Establishment of a model for se&lEsembly processes in

biological systems

Dissertation

zur Erlangung des akademischen Grads
Doktor der Naturwissenschaften
Dr. rer. nat.
von

Benjamin Hamisch

geborenam 30.09.1990

in Bad Driburg

Paderborn

Juni2022






Die vorliegende Arbeit wurde im Zeitraum von Februar 201 3um&022 im Fachbereich fir
Physikalische Chemie der Fakulfir Naturwissenschaften der Universitat Paderborn unter

der Betreuung von Prof. Dr. Klaus Huber angefertigt.

Prifungsausschuss:
Prof. Dr. Klaus Huber Erstgutachter
Prof. Dr. Simon Ebbinghaus Zweitgutachter

Prof. Dr.Thomas Kihne

Prof. Dr. Sabine Fechner Vorsitz

Tag der Einreichung: 21.062022
Tag der mundlichen Prufung: 25.07.2022






Hiermit erklare ich, die vorliegende Dissertationsschrift selbsténdig verfasst zu haben. Die
dazu genutz Literatur, zu Hilfeleistungen herangezogene Institutionen sowie Beitrage
anderer Personen zu dieser Arbeit werden im Rahmen der Dissertationsschrift vollstandig

angegeben bzw. kenntlich gemacht.

Paderborn Juni2022

Benjamin Hamisch






Danksagung

An erster Stellendchte ich meineank an meine®oktorvater Prof. Dr. Klaus Hubgchten.
Er hat mich viele Jahre meines Akademikerlebens begleitet und war sietsiul3erst
hilfreicher Diskussionspartnemd ich habe lhn als Betreuer sehr wertgeschéatzt. Vielen Dank
fur all die hilfreichen Gespréache, fur die enorme Unterstlitzung diel malRgeblichen

DenkanstoRRe.

Ich bedank mich beiProf. Dr. Simo&Ebbinghausiir die Ubernahme des Zweitgutachtersd
fur die produktive gemeinsame KooperatiorseinemMitarbeiter Roland Pollak gebthrt ein
weiterer Dank, die Zusammenarbeit in Braunschweignhia sehr viel Spafl3 bereitet und war

auRersterkenntnisreich

Ich mdchte mich auchbei Prof. Dr. Oliver Strube fur dieahlreichen erfolgreichen
Diskussionen rund um das Thema Fibrinogen bedanken. Unsere Koopeératiote nicht nur
zwei erfolgreiche Publikationen hervor, sondebildete wahrend meiner Masterarbeit
zugleich auch derGGrundsteinfir meine akademische Laufbahim. diesem Kontext gilt ein
besonderer Dank an Anne Bingel&ieist eine kompetente Kollegin undute Freundin

zugleich, danke dass du immer ein offenes Ohr flr mich hattest.

Allen Kollegen des Arbeitskresvon Prof. DiHubermdchte ich meinen Dank aussprechen

Ich habe mich von Tag eins an gut aufgenommen gefuhlt, ihr habt mich lange Zeit meines
Lebens begleitet und wart maf3geblich am Erfolg meibschlussarbeiten sowie meiner
Promotion beteiligt. Danke Markus, Marina, Nico Schmidt, Nico Carl, Kate, Fabamund
Wenke!

Auch meinen ehemaligen Kommilitonedineyt, Dennis und Simaomdchte ich fir die
unvergessliche Studentenzeitinken. Die Prakttknsvorbereitungen in der Cafete sowie die

lustigen Abende der Chemikerfetsind nur zwei von unzahligen schénen Erinnerungen.

Abseits des Universitatslebens mdchte acltchmeinen Freunde meinen Dank aussprechen.
Ihr habt mich stets unterstitztund habt fur den nétigen Ausgleich wahrend der
Doktorandenzeit gesorgOhnesolch ein Rickgrat ware vieles nicht méglich gewesen. Danke
Meike, Patrick, Tobiag\ndreasund Rahel!



Abschliel3end mochte ich meiner Familie dankéelen Dank, dass immer fir mich da seid
und ich stets auf eure Unterstitzung zahlen ka@hne euch ware ich nichodt, wo ich jetzt

bin, ihr seid mein grofites Gluck.

