG4000 (a) without and (c) with the application of a pEF, and mixtures at a final concentration of
0.75 mg/mL Pdx, 5% PEG4000 (b) without and (d) with a pEF. The corresponding DLS (orange open
circles) and DDLS (green bubbles) signal intensities of each condition are shown in (a0–d0).

The size development of Pdx mesoscopic clusters with an initial Rh of 100 nm at both
protein concentrations exposed to a pEF (Figure 9c,d) showed comparable patterns with
those of their corresponding control groups shown in Figure 9a,b. However, the single
particle fraction of Pdx was growing steadily from approx. 15 nm to 100 nm in 4 h under
the influence of the pEF (Figure 9c,d). The DDLS signal intensities fluctuated in the range
of 4–20 kHz, despite the clusters growing in both control groups at 2.5 mg/mL (Figure 9a0)
and 0.75 mg/mL Pdx (Figure 9b0), but increased noticeably to 200 kHz in a Pdx solution of
2.5 mg/mL (Figure 9c0) and to 100 kHz in a Pdx solution of 0.75 mg/mL applying the pEF
for 4 h (Figure 9d0), evidencing the strong effect of the pEF on promoting the nucleation
process of Pdx in a pathway where Pdx molecules ordering the three-dimension structure
in parallel with condensing.

3.4.2. Effect of Mesoscopic Ordered Clusters (MOCs) Induced by a pEF on
Pdx Crystallization

After monitoring the early stage of Pdx crystallization, applying the pEF for 4 h via
DDLS, as shown in Figure 9c, 0.5 µL of the solution containing MOCs was taken from the
cuvette and directly added as a seeding solution to the oversaturated Pdx crystallization
droplets. Control droplets with the same Pdx concentration and precipitant but without
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the addition of MOCs were prepared and monitored in parallel. The resulting droplets of
Pdx without MOCs showed numerous cubic crystals with tiny dimensions ranging from
5 up to 30 µm after 1 day (Figure 10a,b). In parallel, a different crystallization mechanism
was observed in droplets prepared containing MOCs, which showed a lower number of
homogeneous hexagonal crystals in droplets, compared to the control group after 1 day.
Additionally, a lower number of larger crystals were observed after 5 days (Figure 10c,d).
The crystals formed with MOCs are almost ten times larger than those formed without
MOCs. Another interesting observation is the occurrence of three-dimensional multilayer
stacks, also referred to as looped macrosteps visible on the surface of crystals formed with
MOCs, as shown in Figure 10c,d. Those looped macrosteps on the crystals are probably
caused by the fusion of mesoscopic liquid dense clusters with the macroscopic crystalline
phase [35,65], characterizing the occurrence of a multiple-step nucleation of Pdx in the
presence of a pEF.

 

Figure 10. Crystallization of the Pdx complex (a,b) without and (c,d) with the addition of mesoscopic
ordered clusters pre-induced by the pEF.

4. Discussion
We investigated the phase and nucleation behavior of GI by monitoring time-resolved

liquid phase separation, cluster formation and nucleation applying DLS/DDLS under
several distinct concentrations of cations and PEG. The combined studies of the diffusion
interaction parameters in solutions at different cationic conditions and the resultant phase
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behavior demonstrated how cationic ions and corresponding ionic strength influence pro-
tein interactions and the development of GI clusters. Positive KD values of GI at low ionic
strength indicated strong repulsion between negatively charged GI molecules in solution.
Changing a salt concentration in a protein solution at low ionic strength (<100 mM) can alter
the electrostatic interactions between proteins [9]. The positive KD values of GI decreased
continuously with increasing NaCl concentration and reached a plateau in the range of
100–250 mM NaCl (black crosses in Figure 5c), where GI proteins started to form liquid
dense clusters in the presence of 4% PEG20k, as shown in Figure 4a4,a5. The plateauing of
protein interaction parameters at a higher ionic strength (>100 mM) was also observed by
Jordan W. Bye and Robin A [66]. For GI solutions containing MgCl2, the repulsive forces
between proteins were substantially reduced at 10 mM MgCl2 (black crosses in Figure 5d),
triggering the formation of mesoscopic clusters in the presence of 4% PEG20k (Figure 4b2).
In an ionic strength range of 0–100 mM, KD values dropped more sharply under the effect
of MgCl2 than that influenced by NaCl, indicating that the multivalent cation is more effec-
tive in interfering with protein surface charges, therefore modulating non-specific protein
interactions. Moreover, Mg2+ was reported to reversibly bind and dissociate at the catalytic
site of GI [67], and thereby the short-range attractive interaction between GI molecules was
also enhanced with increasing Mg2+ concentration. The driving force of GI condensing
can be both non-specific (diffusion interaction, volume exclusion) and specific interactions
(short-range interaction) according to the development of Rh and DLS signal intensities
of GI in the presence of NaCl and MgCl2 in Figures 4 and 6. Nevertheless, to a certain
extent, short-range interactions instead of only high-amplitude density fluctuations are
necessary to promote structure ordering within GI clusters, as confirmed by the evolution
of DDLS signal intensities of GI in a NaCl gradient and in a MgCl2 gradient, as shown in
Figures 4 and 6, under the same concentration of PEG20k. Roosen-Runge et al. proposed
a model which is well known in protein crystal growth, stating that multivalent metal
ions can support protein contacts and can stabilize a crystal lattice by bridging protein
molecules [68], which also explains the shrinkage of initial Rh of GI mesoscopic clusters
formed at 10 to 50 mM MgCl2, shown in Figure 4b, confirmed also by the increasing DDLS
signal intensity, as shown in Figure 4b0. The data shown in Figures 4 and 6 also prove
theoretical investigations which suggested that the crystallization pathway can be altered
by adjusting the proportion of the specific and nonspecific protein interactions [69–71].
We applied an external pulsed electric field (pEF) to study how a pEF can influence the
nucleation pathway of GI in different solution conditions (varying salt and PEG). The
Pdx complex of high molecular weight was employed to verify the capability of pEF to
modulate the protein nucleation pathway. The results from GI show that pEFs can strongly
drive the protein condensing and 3D ordering. An ‘ordering prior to condensing’ pathway
was observed for GI solutions under the influence of pEFs, demonstrated by the early rise
in DDLS signal intensities, as shown in Figure 7a30,a40 and b20,b30. This can be attributed
to the effect of pEFs supporting the orientation of protein molecules and further nucleation.
The substantial effect of pEFs promoting protein 3D ordering is particularly recognizable
for Pdx solutions, which showed a comparative evolving pattern of an increasing size dis-
tribution (Figure 9a–d) accompanied by rising DLS signal intensities (orange open circles
in Figure 9a0–d0), with a distinct rise in DDLS signal intensities in parallel (green bubbles
in Figure 9c0,d0). Finally, the modulating effect of obtained mesoscopic ordered clusters
(MOCs), induced by a pEF, on the crystallization pathway was investigated systematically
for GI applying different volume ratios of MOCs and PEG concentrations. The results show
that the number of crystals and crystal dimensions obtained in a droplet can be effectively
affected by changing the number of MOCs added into a droplet (Figure 8). Except for
enhancing the crystallization rate of GI at a low PEG concentration (Figure 8c, 1% PEG20k),
MOCs can also support the crystals’ growth without crystal defects and with homogeneous
size and shape for a GI solution with a high PEG concentration (Figure 8c, 4% and 6%
PEG20k), probably by guiding protein molecules to attach to nuclei of pEF-induced MOCs.
The universal effect of MOCs on adjusting protein crystallization was proved by applying
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them to the Pdx complex (Figure 10). Notably, looped multilayer stacks emerged on the
surface of the Pdx crystals formed with pre-added MOCs but not on Pdx crystals formed
without MOCs. This raised the following questions: which exact mechanism contributed
to the crystallization pathway with the addition of pre-induced MOCs? Do the added
MOCs attach to each other and consume protein molecules in one droplet, or do they attract
newly formed liquid dense clusters which attach to them and re-order to form crystals?
More techniques, such as the transmission electron microscope (TEM), which can monitor
crystallization processes in situ and time-resolved at the nanoscale, are required to address
these questions in future.