Vi



Zusammenfassung

Das Ziel der vorliegenden Arbeit ist die Etablierung eines Modellsgst@sierencauf dem
Farbstoff Pseudoisocyaninchlorid (PIZ)r Untersuchung von Aggregationsprozessen in
Biosystemen mit Hinblick a@frowdingEfekte. PIC weist viele &hnliche Eigenschaften auf, die
auch in Proteinen wiederzufinden sinBIC weist, wieahlreiche Proteinegine marginale
Wasserldslichkeit auf, u8erdem besteh PICaus einer Mischung von hydrophilen und
hydrophoben Bereichen, welche die Selbstassemblierung in einer Vorzugsrichtung
ermdglichen Im Falle von PIC wird das Produkt der Selbstassemblieggrégat genannt
welche bei gegebener Konzeation gebildetwerden, sobald die Aggregationstemperatur
unterschritten wrd. Dabei handelt es sich um fibrillare Struktureéihnlich wie die Aggregate

von amyloidogenen Proteinen.

Um den Mechanismus deBildung von JAggregatersowie deren Struktuezu untersuchen,
wurde sich in dieser Arbeit der statischen und dynamischen Lichtstrebedgnt. Die
Bestimmung der Konzentrationsabhangigkeit der Aggregationstemperaawie die
Charakterisierung der Bildung von PIC Oligomeren wumiit UWWVis Spektroskopie
untersucht.Um Crowdingeffekte und somit die zellulére Situationu simulier@ wurden vier
verschiedene Stoffe genutzt, Triethylenglly(TEG), Polyethylengbl (PEG), Ficoll 400 sowie
Sucrose.Erganzendwurden in vivo Expermmente in HeL&ellen in Kooperation mit dem
Arbeitskreis Ebbinghaus in Braunschweig durchgefikhn das volle Potential des
Modellsystems PlGuszuschopfenwurde aulRerdem eine Methodentwickelt, um die
Probenzusammensetzung von PIC oberhalb und unterhalb der Aggregationsschwelle zu
guantifizieren Dies ermoglicht die Beschreiburdgr Konzentrationen von Monomeren,

Oligomeren (N3) und JAggregaten

Zusatzlichwurde die Selbstassemblierung voibrdnogen in Abwesenheit von Thrombin
mittels zeitaufgelOster statischer und dynamischer Lichtstreuanglysiert als ein Beispiel

fur Aggregationsphanomene in biologischen SysterDatei konnte gezeigt werden, dass der
Mechanismus der Selbstassemblieguginer Koagulation entspricht, welche abhéngig von der
lonenstarke entwederreaktions (DLCA)der diffusionslimitiert (DLCA)st. Dabei werden
globulare Strukturen gebildddie Einfuhrung des synthetischen Crowders Ficoll 400 fuhrt zu

einerbeschleunigten Aggregation.
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Abstract

The scope of the present work is the establishment of a model system based on the dyestuff
pseudo isocyanine chloride (PH3)a tool to investigate sedfssembly processes in biological
systems with special regard twowding effects. PIC has many similar properties which can
also be found in protein®I1C, as well as various proteiaghibitsa marginal solubility in water
together with a mixture of hydrophilic and hydrophobic spots, which enables the self
assemblyn a preferred directionln case of PIC, the product of safsembly is called J
aggregate, which are found at a given concentration when the aggregation temperature is
undershoot.They are characterized as fibrillar structures, similar to the aggregaigisated

from amyloidogenic proteins.

Investigation of the mechanistic features ofaggregate formation as well athe
characterization of the aggregate structure has been done wititic and dynamic light
scattering Determination of the concentration dependency of the aggregation temperature
together with the characterization of thiermation of PIC oligomelsas been carried owvith
UW-Vis spectroscopyTo simulate crowding effects, and therefore simulate a callul
environment four different chemicals were usettiethylene glyco{TEG), polyethylene glycol
(PEG), Ficoll 400 and sucroS®mplementing thisin vivoexperiments in HelLa cells were
conducted in cooperation with the working group Ebbinghaus in Bichumeig To exploit the

full potential of PIC as a model systemn method was developed to quantify the sample
composition of PIC above and below the aggregation threshidiis method enables the

description of the concentration of monomers, oligom@diQl) and Jaggregates.

The transition to a biological relevant system was established with the analysis of the protein
fibrinogen. The selissembly ofibrinogenin the absence afhrombin was investigated ih
time-resolved static and dynamic light scattering. It could be shown that the underlying
mechanism of the selissembly is classified as a coagulation, which is eitheted by
reaction (RLCA) oby diffusion (DLCA)depending on the ionic strengt&ldoular structures

are generated.Introduction of the synthetic crowder Ficoll 400 lead to an accelerated

aggregation.
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1. Introduction and Objective

1. Introduction and Objective

1.1 Introduction

The seHassembly of proteins in biological systems is a highly complexafieldhus offers a
plethora of interesting scientific problems. Safsembly processes perforonucial tags in
living systems, for example tifermation of the cytoskeleton ofellsvia actin, tubulin and
intermediate filament proteing! It can also be harmfumostly in terms of amyloidogenic
diseases,like for instance theimbalance 2 ¥ -Amyloid production and clearance. This
imbalance leads to neurotoxic aggregdtss ¢ KA OK Aa NBfIFGPRR (2 1K

Fibrinogen is a prominent example for a protein whose aggregates are connected to a pivotal
mechanism protecting the organism oritifoccurs at the wrong time in the wrong place can

be harmful to it. Fibrinogen is a glycoprotein which consists of two identiclrbains and a

central Edomair¥l. Each of the fibrinogen halves is composed of three subadits i | y R
which are connecte via disulfidebridges in the central-Homain. Ntermini of all subunits

are located in the central -Bomain. The protein is present in the blood stream with a
concentration of around 2 to 6 g/Pl.Small angle-xay scattering experiments revealed a rod

like structure of fibrinogen in buffered solution with an approximate length of 45 nm and a
diameter of 9 nm® Fibrinogen plays an important role in the formation of blood clots, an
essential process for the survival of vertebrafétn case of a tise damage, the glycoprotein

is activated via a complex cascade of interconnected reactibAsey step of the cascade is

the cleavage of the Nerminiof theal YR I OKI Aya @Al GKS Syl eayvysS i
the conversion from fibrinogen to fibr.®! This cleavage creates possible binding sites on
fibrin, enabling the norcovalent seHassembly towards protofibrils which align to rojiee

fibrils®! In a final step of the clot formation, covalent binding between fibrin is induced via the
enzyne factor XII1&%, leading to a network of interconnected fibrin molecules, which closes

the tissue damage. However this can also be harmful as localtgpexific formation of fibrin

clots can cause strokes or thrombo&is.

It is known that fibrinoge can undergo sekisssembly under certain conditions also in the
absence of thrombin, as for instance in the presence of specific metal ions or by ozone
oxidation!'>13] Those generated aggregates may also facilitate accidentiatdesined
formation ofclots. Therefore, it is of great interest to elucidate the mechanisms of aggregate

formation of fibrinogen, also in the absence of thrombin.

1



1. Introduction and Objective

A better understanding of the accidental sasembly of proteins within biological systems

in general opens up thpossibility to gain better knowledge on diseases associated with the
products of those selassembly processes. Investigations of biological systems are highly
complex and are accompanied with an enormous parameter space, such as pH, concentration,
temperature, the presence of different proteins or other components aside from the target
protein, which makes it hard to reprodué8 processes with those systems and causes distinct
discrepancies between in-vivo measurements and observations fromin-vitro
experiments!>6l This complexity of protein systemsogether with the sophisticated
handling of proteins, creates a need for model systems similar to protein systems but more
robust. One promising approach is the use of a dyestuff as a protein subsfitaé specific
pattern of hydrophobic spots, ionic groups and residues suited to foitmordl can be found

in both substance classes, together with a marginal solubility in water. Those features are
predominantly responsible for sedfssembly processesdeing to fibrillar structures with long