5. Conclusions
The obtained data and results from GI show that short-range attractions supported

by multivalent cations are required to support protein orientation and alignment in an
undersaturated solution, despite the contribution of non-specific protein interactions. The
nucleation pathway of GI is adaptable to the changing proportions of specific and non-
specific interactions in the system. In particular, a distinct pEF is effective in driving protein
ordering and clustering in the presence of ions. The structure ordering of clusters always
appeared after the condensing step of GI in the absence of short-range attractions or a pEF,
indicating a two-step nucleation pathway. Conversely, an ordering prior to clustering or
a synchronized increase in both parameters was observed in GI solutions with a relative
high concentration of Mg2+ ions or via the application of a pEF. Here, we also report for
the first time the use of mesoscopic ordered clusters (MOCs) as ‘seeds’ with homogeneous
dimensions, obtained and induced by a pEF, to systematically investigate the effect of
such MOCs on the crystallization process. The application of a pEF and MOCs on the
Pdx complex confirmed the rather substantial effect of pEFs in accelerating the nucleation
process and the role of MOCs in modulating the crystallization pathway. Compared to
the traditional seeding method utilizing a suspension of crushed crystals, the production,
quality and dimensions of pEF-MOCs are reproducible and controllable. In summary, the
data presented show multiple pathways for crystal nucleation and growth in complex
physicochemical scenarios, which so far have not been described. In particular, the method
used to induce mesoscopic ordered clusters by a pEF, which act as crystallization seeds and
can be applied efficiently to modify the crystallization pathway, is most innovative.
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5.3 Formation kinetics and physicochemical properties of mesoscopic a-
synuclein (ASN) assemblies modulated by sodium chloride and a distinct 
pulsed electric field 

Summary 

After obtaining insights about the effect of pEFs on protein phase separation and its subsequent 

transition towards crystallization, we continued exploring the effect of pEFs on protein phase 

separation within the phase transition model of protein fibrillation. Results in this publication 

show the influence of ionic strengths and pEFs on the assembling kinetics of an intrinsically 

disordered protein, ASN, and the physicochemical properties of ASN assemblies, including the 

thermostability and autofluorescence properties. The subsequent fibrillation processes of 

mesoscopic ASN assemblies formed with distinct growth mechanisms and physicochemical 

properties were analysed at different time scales and resolution scales. The corresponding 

molecular mechanism was discussed according to the experimental data obtained from 

measuring the secondary structure and the diffusion interaction parameter (KD) of monomeric 

ASN. It was found that the growth mechanisms and physicochemical properties of mesoscopic 

ASN assemblies can be altered by applying pEFs and a NaCl gradient, which could attribute 

to the alterations of both conformation and electrostatic interactions of monomeric ASN.  

 

Graphic abstract. The thermostability and autofluorescence properties of mesoscopic ASN 

assemblies formed under varied NaCl concentrations and a distinct pEF.144 The scheme on the 

left side is showing a comparison of the thermostability of ASN assemblies induced by 

PEG8000 alone with the ASN assemblies formed with PEG8000 and a gradient of NaCl 

applying a pEF. The graph on the right side is the autofluorescence emission spectra of 

corresponding ASN assemblies shown in the left scheme. The dashed line represents ASN 
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assemblies formed without a pEF. Solid lines in different colours represent ASN assemblies 

formed under a pEF at different NaCl concentrations.



This journal is © The Royal Society of Chemistry 2023 Soft Matter

Cite this: DOI: 10.1039/d2sm01615j

Formation kinetics and physicochemical
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assemblies modulated by sodium chloride
and a distinct pulsed electric field†
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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-associated multivalent
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 ASN monomers,
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 0 mM NaCl 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 18 minutes 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 0–50 mM NaCl (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 250 mM (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.
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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.

Soft Matter Paper

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
3 

Ja
nu

ar
y 

20
23

. D
ow

nl
oa

de
d 

on
 1

/2
9/

20
23

 6
:3

5:
50

 P
M

. 
 T

hi
s a

rti
cl

e 
is 

lic
en

se
d 

un
de

r a
 C

re
at

iv
e 

Co
m

m
on

s A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
Li

ce
nc

e.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sm01615j
王孟颖
63



Soft Matter This journal is © The Royal Society of Chemistry 2023

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 ASN mesoscopic 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 mg mL!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 mM NaCl 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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6 Discussion and Conclusion 

6.1 Effect of EFs on well-folded proteins: Conformational transition, phase 
separation, nucleation, and crystallization 
6.1.1 EFs influence the conformation of well-folded proteins 

As described before, a screening experiment applying distinctive pEFs to a solution of GI 

and other selected model proteins was performed firstly. This experiment aimed to observe 

how proteins with different parameters react to pEFs and which pulsed waveform is most 

evident and efficient for influencing protein LLPS. Due to secondary structure elements and 

the distribution of charged amino acids, most proteins have a non-zero electric dipole moment, 

which causes the reorientation of proteins upon applying an external electric field. After 

analysing the aggregation behaviour of proteins with distinct dipole moments and exposure to 

EFs, it was confirmed that proteins with higher dipole moments are more sensitive to the effect 

of pEFs. Results obtained by optical microscopy and CD measurements showed that the 

applied pEFs not only guided the orientation and motion of proteins in solution but also 

triggered conformational transitions, which changed protein phase behaviours consequently. 

Using computational simulations, Sinelnikova and co-workers investigated the changes in 

orientation and conformation of gas-phase proteins in time-dependent electric fields.145 They 

found that a protein reorientation always occurred before the unfolding of protein structures, 

regardless of the strength of EFs. A minimum field strength of 0.5 V/nm and 45 V/nm is 

required to reorient proteins and break essential structural interactions, respectively.  

6.1.2 EFs modulate the morphologies of protein DLCs/aggregates formed via phase 

separation 

Regarding the spatial distributions, dimensions, and morphologies of protein DLCs, it was 

found that parallel EFs can guide proteins forming DLCs with identical spatial orientation and 

comparable morphologies regardless of the waveforms of pEF. In contrast, the pEFs generated 

by platinum (Pt) wires caused different spatial distribution modes of protein DLCs/aggregates 

in solutions, depending on the waveform applied (Fig.1 in publication 1). Compared to the 

DLCs formed with external pEFs, protein DLCs induced by the pEFs do not fuse with each 

other (Fig. 2 in publication 1), which can be attributed to the polarised ions distributions on the 

surface of protein DLCs, caused by the pEFs. Among all pEFs tested, one specific pEF 

generated by Pt wires and waveform 4 was discovered can induce homogeneous and micron-

sized protein DLCs distributed in a solution evenly, which can phase transit to crystal nuclei 
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(Fig.2 c2-c3 and Fig.4 in publication 1). Kang and Platten analysed effects in lysozyme protein 

aggregates in response to an alternating current (AC) electric field.146 They demonstrated that 

the external AC EFs can disintegrate, polarize, and reorientate the preformed protein 

aggregates. Therefore, using EFs of different configurations and waveforms can modify the 

dimensions, spatial distributions, and phase transitions of protein DLCs during or after 

formation. 