range ordering in at least one directidifl

The cationic dyestuff pseudo isocyanine chloride (PIC) is a promising candidate. The molecular
structure of PIC is shown iRigure 11. PIC was firstly investigated by Jéh&y! and
Scheib&%21], |t shows a sharp absorbance peak at 573 nm as soon as aggregates are formed
in solution. The formation of aggregates, which are calledjgregates, is induced by a
temperature drop with he aggregation temperature being decreased the lower the
concentration of PIC is. The aggregation threshold can be séagure 11 for PIC in aqueous
solution and in 0.01M NacCl solution. Samples which are kept above the respective threshold
do not exhilit Jaggregates. The addition of sodium chloride shifts the aggregation threshold
to lower concentrations. A physical reasoning for this shift is still absent. However, one has to
keep in mind that introduction of sodium chloride does not only lead tormneased ionic
strength, but also adds one of the reactants of the aggregation process. Thus, determination
of the origin of the shift requires a detailed study with a focus on the separation of the various
impacts triggering an aggregation. It was obsertieat use of other salts (NaGIONaNQ)

leads to precipitation of the dyestuff without amadgregates being formed (data not shown).

A similar effect is observed when dissolving the iodide analogue of PIC ift@ater
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Figurel.1l: The phase diagranf @seudoisocyanine chloride (PIC) in aqueous solution (black)
and in 0.01M NacCl (red) together with the structural formula of PIC.

Aside from hggregates, other species are present in solution, denoted-aggregates. The
difference between those twoypes of aggregates lies in the way monomers align within the
aggregates and in the size of the aggregates-dgglegates the monomers tend to overlap

0 K S %ystenis in a tilted heatb-end alignment, as also proposed by the most recent
structure model fom von Berlepsch et &2 derived from xray diffraction experiments. In
contrast, monomers within an4dggregate are more aligned in a faceface manner. The
differences in the mode of alignment of molecules within those aggregates is also the reason
of the shift in absorption peaks of those species in relation to the monomer peak, as it was
quantified with the exciton mod&. Beside the structural differences-dggregates are
occurring as oligomers while the number of monomers withiraggregate exceeds several
hundred. Fidder and Wiersri#é stated 100 monomers as a lower limit while investigation of
the annihilation of Bgle excitons, performed by Sundstrom et?dl. suggest an aggregation

number in the regime of 20* to 510

Kopainsky was one of the first who established an absorption spectrum of dimeric H
aggregate’d’l. Absorption measurements at low temperaturesonducted by Cooper,
revealed additional shoulders at the peak arourd&483nm, which are indicating H

aggregates of higher degree of oligomerizati®inHe calculated theoretical molecular exciton

3



1. Introduction and Objective

shifts of trimers, tetramers and pentamers, which weiound to be in agreement with
experimental results. The observed shoulder peaks can indeed be attributecdggridgates

with N > 2. Isolated spectra of these species are not published by now.

Having identified PIC as a suitable candidate to represpritain-like substitute, one further
important aspect has to be considered for developing model systems to study protein
aggregation. In generah-vitro experiments are carried out under physiological conditions in
terms of pH, ionic composition and strgth. These conditions already mimic the environment

in living systems sufficiently enough to provide first insights and, in some cases, qualitatively
reproduce data fromin-vivo experiments??:3% Nevertheless, the major part of findings on
protein aggegation indicates a lack of physiological relevance because the complexity in a
living cell is mostly neglectéél] When studying the properties of proteins in solution, a low
concentration of the target protein is chosen in order to be in line with tigasion in living
systems, usually in a concentration regime from 1 to 10gThe occurrence of other
components, such as proteins or salts, is not being considered which is one of the reasons for
deviations toin vivoexperiments. The concentration range of all other components within a
cell accounts to around 300 to 400 g.[f4 Hence, while the concentration of the target
protein can be considered as diluted, the overall concentration of solid content leads to non
negligible intermolecular interactions. This state is named crowded instead of concentrated
since many different macromolecules attribute to the solid contéHfT. C. Laurent was one

of the first linking the behaviour of crowded solutions to volume esicin and verified it by
solubility assays with various proteins in the presence of polysacchatftiesRoss and A. P.
Minton!34 successfullynodelled the norideality of concentrated hemoglobin solution based

on a hardsphere modelunderlining the &ect of volume exclusion. However, application of
this hard sphere model onto a similar system, namely the decrease in solubility of sickle cell
hemoglobin via addition of myoglobin, lead to predictions which were not in agreement with
experimental datd3® Thus, correlating the problem solely on volume exclusion is not

adequatel3®]