6.1.3 Assembling and 3D-ordering kinetics of well-folded proteins can be accelerated by 

applying a pEF 

The distinctive pEF generated by Pt wires and waveform 4 was applied further to GI 

solutions, as shown in publication 2, to explore further how pEFs influence the assembling and 

3D-ordering kinetics of proteins in different physicochemical environments. Firstly, it was 

confirmed that multivalent ions are more effective than monovalent ions in influencing protein 

phase behaviours, since multivalent ions can induce and form specific and non-specific 

interactions. In contrast, monovalent ions mainly affect the electrostatic interactions of proteins. 

As the second parameter investigated, pEF showed high efficacy in enhancing protein 

assembling kinetics and 3D-ordering in the presence of ions. The effect of pEFs on protein 

interactions can be weakened by adding a low amount of crowding agents to slow down the 

protein motions and can be reinforced by increasing the ionic strength of the solution. By 

adjusting experimental parameters of ionic strength, crowding agent concentration, and pEFs 

applied to the protein solution, I observed multiple nucleation pathways of GI by DLS/DDLS 

method.  

6.1.4 Role of mesoscopic clusters in protein crystallization and the advantages of applying 

MOCs to optimize protein crystallization 

Role of mesoscopic clusters in protein nucleation and crystallization 

Since the discovery of the two-step nucleation theory, it is well known that protein DLCs 

can support the system to overcome the energy barrier of nucleation, thus improving the 

crystallization process. Typical studies about the role of metastable and mesoscopic protein 

DLCs in nonclassical nucleation and growth of protein crystals were also reported by Sleutel 

and co-workers. They showed that mesoscopic DLCs can trigger a self-purifying cascade on 

the surfaces of crystals and can increase the protein nucleation rate significantly.147 Further, 

using time-resolved cryo-TEM to follow the nucleation process of GI, they uncovered a kind 

of mesoscopic protein clusters acting not as precursors of nuclei formation. These mesoscopic 
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protein clusters already showed a degree of crystallinity and can attach with each other in 

orientations to drive further the nucleation events. Eventually, the different binding ways of 

these mesoscopic clusters result in crystal polymorphisms.148 Recently, Sleutel’s group 

demonstrated at the molecular resolution that mesoscopic GI clusters formed in the early stages 

already have the same lattice symmetry as observed for the mature GI crystals.149   

In terms of my PhD research activities, I observed that nanosized protein clusters organizing 

within DLCs support the formation of crystal nuclei, as shown in Fig. 6-1. The protein 

molecules within the nanosized clusters may adjust the orientation to coordinate with the 

surrounding nanosized clusters, forming a more ordered alignment and a stable state as crystal 

nuclei. Questions about 1) whether the molecular alignments of all nanosized clusters within 

one DLC are the same at the beginning and 2) how the molecular alignment changes along 

with time still need to be explored further in the future at nanoscales applying also more 

advanced techniques, such as time-resolved TEM. 

 

Figure 6-1. TEM images of GI crystal nuclei formed under the same condition as the pEF 

sample shown in the TEM results of publication 1. 

The stacking behaviour of protein DLCs during the formation of protein crystals was also 

observed in this research work. GI crystals shown in Fig. 6-2 were formed after adding 

preformed MOCs at a rather low protein concentration of 2 mg/mL GI and a low ionic strength 

of 100 mM NaCl. The alignment and stacking of small clusters within one crystal are 
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pronounced as shown in figures 6-2a, 2d, 2g and 2h. Crystals in figures 6-2b, 2c, 2e, and 2f 

have parallel layers and edges, which can be attributed to the molecular reorientation and 

reorganization of all small clusters within one crystal. Remarkably, a remaining frame of the 

preliminarily formed crystals with the same structure as the final matured small crystals were 

also observed, as shown in Fig. 6-2i. The identical structure and orientation of the remaining 

old crystal frame with the final matured crystal also suggests a growth mechanism of crystals, 

that crystal tightens its structure with time from the out layer to the centre according to the 

crystal lattice formed at the early stages. 

 

Figure 6-2. GI crystals observed in crystallization droplets containing (a-f) 2 mg/mL GI and 

10% PEG20000, (g-i) 2 mg/mL GI and 8% PEG20000, incubated for 100 days at 20℃ in a 

buffer of 10 mM MES pH 6.5 and 100 mM NaCl. Scale bars represent 100 µm. The preparation 

procedure of the crystallization droplets was the same, as for the crystallization droplets shown 

in Fig. 8 of publication 2. 

 

 

 



 73 

Advantages of applying MOCs to optimize protein crystallization 

DLCs of different physicochemical properties can contribute differently to the later stages 

of phase transition. Metastable intermediates of protein DLCs can dissolve with time, while 

DLCs of high viscoelasticity can quench crystallization. The DLS/DDLS results presented in 

publication 2 (Fig. 4 and Fig. 6) showed that the phase separation and nucleation kinetics can 

be adjusted by changing the ionic strength and crowding agent conditions, which are traditional 

ways for screening experiments to obtain suitable crystallization conditions. However, these 

procedures consume a substantial amount of protein and chemical materials. I found that the 

application of pEFs can induce proteins to form homogeneous and mesoscopic ordered clusters 

(MOCs), which are proved to be stable and can be added to fresh crystallization solutions as 

seeds, to overcome the nucleation energy barrier and optimize the crystal amount and 

dimensions (Fig. 8 and Fig. 10 in publication 2). Both monomeric protein GI and the complex 

protein Pdx validated the efficient effect of distinctive pEFs on accelerating protein nucleation 

and the reproducible role of MOCs supporting protein crystallization. As shown in Fig. 6-3, 

homogenous MOCs can overcome the flaws existing in the traditional seeding method (Fig. 6-

3a), which is normally achieved by crushing a large crystal to obtain a seed solution. 

Nonetheless, the quality and size of the crushed seeds is challenging to controlled, so the 

number and quality of crystals grown from those seeds are hardly guaranteed. It is also 

generally time-consuming to screen many conditions to identify suitable crystallization 

conditions before making crystal seeds. From the aspect of applying EFs to improve protein 

crystallization, instead of applying EFs directly to the crystallization solution (Fig. 6-3c), the 

advantage of using EFs to induce MOCs and then apply the EFs-induced MOCs as 

crystallization seeds is to avoid the possible effect of EFs on the native protein 3D structure. 
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Figure 6-3. Comparisons of three different methods for optimizing protein crystallization. (a) 

The traditional seeding method in protein crystallization. (b) The seeding method established 

in this project by using EFs-induced and homogeneous MOCs as crystallization seeds. (c) The 

general way to use EFs to improve protein crystallization. 

6.2 Effect of EFs on intrinsically disordered proteins: Conformational 

transition, phase separation, and fibrillation 

To understand the effect of pulsed EFs and ions on the interaction and phase separation of 

IDPs leading to fibrillation, a Parkinson’s disease-related protein ASN, was employed. It was 

confirmed that pulsed EF of waveform 4 can accelerate the assembling and ordering kinetics 

of IDPs with the presence of ions. It was also discovered that applying pulsed EF and altering 

NaCl concentration can modulate the physicochemical properties of intermediate ASN 

assemblies, such as the optical anisotropy, thermostability, and autofluorescence of mesoscopic 

ASN assemblies.  