Further studies also underline the importance of taking crowding effects into account when
investigating biosystems. Dextran for example enhances amyloid formationllSf! @nd
promotes the formation of actin filament&® The oligomerization of fibrinogen can be
accelerated with addition of bovine serum albumin (BSA) while tubulin oligomerizes

preferably in the presence of Dextr&dl Polyethylene glycole (PEG) is conmiyoused as a

4



1. Introduction and Objective

synthetic crowder, promoting for example the dimer formation of pyruvate
dehydrogenasé®*l but has no effect on the setfssembly of myoglobi4? However,
crowding does not only accelerate reactions but can also supress them, asows Bl Gao

et al with IAPP as the target proteft!

1.2 Objective
The objective of the present thesis is to establish the dyestuff psésmiryanine chloride (PIC)

as a novel model system to mimic protein aggregation in crowded media. For this purpose, a
better understanding of the oligomerization and aggregation of &i@ its accompanied
mechanisms is needed. Thus, the key questions resolve around the quantification of
equilibrium states in terms of sample compositions, the kinetics ehggtregate
oligomerization and its role as a precursor for PIC aggregation assibk anechanism of J
aggregate formation itself. Once progress on the -asdembly of pure PIC has been
established, synthetic crowding agents, which are typically used in literature, are apghed in
vitro experiments to affect this seissembly. Thelserved effects on the aggregation of PIC
are analysed with respect to its thermodynamic driving forces. For this purpose, data
evaluation methods, commonly used in the context of protein aggregation, are apipliego
experiments of PIC in living celre finally conducted to complement the previous findings

on the effect of synthetic crowding agents.

Beside the analysis of the PIC system, a biological system and its susceptibility towards
crowding agents shall also be elucidated, namely the agggafithe bioprotein fibrinogen

in the absence of thrombin, covered Dhapter 4 Whereas the thrombitatalysed seif
assembly of fibrinogen is already described in great detail in literature, there is not much
known on the selassembly proceeding frombfinogen without thrombin involved. It is
already shown in literature that fibrinogen itself is prone to aggregation under distinct
circumstances, such as a low ionic streffgtor the presence of multivalent metal catidi
Fibrinogenbased particle®ffer great potential in applications in medicine, such as acting as

a scaffold to promote cell adhesion for example. For this purpose, key questions have to be
answered which address the mechanism of particle formation derived from fibrinogen, the
contrallability of the process and how changes in parameters could possibly affect the

outcome of particle formation. These questions shall be answered with the help of combined
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time-resolved static and dynamic light scattering. Scattering data at differentti@olu
conditions were recorded and interpreted with appropriate mechanistic models with the
target to establish a correlation between solution conditions and the accompanied alterations
in the kinetics. Furthermore, the morphology of the generated fibrimogggregates shall be
characterized and compared to the morphology of fibrin fibrils. The presented data shall
provide the groundwork for establishing fibrinogen related bioparticles as a promising
material in various medical applications. To bring thigptar in line with crowding effects,
additional experiments are conducted where fibrinogen is introduced to synthetic crowding

agents. The presentation of those experiments is donéhapter 8

As already indicated in the Introduction, the dyestuff PIG thee potential to be a protein
substitute to investigate crowding effects on the generation of protein aggreg&tespter 5

shall elucidate the basic principles of PIC oligomerization and aggregation, which are
necessary to fully utilize PIC amadel system for protein aggregation. The key questions to
be answered in this chapter address the underlying mechanism of PIC aggregation and how
the equilibrium situations above and below the aggregation threshold can be described. There
are already numeous important findings on the topic published, such as the presence of
oligomers, which are called-&tygregates, above the aggregation thresfdlathe appearance

of the spectrum of dimekl and a structure model ofdggregate$®l. Characterizationsef J
aggregates and their formation in diluted solution was also investid&tewith Chapter 5

these findings shall be complemented regarding the mechanismagfjtegate formation.
Furthermore, it will be shown how spectra of oligomers with a degreeligomerisation
greater than 2 can be established and how an isolated spectrumagfregates can be
obtained. Additionally, a procedure will be developed to estimate the contenagfidegates

at a given temperature and PIC concentration with helphe aggregation threshold.

Successively, the focus turns toward the introduction of crowding agents into the PIC system.
The chemical similarities of dyestuffs and proteins, namely the specific pattern of chemical
groups and a marginal solubility in watevhich leads to the capability to form fibrillar
structures, make dyestuffs a potential protein substitute to investigate aggregation patterns
in biological systems. Crowding is an important parameter when studying those aggregation
phenomena. ThereforeChapter 6shall elucidate how various synthetic crowders, which are
frequently used in literature to mimic cellular crowding, affects the tendency of the dyestuff

PIC to form -&ggregates. Questions around the thermodynamic driving forces of crowding

6
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effects on Jaggregate formation of PIC shall be answered, to enable the quantification of
either amplification or suppression of the formation of aggregates. The validity of well
established concepts of thermodynamic principles, which are usually appliethemical
reactions, folding reactions, or seltsembly processeax proteins, shall be proven now for
the selfassembly of PIC in order to furthermore underline the similarities of various dyestuffs
and proteins. Additionally, it should be verified wheth@rinciples from synthetic
polymerizations can be applied also to the sed§embly of PIC. Findings on this question shall

strengthen the knowledge regarding the mechanism of-asffembly of PIC.

Since it was proven that synthetic crowding agents do leavenpact on the selissembly of

PIC, a followp question is how PIC behaves under natural crowding in a cell. This question
shall be tackled i€hapter 7 together with further clarifications on how addition of crowding
agents alters the aggregationrdgshold of PIC and how the presence of crowding agents
changes the equilibrium above the aggregation threshold. The previously mentioned natural
crowding is investigated with the helpiofvivoexperiments in HeLa cells. Here, it is of interest
whether PIC is able to penetrate cells, whether aggregation is also occurring within cells and
how cells infiltrated with PIC react to osmotic stress. The results strongly underline that PIC

can possiblye used as a crowding sensor in cellular environments.

The purpose oChapter 8is to extend the findings on the selEsembly of fibrinogen in the
absence of thrombinQ@hapter 4 with insights on how crowding affects this saffsembly
process. Aggregain experiments were conducted with the crowding agent Ficoll 400. It
should be clarified whether this biosystem show similar reactions towards the presence of

crowding agents as the dyestuff PIC.
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2. Syn@sis
2.1 The seltassemblyof fibrinogen

Fibrinogen is a glycoprotein which is present in living systems, and which plays a crucial role
in the blood clotting process. It forms fibrillar structures via catalysis of thrombin and builds
up the matrix to immobilize blood platelets to stop bleedingwound sealing. Knowledge of

the reaction cascade of blood clotting is weditablished in literature. Therefore, the present
work starts with an investigation of the sel§sembly of fibrinogen in the absence of thrombin.

It is known thaffibrinogen isprone to aggregation at ionic strengths lower than physiological
conditions!. We conducted a set of light scattering experiments to investigate how the self
assembly ofibrinogen is affected by the ionic strength. In general, the lower the ionic strengt

is, the stronger and faster the seltsembly proceeds, as it can be seeRigure 2.1

The weight averaged molar mass went through an increase of three orders of magnitude in
the first 10 minutes of the process at an ionic strengtfijof 7 mM, while at[l]] =60 mM only

an increase of one order of magnitude was observed over the cour@@ wfinutes. The size
parametersRy and R, tended to be bigger at low ionic strengths, but the overall structural
features of the aggregates were not affected by the final ionic strength, which can be seen in
the evolution of the structuresensitive paramedr . At the end of the process a value'of 1

was observed, regardless of the ionic strength. This value indicates the growth of dense,
globular structures. This globular structure stays in contrast with the morphology of-fibrin

fibersi?