Compared to the well-folded protein GI, I found that the monovalent ions as Na+/Cl- can 

modulate not only molecular interactions but also cause conformational transitions of ASN 

(Fig. 7-8 of publication 3). This is probably because more protein domains in unfolded ASN 
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can be approached and affected by ions, as shown in Fig. 6-4. Thus, the relation between the 

electrostatic interaction strength of ASN and the ionic concentration is nonlinear. Dogan and 

collaborators investigated the binding mechanisms of IDPs/IDPRs and reported that the 

conformational changes of IDPs/IDPRs normally appear after the binding of IDPs/IDPRs, 

although sometimes particular secondary elements (such as helices) may form prior to the 

protein-protein interactions.150 Using two oppositely charged IDPs, Berlow and Wright 

revealed that charge complementarity can enable IDPs binding tightly and reversibly, leading 

to an ensemble of protein complex conformations.151 In the case of ASN, having a positively 

charged N-terminal and a negatively charged C-terminal region, the overall conformation can 

differ according to the long-range charge-charge interactions between the two regions. This 

results in a more complicated relationship between protein interaction and conformational 

changes considering the effect of ions. Applying cross-linking/mass spectrometry, Ubbiali et 

al. (2022) reported a hairpin-like structure of native ASN monomers, which can elongate after 

the formation of intermolecular interactions and LLPS.152 

Among the conditions analysed for ASN, pEFs did not trigger a recognisable 

conformational change of ASN regardless of the ionic strengths in the protein solution. Only 

one NaCl concentration of 50 mM was identified by CD inducing an obvious conformational 

change, which triggered attractive interaction of ASN towards the formation of ordered 

mesoscopic assemblies and a faster fibrillation process than other salt conditions. Therefore, 

this work demonstrated that pEFs can modulate the interaction, assembly, and fibrillation of 

IDPs. This pEF-generated effect can be reinforced by increasing ionic strength, except for the 

certain ionic concentrations which can induce protein conformational changes.  

 

Figure 6-4. Schematic comparisons of the well-folded proteins and intrinsically disordered 

proteins (IDPs) in terms of the surface regions accessible to ions. The 3D cartoon structure 

representing the well-folded protein is from GI of S. rubiginosus (PDB code: 4ZB2).153 
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6.3 Conclusions and Prospects 

In summary, this PhD thesis research focused on investigating the effect of physicochemical 

factors, specifically ionic strengths and pulsed EFs, on mesoscopic protein clusters' growth 

kinetics and dimensional properties. Additionally, parameters playing a key role in protein 

crystallization and fibrillation pathways were studied. The presented data contribute to the 

theoretical and practical knowledge and understanding of protein clusters and fibril formation. 

A comprehensive analysis of physicochemical scenarios and consideration of the various 

properties of the selected proteins provided new and additional insights into the processes 

involved in the formation of mesoscopic clusters for both well-folded and intrinsically 

disordered proteins. The experimental results provided an understanding of the molecular 

mechanisms underlying the effects of pEFs and ions on the phase behaviour of well-folded and 

intrinsically disordered proteins. Modulating the physical properties of protein clusters 

provided a deeper understanding of mesoscopic protein clusters and DLCs that play a crucial 

role in protein crystallization and fibrillation. In addition, multiple nucleation and crystal 

formation pathways were observed while investigating different crystallization conditions. 

Thus, this study enriches the experimental database required for understanding phase 

separation, self-assembly, and the nucleation process in proteins. The data obtained and 

presented also provide further knowledge for scientists in other fields to study LLPS, such as 

polymer science and pharmaceutical engineering. In terms of applications, the established and 

presented seeding method applying MOCs can enhance the efficiency and quality of protein 

crystallization experiments. This method was validated to be reproducible and universal for 

model and complex protein oligomers. The obtained results also can inspire the development 

of new physicochemical approaches to intervene in the LLPS, particularly LLPS involving in 

or causing diseases.  
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8 Appendix 

8.1 Amino acid sequence of full-length a-synuclein 
 
 
          10                          20                         30                         40                        50                        60  
MDVFMKGLSK AKEGVVAAAE KTKQGVAEAA GKTKEGVLYV GSKTKEGVVH GVATVAEKTK  
 
          70           80                        90                       100                      110                       120  
EQVTNVGGAV   VTGVTAVAQK TVEGAGSIAA   ATGFVKKDQL GKNEEGAPQE  GILEDMPVDP  
 
                     130                         140  
DNEAYEMPSE    EGYQDYEPEA   ENLYFQG  
 
 
Amino acid in black is the full-length (140 AA) amino acid sequence of Alpha-synuclein. 

Amino acids in red represent the TEV cleavage site. 
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8.2 Protein List 

Protein Organism Supplier Mw 
(kDa)  

Isoelectric 
point  

Dipole 
moment 
(D)  

Buffer 

Glucose 
Isomerase 

Streptomyces 
rubiginosus 

Hampton 
Research 
(USA) 

43.23 5.0 1082 
10 mM MES, pH 
6.5 

Ovalbumin Gallus gallus 

Sigma 
(Germany) 

42.86 5.19 1061 
150 mM K2HPO4-
KH2PO4, pH 7.4 

BPTI Bovine 
6.5 
(58aa) 

10.5 941 
50 mM NaAc, pH 
4.5 

β-
lactoglobulin 

Bovine 18.4 4.76 594 1×PBS, pH 7.4 

Hemoglobin Bovine 
64.5 
(tetramer) 

6.8 201 50 mM Tris- HCl, 
pH 9.0 

Pyridoxal 5-
phosphate 
synthase 
complex 
(Pdx)  

Staphylococcus	
aureus In-house 

product 

670.56 5.25 - 

20 mM Tris-HCl, 
pH 8, 200 mM 
NaCl, 1 mM 
EDTA, 2 mM DTT 
and 10 mM L-
glutamine  

Alpha-
synuclein 

Homo sapiens 14.6 4.67 2764 20 mM Tris, pH 7.4 
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8.3 Instrumentations List 

Instrument Type and Manufacturer  

DLS instrumentation  
Spectrolight300 (XtalConcepts, Germany) 

Wyatt Mobius (Wyatt Technology, USA)  

DDLS instrumentation Development project (XtalConcepts, Germany)  

CD-Spectrometer  JASCO-815 (Jasco, Japan)  

Transmission electron microscope  Jeol JEM-2100 Plus (Jeol, Germany) 

Glow discharge system GloQube Plus (Quorum, UK) 

Optical microscope  
Microscope SZX12 with camera DP10 (Olympus, Japan)  

Leica M205C Microscope (Leica, Germany)   

Confocal laser scanning microscope SP8 (Leica, Germany)  

TECAN plate reader  Infinite 200 PRO (Tecan Trading AG, Switzerland)  

Pulsed electric field instrument KWD-808 (Jiangsu, China)  

Photospectrometry  Nanodrop ND-2000 (Thermo-Scientific, Germany)  

Microbalance Sartorius TE3102S (Sartorius, Germany) 

pH Meter  SevenEasy (Mettler-Toledo, Switzerland) 

SDS-PAGE  

Four Gel Caster (SE275)  

EV 231 (Peqlab, Germany)  

SE260 Mighty Small II Deluxe Mini (Hoefer, US) 

Incubator  
RUMED 3001 (Rubarth, Germany)  

Heraeus B6120 (Heraeus, Germany)  

Centrifuges  
5415R/5415C/5804R/5810R MinispinPlus (Eppendorf, Germany)  

Thinky ARE-250 (Intertronics, UK) 

Äkta purifier  Äkta purifier 900 (GE Healthcare, USA)  
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8.4 Chemical List 

Chemical Supplier  Hazard Statements Precautionary Statements  

Acetic acid  Chem- solute H226, H314 P280, P305+351+338, P310 

Acrylamide Carl Roth 

H301, H312, H315, 
H317, H319, H332, 
H340, H350, H361f, 
H372 

P201, P280, P301+310, 
P305+351+338, P308+313 

Ampicillin Carl Roth H334, H317 P280, P261, P302+352, P342+311 

Ammonium sulphate Carl Roth - - 

Ammonium acetate Carl Roth - - 

Ammonium citrate Carl Roth H315, H319, H335 
P261, P280, P302+P352, 
P305+P351+P338, P312, 
P403+P233, P501 

Ammonium Persulfate 
(APS) 