In a next stp the kinetics of the selhssembly ofibrinogen was quantified. For this purpose,
the coagulation theory from von Smoluchowski was applied’he model fits well to
experimental data recorded at ionic strengths lower than 60 mM. At those low ioniaghen
the process is diffusichmited (DLCA) with the characteristic coagulation titndecreasing
with decreasing ionic strength. At an ionic strengtlilp£ 60 mM, a slight modification of the
kinetic model had to be applied to be in line wakperimental data. This modification took a

crossover from a diffusichmited process to a reactichimited process (RLCHYo account.

Application of this modified model showed that at high ionic strengths, the modified model
fits better to experimentatata than the noamodified approach, therefore suggesting a shift

from DLCA to RLCA once the ionic strength gets high enough.
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Figure 2.1. Evolution of the weight averaged molar mads, radius of gyrationR; and
hydrodynamically effective radius, of growing fibrinogen aggregates as a function of time t.
Data are recorded at 25 °C and at a concentration of NaCl of 7 mM (black circles), 14 mM (red
squares), 30 mM (blue inverted triangles), 60 mM (green ties)gand 100 mM (purple
rhombs).

Since the seldssembly of fibrinogen takes place in the blood, thus in a crowded environment,
effects of crowding should be considered in the investigation of the process. It is this task with
which the Thesis shall beosked. However, the main focus is to investigate the impact of
crowding on a synthetic model system. Thimsthe following chapters the findings on the
aggregations of PIC and effects of crowders on the aggregation of PIC shall be elucidated. The

key quesions to be answered are how the sample composition can be described above the

aggregation threshold. Can the newly gained information on the situation above the threshold
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2. Synopsis

be used to describe the sample composition below the threshold? Here, it is ofnbégast

to find a way to quantify the content ofajgregates. Furthermore, the mechanism of the
formation of Jaggregates shall be elucidated. This only will enable us to adequately
investigate how synthetic crowding does affect the assembly of PIC tevadigbmers and-J

aggregates.

2.2 Oligomeric solutions of PIC

Cyanine based dyestuffs are in general capable of forming macromoldikelastructures,
denoted as -hggregates, and oligomers, denoted asddfjregates. The tendency to undergo
selfassembly arrelates with the size of the van der Waals surfaces and the freedom of
torsional motions within the molecule, which was used by Worz éttal categorize dyestuffs

into three classes based on their steric attributes: 1) loose, Il) compact and WijeatoThe

latter has such a low aggregation propensity that even oligomerization is hindered. PIC itself
was not classified in this work but it is relevant to know that oligomerization of PIC does occur
and seems to be strongly connected to the formatiohJaggregate$? Therefore, it is
necessary to describe the system as a whole with all its species and constituents involved to
fully unleash the potential of PIC being a model system for aggregation phenomena in

biological systems.

A major advantage d?IC is that absorption characteristics of PIC samples are directly related
to the sample composition, as the absorption patterns of the different PIC species are
distinguishable. Various efforts to extract the isolated absorption spectra of the oligomers
were already conducted, resulting in a monomer and dimer spectthtinfortunately, this

does not suffice to fully describe the system above the regime where monomers and small
oligomers prevail. Accordingly, the present thesis succeeded to establestidéonal trimer
spectrum above the threshold ofagjgregation, based on the same principles which were used
to determine the dimer spectrum. All relevant spectra to describe the sample composition

above the aggregation threshold are showrFigure 22.
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Figure2.2. Absorption spectra of different PIC species present in solution. The monomer
spectrum (black) was measured[®IC]=0 >a X (G KS RAYSNJ aLISO0 NHzY o NF
Horng et all8l Estimation of the trimer (blue) is carried out in theesent work.