Carl Roth 
H272, H302, H315, 
H317, H319, H334, 
H335 

P280, P305+351+338, P302+352, 
P304+341, P342+311 

Bromophenol blue Applichem - - 

Coomassie Brilliant Blue 
R250  

Serva - - 

Congo red Sigma H350, H361d P201, P202, P280, P308 + P313, 
P405, P501 

DTT Applichem 
H302, H315, H319, 
H335 P302+352, P305+351+338 

Dipotassium hydrogen 
phosphate 

Applichem - - 

Disodium hydrogen 
phosphate 

Applichem - - 

Potassium dihydrogen 
phosphate 

Applichem - - 

Potassium chloride Carl Roth - - 

EDTA Sigma H319 P305+351+338 

Ethanol Carl Roth H225 P210 

Glutaraldehyde Sigma 

H301+H331, 
H314-H317, 
H334-H335, 
H400-H411 

P221-P273-P280-P301+P310-
P305+P351+P338-P310 

L-Glutamine Carl Roth - - 

Glycerol Sigma - - 

Hydrochloric acid Merck H314, H335 P261, P280, P310, P305+351+338 

IPTG Sigma - - 

Magnesium chloride Carl Roth - - 

MES Carl Roth - - 

PEG3500 Sigma - - 

PEG4000 Sigma - - 

PEG6000 Sigma - - 

PEG8000 Sigma - - 

PEG20000 Sigma - - 

Paraffin oil Applichem - - 
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Potassium thiocyanate 
(KSCN) 

Carl Roth 
H302+H312+H332, 
H412 

P261, P280, P302+P352 

Sodium chloride Carl Roth - - 

Sodium dihydrogen 
phosphate 

Applichem - - 

Sodium fluoride Sigma - - 

Sodium hydroxide Merck H314 P280, P310, P305+351+338 

SDS Sigma 
H228, H302, H311, 
H315, H319, H335 

P210, P261, 
P280, P312, P305+351+338 

Streptomycin sulphate    
Tris Sigma H315, H319, H335 P261, P305+351+338 

TEMED Merck 
H225, H302, H314, 
H332 

P261, P280, P305+351+338 

Thioflavin T Sigma 
H301, H317, H318, 
H319, H400, H410, 
H411 

P261, P264, P264+P265, P270, 
P272, P273, P280, P301+P316, 
P302+P352, P305+P351+P338, 
P305+P354+P338, P317, P321, 
P330, P333+P313, P337+P317, 
P362+P364, P391, P405, P501 

Uranyl acetate Ted Pella H300+H330, H373, 
H411 

P260, P264, P270, P271, P273, 
P284, P301 + P310, P304 + P340, 
P310, P320, P330, P391, P403 + 
P233, P405, P501 

Yeast Extract Serva - - 
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8.5 Supplementary Information-Pulsed electric fields induce modulation of 
protein liquid-liquid phase separation (LLPS) 

  



SUPPLEMENTARY INFORMATION  

Preparation of protein solutions  

Glucose Isomerase (GI) from Streptomyces rubiginosus was purchased from Hampton Research (USA). 
Ovalbumin from Gallus gallus, ȕ-lactoglobulin and hemoglobin from Bovine and bovine pancreatic 
trypsin inhibitor (BPTI) were purchased from Sigma (Germany). These proteins were selected according 
to the individual dipole moment, which was calculated using the Protein Dipole Moments Server1.The 
unit of the dipole moment is Debye (D, 1 D=1×10í18 statC·cm). All buffers and precipitant solutions (SI 
Table 1) were filtered WKURXJK�D�����ȝP or 0.45 ȝP filter (SARSTEDT, Germany). Protein solutions 
were centrifuged for 60 minutes at 16000 × g and ��ႏ�EHIRUH� XVe. Concentrations were measured 
applying a Nanodrop ND-2000 (Thermo-Scientific, Germany). 

Table 1. Solution conditions and molecular parameters of proteins and precipitants 

Protein Glucose 
Isomerase Ovalbumin BPTI ȕ-lactoglobulin Hemoglobin 

Dipole moment (D) 1082 1061 941 594 201 

Mw (kDa) 43.23 42.86 6.5 (58aa) 18.4 64.5 
(tetramer) 

Isoelectric point 5.0 5.19 10.5 4.76 6.8 

Protein buffer 
10 mM MES 
pH 6.5, 500 
mM NaCl 

150 mM 
K2HPO4-

KH2PO4 pH 7.4 

50 mM 
NaAc pH 4.5 1×PBS pH 7.4 50 mM Tris-

HCl pH 9.0 

Initial concentration 
of protein solution 

(mg/ml) 
27 50 40 25 50 

Precipitant 12% PEG 
20000 3 M (NH4)2SO4 

700 mM 
KSCN 25% PEG 3350 9% PEG 6000 

Mixing ratio 1:1 1:1 1:1 1:1 1:1 
 

Setups for producing pulsed electric fields  

Two EF setups were assembled to apply pulsed electric fields (EFs) to protein suspensions. The one 
shown in SI Fig. 1a, is platinum (Pt) wire EF setup, consisted of a rectangular plastic piece in the middle 
with a round cell covered by two rectangular glass plates and two inserted Pt wires with 0.3 mm diameter, 
1.5 cm length and a resistance of approx. 22.5 mȍ at 20 ႏ�(Sigma, Germany). The other one shown in 
SI Fig. 1b, called parallel conductive glass (PCG) EF setup, consisted of a rectangular plastic piece in 
the middle with a round cell covered by two rectangular conductive glasses, which are indium tin oxide 
(ITO) coated with dimensions of 2 cm × 2 cm and a surface resistance of 3.2-4.8 mȍ (Sigma, Germany). 
The ITO coated surfaces of the two glass plates were positioned inwards and facing towards each other. 
The sample container capacity of each EF setup is approximately 45 ȝO. The setup was connected to a 
KWD-808 instrument (Jiangsu, China) which can generate defined pulsed electric fields, as shown in 
SI Fig.1c. The pulse-width (߬) of the basic waveform component in each waveform was 0.6±0.15 ms. 
The maximum pulse amplitude in each waveform outputted on 500 ȍ load (Vmax-500ȍ) during this 
experiment was 20 V. Waveform 1 is composed of equidistant identical pulses. In the waveform 2, 
bunches of rectangular pulses alternatingly appeared at high frequency and low frequency. Rectangular 
pulses appeared in the first half period of waveform 3 with a uniform amplitude, but no pulses output in 
the second half period. The pulse amplitude of the pulse in the waveform 4 rises up in the first half 
period and falls down with identical pulses in the second half period. In the waveform 5, the amplitude 
of the basic pulse rises up in the first half pulse pattern period with no output pulse in the second half 
period. 
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Figure 1 Scheme and photographic pictures of (a) the Pt EF setup and (b) the PCG EF setup. The 
direction and distribution of corresponding EF lines to each EF setup is shown in the left bottom of each 
scheme. (c) Diagrams of five EF waveforms, the maximum output pulse amplitude (VR) depends on the 
resistance (R) of the load. 

Methods and experimental setup applied to monitor protein LLPS applying optical 
microscopy 

Droplets with 1:1 protein to precipitant volume ratio and a total volume of 3 ȝO were sealed with two 
glass cover slides. Then, they were subsequently exposed to EFs and monitored over time by a Leica 
M205C Microscope with an adapted cold light source. Glucose isomerase (GI), ovalbumin, bovine 
pancreatic trypsin LQKLELWRU� �%37,�� DQG� ȕ-lactoglobulin shown in SI Table 1 were selected and 
investigated applying five different EF waveforms (Vmax-500ȍ=20 V) with the Pt EF and the PCG EF 
setup, respectively. Conditions of protein solutions and corresponding precipitants used for the 
experiments are summarized in SI Table 1. To evaluate the morphologies of LDCs nearby the anode 
and nearby the cathode of the PCG EF setup, the pictures were recorded from the anode side (+) and the 
cathode side (-), respectively, by turning the PCG EF setup upwards. 

Polarized and depolarized dynamic light scattering (DLS/DDLS) experiments 

To study the dynamic assembly and the internal order of protein liquid dense clusters applying DLS and 
DDLS, an instrument providing a laser wavelength of 532 nm and a laser output power of 100 mW was 
utilized (SI Fig. 2. XtalConcepts, Germany). The instrument allows to acquire parallel DLS and DDLS 
measurements, each data acquisition of which was for 20 s with 120 s waiting time performed DW����ႏ��
The appropriate viscosity values were considered to calculate the hydrodynamic radii. A transparent 
cuvette (101.015-QS, Hellma Analytics, Germany), with 3 mm × 3 mm inner cross-section and 21 mm 
height was used as the sample container. As shown in SI Fig. 2, two Pt wires were inserted at two 
opposite corners of the cuvette to generate electric fields. In preparation, 20 µL of GI solution at 7.5 
mg/ml was mixed with 20 µL of 12% PEG 20000 and pipetted into a cuvette. The sealed cuvette was 
placed in the cuvette holder of the DDLS instrument and an EF with waveform 4 (Vmax-500ȍ=20 V) was 
applied up to 5 h. 
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Figure 2 (a) Schematic2 and (b) photographic representation of the DDLS instrument. (c) Scheme of the 
cuvette used for the DDLS experiments with two Pt wires. 

 

Sample preparation for Transmission Electron Microscopy 

A volume of 2 µl of GI protein solution was mixed with 2 µl of 12% (w/v) PEG 20000 in the platinum 
wire EF setup and treated with waveform 4 (Vmax-500ȍ=20 V) for 5 hours. Subsequently, the sample was 
centrifuged at 3000 × g for 5 minutes to separate GI LDCs. The supernatant was exchanged with 10 µl 
12% PEG 20000 and centrifuged for 5 minutes at 3000 × g and ���ႏ��7KH�VXSHUQDWDQW�ZDV�H[FKDQJHG�
with 20 µl cross-linking solution (5 mM MES pH6.5, 250 mM NaCl, 6 % PEG 20000 and 2.5 % (v/v) 
JOXWDUDOGHK\GH���ZKLFK�ZDV�PL[HG�ZLWK�/'&V�JHQWO\�WKHQ�LQFXEDWHG�DW����ႏ�IRU����K�WR�VWDELOL]H�/'&V��
After incubation the cross-linked sample was again centrifuged at the same conditions and the 
supernatant was replaced with 10 µl of ultrapure water to wash out most of the buffer components after 
another centrifugation step. Finally, the LDCs were resuspended in 5-10 µl fresh ultrapure water 
(depending on the amount of LDCs pellets) for negative staining to increase the contrast of LDCs. For 
negative staining, a carbon coated 3.05 mm copper grid (300 mesh) (PLANO GmbH, Germany) was 
used. Before loading the sample, the grid was glow-discharged for 30 s at 25 mV (GloQube Plus, 
Quorum). The respective sample solution was pipetted onto the grid and blotted with Whatman paper 
after 30 s, followed by two times grid washing with 10 µl ultrapure water. For staining, 10 µl of 2 % 
(w/v) uranyl acetate in ultrapure water was used and pipetted onto the grid. Afterwards the grid was 
incubated on the droplet surface for 30 s, the uranyl acetate liquid was blotted with Whatman paper and 
finally the grid was dried on the Whatman paper. A Jeol JEM-2100 Plus transmission electron 
microscope operated at 200 keV was used for the imaging experiments. 

Methods and experimental procedure of Circular dichroism spectrum 

CD spectroscopy was applied to investigate the secondary structure content of selected proteins with 
distinct solvents composition under different EF conditions using a JASCO-815 spectropolarimeter 
(JASCO, Japan), applying in parallel EFs with five different pulse waveforms, respectively. For 
experiments 100 µL protein solution at a concentration of 0.2 mg/ml was pipetted into a microplate 
(PolySorp F8-Wells Nunc-Immuno Module, VWR, Germany) with two Pt wire- electrodes attached to 
expose protein samples with five pulsed waveforms (Vmax-500ȍ=20 V), respectively. After 1 hour of 
exposure, the protein samples were transferred to a quartz cuvette with 1 mm path length (Hellma-
Analystics, Germany). Protein solutions used for all groups were prepared in one tube to keep the same 
protein concentration. CD measurements were averaged over 10 individual spectra, recorded within a 
wavelength range of 260 - 190 nm, with a scanning speed of 100 nm/min and a bandwidth of 1 nm. The 
spectra were evaluated by the Software Spectra Manager from JASCO.  
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Supplementary Figures 
 

 
 

Figure 3 LDCs of ovalbumin formed with (a) the Pt EF setup and (b) the PCG EF setup. The dimensions 
of LDCs formed with Pt EFs are smaller compared to those formed with PCG EFs when applying 
waveforms 3 and 5. The phase separation was hindered when EFs of waveforms 1, 2, and 4 were applied 
and reversible when EFs with the waveforms 1, 4 and PCG EF with waveform 2 were switched off. 
Irreversibility was observed for waveform 2 of the Pt EF setup. This observation is probably explained 
by the high frequency and average pulse amplitude of waveform 2. The scale bars correspond all to 25 
µm. 
 

 

Figure 4 LDCs of BPTI formed with (a) the Pt EF setup and (b) the PCG EF setup. No LLPS was 
observed after mixing BPTI with KSCN at 20ႏ when an EF was absent (control). Generally, the LDC 
formation of BPTI in the presence of SCN- is reported to be temperature dependent,3 therefore, the 
droplets in the control sample remained clear even after an incubation of 24 hours. However, LDCs 
appeared in the same condition after 1 hour of applying Pt wire EFs. Induction of BPTI phase separation 
did not appear when applying the EFs based on parallel conductive glass. All scale bars correspond to 
50 µm. 
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Figure 5 LDCs of ȕ-lactoglobulin formed with (a) the Pt EF setup and (b) the PCG EF setup. No 
apparent morphology differences between LDCs induced by different EF waveforms were observed. 
The dimensions of LDCs nearby the anode were larger than those formed nearby the cathode, due to the 
overall negative net charged ȕ-lactoglobulin. The size and shape of LDCs nearby the cathode were 
uniform. The scale bars are all 200 µm.  

 

Figure 6 Images show protein migration and phase separation of (a) ȕ-lactoglobulin at pH 7.4, (b) ȕ-
lactoglobulin at pH 4.8, (c) BPTI at pH 4.5, and (d) BPTI at pH 10.5 in a Pt EF of waveform 3 (Vmax-

500ȍ=20 V). Scale bars correspond all to 300 µm. In images b and d, ȕ-lactoglobulin (pI=4.76) and BPTI 
(pI=10.5) solutions were at their isoelectric point, respectively. Thereby, due to an overall net charge 
close to zero no protein migration was observed. Solutions of ȕ-lactoglobulin and BPTI in images a and 
c were adjusted to a negative overall net charge and positive overall net charge, respectively, for which 
protein migration and LDCs were observed in the presence of EFs. More LDCs of positively charged 
BPTI appeared near the anode in image c. This unexpected result was also observed and explained by 
Hammadi et al. when investigating protein crystallization induced by a local electric potential.4 It was 
elucidated that decamers and monomers coexist in an acidic BPTI solution and the decamers have lower 
speed of electrophoretic motion than the monomers, 0.32 and 0.36, respectively. Therefore, theBPTI 
decamer to monomer ratio increased towards the anode, which locally increased the supersaturation near 
the anode. Consequently, more BPTI LDCs formed in close proximity of the anode.5 Time intervals 
indicated in the pictures are showing the application time of the EFs. 

 

王孟颖
95



Figure 7 Protein migration and phase separation of (a) GI (dipole moment = 1082 D), (b) BPTI (dipole 
moment = 941 D), (c) ȕ-lactoglobulin (dipole moment = 594 D), and (d) hemoglobin (dipole moment = 
201 D) under a Pt EF with waveform 3 (Vmax-500ȍ=20 V). Scale bars correspond all to 300 µm. Time 
intervals indicated in pictures are showing the application time of the EFs. The sample droplet conditions 
for each protein are summarized in SI Table 1. It can be concluded that the migration rate of proteins to 
either electrode sequentially increased with the increase of the characteristic dipole moment. GI, with 
the highest dipole moment among the four proteins, showed the highest migration rate. A dense phase 
within the GI solution surrounded the anode after 15 min of EF application. Hemoglobin clusters, with 
the lowest molecule dipole moment of 201 D, did not undergo any migration in the droplet, despite 
exposure to an EF for a rather long time of 170 min. 
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8.6 Supplementary Information-Formation kinetics and physicochemical 
properties of mesoscopic a-synuclein (ASN) assemblies modulated by 
sodium chloride and a distinct pulsed electric field



Supporting Information for: 

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,b, c, d Robin Schubert,e Susanna Gevorgyan,a Kristina Lorenzen,e Hévila 

Brognaro,a Christian Betzel a, f   

a University of Hamburg, Laboratory for Structural Biology of Infection and Inflammation, Institute of 

Biochemistry and Molecular Biology, Notkestrasse 85, c/o DESY, Building 22a, 22607 Hamburg, Germany. 

b Technology Platform Light Microscopy, University of Hamburg, Mittelweg 177, 20148 Hamburg, Germany 

c Center for Structural Systems Biology (CSSB), Notkestrasse 85, c/o DESY, Building 15, 22607 Hamburg, 

Germany 

d Technology Platform Microscopy and Image Analysis (TP MIA), Leibniz Institute of Virology (LIV), 

Martinistrasse 52, 20251 Hamburg, Germany 

e European XFEL GmbH, Holzkoppel 4, 22869 Schenefeld, Germany. 

f Correspondence: christian.betzel@uni-hamburg.de 

 

Experimental materials and methods 

Expression and purification of recombinant !-synuclein protein. 

A single colony of E. coli BL21(DE3) was cultured in 100 mL LB medium (150 mg/L ampicillin) at 37 °C up 

to OD600 between 0.7–1.5. Obtained cultures were induced by adding 1 mM IPTG and the following protein 

expression was performed up to 3 hours. Afterwards the cells were pelletized and resuspended in 0.75 mL of 

buffer (50 mM Tris pH 8.0, 10 mM EDTA, 150 mM NaCl). Resuspended cells were boiled for 10 min and 

then pelletized at 21130 x g for 5 min. The supernatant was transferred to a new tube and spined for 2 min 

after adding streptomycin sulfate (136 μL of a 10% solution/mL of supernatant) and glacial acetic acid (228 

μL/mL of supernatant), followed by one step of precipitation with saturated ammonium sulfate at 4 °C. 
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Precipitated protein was again pelletized and one time washed with 1 mL of ammonium sulfate solution (1:1 

(v/v) saturated ammonium sulfate (4 °C) and ddH2O). The washed pellet was resuspended in 900 μL of 100 

mM ammonium acetate and precipitated by adding 900 μL of ethanol at 20 °C. This step was repeated twice 

and followed by a resuspension in 20 mM Tris pH 7.4, 250 mM NaCl and 1 mM DTT. The resuspended 

solution of ASN tagged with 6x histidine amino acids was incubated with TEV protease overnight at 4 °C to 

the His-tag hydrolysis and ASN was purified by Ni-NTA column. Finally, monomeric ASN was obtained by 

performing the size exclusion chromatography utilizing a HiLoad 16/60 Superdex 75 pg column (Sigma, 

Neustadt, Germany) equilibrated with 20 mM Tris buffer pH 7.4, 250 mM NaCl and 1 mM DTT. The purity 

and dispersed homogeneity of obtained protein material was analyzed by a 12% SDS-PAGE and DLS 

(Supplementary Figure 1), which demonstrated the molecular weight to be 18 kD1 and showed a 

hydrodynamic radius of 3.65 ±	0.51 nm (PDI: 15%) of monomeric ASN.  

Polarized and depolarized dynamic light scattering (DLS/DDLS). 

The in-house built DDLS instrument used for the experiments has been described previously.2 Briefly, a laser 

beam with a wavelength of 532 nm and output power of 100 mW is polarized by a vertical polarizer before 

passing a sample solution. The vertical component and horizontal component of the scattered light were 

collected simultaneously by an objective (Plan APO ELWD 20 × 0.42 WD = 20) directly at 90° and by a 

polarizing beam splitter (Qioptic Photonics, Göttingen, Germany), respectively, to generate the DLS and 

DDLS signals. A transparent quartz cuvette (101.015-QS, Hellma Analytics, Munich, Germany) with inner 

dimensions of 3 mm × 3 mm × 21 mm was used and immersed into an index matching water bath (1 mm 

thickness). For applying the pulsed electric fields (EFs) during DLS/DDLS measurement, two platinum (Pt) 

wires with 0.3 mm diameter, 25 mm length and a resistance (R) of approx. 37.5 mΩ at 20 °C (Sigma, Neustadt, 

Germany) were inserted at two opposite corners of the cuvette. The up-and-down waveform of the applied 

pulsed EF was shown in previous publications,3,4 having a pulse width of 0.6 ± 0.15 ms with a maximum 

output pulse amplitude of 30 V and no more than 1 V of minimum amplitude on 500 Ω load.  

For DLS/DDLS measurements a 40 μL ASN solution was pipetted into the cuvette and sealed with a cover 

slide. Each data point was collected with an acquisition time of 20 s, followed by a delay time of 20 s. The 
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hydrodynamic radii (Rh) of the proteins were calculated based on the Stokes-Einstein equation (equation 1)5 

and Stokes-Einstein-Debye equation (equation 2)6: 

&!= "!#
$%&'"

  (1) 

&(= "!#
)%&'"#

  (2) 

where Dt and Dr represent the translational and rotational diffusion coefficients, respectively, obtained from 

the corresponding autocorrelation function applying the CONTIN algorithm.7 KB is the Boltzmann coefficient; 

T is the absolute temperature and η is the viscosity value of the solution.  

An appropriate viscosity value of each sample solution was considered for the Rh calculations. ASN solutions 

were prepared in 20 mM Tris buffer pH 7.4 and a gradient of NaCl (0, 50, 150, 250 mM). To monitor the radii 

and structural evolution of ASN clusters 15% PEG8000 was introduced into 50 μM ASN solutions. All sample 

conditions were used for experiments without and with exposing sample solutions with EFs for 2 hours.  

Imaging via optical brightfield microscope and transmission electron microscopy (TEM). 

The phase diagram of ASN was investigated at 20	℃ in a protein concentration range of 5-500	µM, applying 

PEG8000 as crowding agent from 0 up to 20% (w/v) 20 mM Tris buffer pH 7.4, 150 mM NaCl. Images of 

droplets were recorded applying a cold-light source Leica M205C microscope after 1, 24, 48, and 72 hours.  

For TEM imaging the same sample conditions were applied as for the DDLS experiment. After 3 days 

incubation at 20	℃, a 4	µL of ASN solution was pipetted onto a quantifoil holey carbon coated copper grid 

(quantifoil 1.2/1.3, 400 mesh, Science Services, Germany), which was glow-discharged for 30 s at 25 mV 

(GloQube Plus, Quorum) before using. Samples were blotted with a Whatman paper after 30 s incubation, 

following by two times of grid washing with 10	µL ultrapure water. Afterwards, the grid was placed on the 

droplet of 10	µL of 2% (w/v) uranyl acetate for negative staining. After 30 s, the grid was removed from the 

uranyl acetate droplet, blotted and dried on the Whatman paper. TEM images were recorded using a JEM 

2100-Plus with 200 kV acceleration voltage.8 

Congo red staining and Thioflavin T (ThT) fluorescence assays. 

0.1% (w/v) Congo red solution and 1 mM Thioflavin T (ThT) solution were prepared in 20 mM Tris buffer 

pH 7.4 and filtered through a 0.2 μm filter (SARSTEDT, Germany). For Congo red staining, 0.3 μL of 0.1% 
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(w/v) Congo red solutions were added to 3 μL of ASN droplets. After 5-minute incubation at 20	℃, the 

droplets were observed applying a Leica M205C microscope.  

For ThT assays 1 μL of ThT solution was added to 50 μL ASN sample using a Corning 384 flat bottom black 

polystyrene plate (Sigma, Neustadt, Germany). The fluorescence intensity was recorded from the top at 20℃ 

using a TECAN plate reader (Infinite 200 PRO, Tecan Trading AG, Switzerland) at an excitation wavelength 

of 440 nm and recording an emission wavelength of 480 nm. Assays were performed in triplicates. 

Determining the diffusion interaction parameter (KD) and analyzing the thermostability of !-synuclein 

via DLS. 

A Wyatt Mobius instrument (Wyatt Technology, Santa Barbara, CA, USA) with a sample temperature 

controller (4-70 	℃) and) and laser wavelength of 532 nm was used to analyze the thermostability and 

determine KD of ASN. The translational diffusion coefficient &!  determined by DLS is a function of 

concentration c 9: 

&!=&*(1+)+c)  (3) 

where &* is the diffusion coefficient at infinite dilution, and c is the concentration of the protein in mg/mL, 

)+ is the first-order diffusion interaction parameter.  

For the determination of ASN )+	values in different NaCl solutions, six concentrations of ASN ranging from 

1 to 11 mg/mL were applied. Each sample, centrifuged for 1 hour at 21130 x g and 4	℃	prior to DLS 

measurements, triplicates with a recording time of 5 s and an interval time of 1 s were measured. The 

corresponding )+ value of ASN under each NaCl condition was calculated and analyzed applying the software 

DYNAMICS, applying equation 3. 

For the thermostability measurements, the Rh of monomeric ASN at 100	µM in 20 mM Tris buffer pH 7.4 and 

at different NaCl concentrations (0, 50, 150, and 250 mM) was measured firstly applying a ramp-up 

temperature (20	℃ up to 70	℃) followed by a ramp-down temperature gradient (70	℃ to 20	℃). Rh values of 

ASN assemblies induced by 15% PEG8000 in the presence and absence of EFs in solutions with 20 mM Tris 

buffer pH 7.4 and a series of NaCl (0, 50, 150, and 250 mM) were measured with identical temperature 

gradients, increasing up to 70	℃ firstly and then cooling down to 20	℃, in a ramp speed of 1	℃/min. The DLS 
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data were recorded with a temperature step of 1	℃ and each data point generated is the average of triplicate 

acquisitions applying an acquisition time of 5 s in intervals of 1 s. 

Wyatt DYNAMICS uses two types of fits for autocorrelation functions, cumulants and regularization fits. The 

cumulants fit assumes one population of particles with a single average diffusion coefficient and a single 

standard deviation about the average, while the regularizations fit assumes the presence of any number of 

populations of particles and each with its own polydispersity. Following the DYNAMICS user guide, the 

cumulant radii derived from the cumulants fit were used to calculate the KD values and were used for the 

temperature-dependence analysis.10  

Characterizing the autofluorescence of assembled !-synuclein applying confocal laser scanning 

microscopy (CLSM). 

A confocal laser scanning microscope (SP8, Leica) equipped with a 405 nm laser excitation source, spectral 

detector, and a 63x oil immersion objective with a numerical aperture (N.A.) of 1.4 was used for imaging and 

fluorescence detection. 150 μL of samples were loaded into the wells of an 8-well chambered coverslip with 

300 μL/well capacity and a glass bottom of 170 μm	±	5 μm thickness (µ-Slide 8 Well high Glass Bottom, Ibidi 

GmbH, Gräfelfing, Germany). To measure fluorescence spectra an excitation at 405 nm was used and the 

fluorescence intensities were detected in the wavelength range of 420-780 nm with a detection bandwidth of 

20 nm and a step size of 3 nm. The fluorescence spectra of manually chosen background regions were 

subtracted from the spectra of ASN assemblies. Data analysis was performed applying GraphPad Prism 

software (Version 9.2.0, San Diego, US) and the normalized spectra were plotted and fitted with a polynomial 

function of six orders.   

Measuring the secondary structure of monomeric !-synuclein applying circular dichroism.  

ASN at 1 mg/mL in 20 mM Tris buffer pH 7.4 was prepared with four different concentrations of NaF (0, 50, 

150, 250 mM) and centrifuged at 16000 x g, 4	℃	for	1	h. For investigating the effect of EFs on the secondary 

structure of ASN, a 50	µL ASN solution was exposed to EFs for 1 hour, followed by 5-minutes centrifugation 

at 21130 x g and 20	℃ to remove aggregates. All samples not exposed or exposed to EFs were diluted by the 

corresponding buffer to a final concentration of 0.2 mg/mL ASN. Finally, all diluted samples were transferred 

to a quartz cuvette with 1 mm path length (Hellma- Analystics, Germany) and were measured applying a 
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JASCO-815 spectropolarimeter (JASCO, Japan). In each measurement 10 individual spectra were averaged, 

recorded within a wavelength range of 260-190 nm, with a scanning speed of 100 nm/min and a bandwidth of 

1 nm. The spectra were evaluated by the Software Spectra Manager from JASCO. 

 

Supplementary figures 

 

Supplementary Figure 1. Quality control of purified !-synuclein applying (a) 12% SDS-PAGE and (b) DLS. 

 

Supplementary Figure 2. Phase diagram of !-synuclein obtained after 24-hour incubation at 20 ℃	in solutions of 20 

mM Tris pH 7.4, 150 mM NaCl, and PEG8000. The scale bar corresponds to 10 µm. 
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Supplementary Figure 3. Phase diagram of !-synuclein observed after 48-hour incubation at 20 ℃	in solutions of 20 

mM Tris pH 7.4, 150 mM NaCl, and PEG8000. The scale bar corresponds to 10 µm. 

 

Supplementary Figure 4. Phase diagram of !-synuclein collected after a 72-hour incubation at 20 ℃	in solutions of 20 

mM Tris pH 7.4, 150 mM NaCl, and PEG8000. The scale bar corresponds to 10 µm. 
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Supplementary Figure 5. (a) Examples of monodispersed and stacked globular assemblies of ASN stained by 0.01% 

(w/v) Congo red. (b) The Congo red staining results for ASN assemblies formed after 3 days in solutions of 50 µM ASN, 

15% PEG8000, and a NaCl gradient without (control) or with the application of a pulsed electric field (EF) at 20	℃. 

 

Supplementary Figure 6. Regularization autocorrelation function (ACF) curves of DLS measurements for !-synuclein 

with the increase (20	℃ → 70	℃) and decrease (70	℃ → 20	℃) of the temperature in different solutions.  
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Supplementary Figure 7. Representative three-dimensional images of !-synuclein solutions scanned in-situ by confocal 

laser scanning microscopy (CLSM), after 2-hour incubation at 20	℃ without (control) or with the treatment of a pulsed 

EF. 
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