For simplification purposes, it was assumed that this trimer spectrum represents all oligomers
GAUGK b % o® ' y2iKSN) 2dzi02YS RdzZNAYy3I SadlofAal
dependence of the associated trimerization constd&t Together with the temperature
dependence of the dimerization constant, established by Neumann!8 thlis enabled us to

guantify the sample composition of PIC above the threshold-ajgiegation in terms of
monomers, dimers and trimers. At a constannhcentration, the monomer content decreases

with decreasing temperature while the trimer content increases. Surprisingly, the relative
concentration of dimers is not dependent on the concentration of PIC and on the temperature

and amounts to ~17% of theverall concentration. Another feature of this multicomponent

system is that state points right on the aggregation threshold exhibit the same relative sample

composition, regardless of the overall PIC concentration.

Light scattering experiments in the regmprior to aggregation showed no angular
dependence and a nearly constant weight averaged molar nvigof 890+ 20g mol?
indicating the sole presence of monomers and small oligomers. With the previously
determined sample composition, a theoretical valwé M, =850+70gmol! can be
calculated, being in good agreement with the value experimentally determined by light

scattering.
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2.3 The mechanism of-dggregate formation

Description of the sample composition below the threshold-afygregation requires a few
introductory words on the mechanism of the saésembly of PIC teagjgregates. In general,

it is of interest to determine whether such an aggregation follows awgtep growth or
whether the process is better described with a monomer addition mechanism. This has not
been fully answered by now. Daltrozzo et®alreated the formation of <Aggregates as a
crystallization process with PIC being a slightly solshleand found a good agreement
between experimental results and the proposed model. Herzog &t @id light scattering
measurements on aggregated PIC samples. Their findings on the characteristics of growing J
aggregates revealed that initiation and growthh aggregates happens steadily during the
process, with the consequence of a constant increase in the number of fully developed
aggregates. All these results from literature already suggests a monomer addition process

rather than stepwise growth.

The ingght gained in the present thesis gives further hints on the underlying mechanism of J
aggregate formation. Dynamic light scattering experiments at the onset of aggregation
revealed a pronounced bimodality in the correlation functions. Evaluation of tbeselation
functions gave two hydrodynamic radii, amounting to 0.5 nm and 90 nm with both remaining
constant throughout the whole regime where evaluation of the bimodality was possible. The
small species can be attributed to monomers or oligomers whiebily species represents J
aggregates. This persisting distinction supports a monomer addition process. In case of a
stepwise growth, as the alternative mechanism to monomer addition, a broad monomodal
correlation function is to be expected, as it was alveel in the context of the selissembly

of fibrinogen [see Chapter 4].

Beside the hydrodynamic radii of the species, one is also able to extract the intensity weighted
weighing factor$;during the phase, where bimodal correlation functions are observed. These
weighing factors can be used to split the overall scattering signal into the contributions of both
present species. The contribution ofaggregates to the scattering signal was then
evaluated, which lead to a constant radius of gyratiorRpE 188 nm, shown ifrigure 23.

This again underlines the presence of fully developadgregates right at the beginning of

the selfassembly, which indicates a monomer addition process. letation of a radius of
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gyration of nonaggregated PIC was not possible, since the contribution ofaggmegated PIC

did non exhibit an angular dependency, as it can be seéigure 23 A).
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Figure 23. Evaluation of the scattering contribution ofadgregates at the onset of
aggregation. A) Scattering curves oeagfregates and of B) oligomers/monomers with
WY N Y] fo . The coloindex goes from brown to green and represents different
temperatures from 21.3C to 20.5C. C) Results tie data analysisf the scattering curves

of Jaggregates shown iB) with a dummy concentration of 1 g/L. The increase inwith
decreasing indicates an accumulation ofayjgregates. The radius of gyration is constant and
amounts to R=188+2nm.

The formation of <hggregates is induced by a decrease in temperature, triggering further
nucleation of <haggregates instead of the growth of alreaglyisting aggregates. This aspect
was verified with simulating scattering curves and comparing the outcome with experimental
results. It was shown that the increase in mass weighted molar maasand in radius of
gyration Ry during aggregation is solely arisequence of a change in concentrations of

monomers/oligomers and-dggregates [see Chapter 5 Figure S5.12].

If the selfassembly of-dggregates follows a monomer addition process, application of the

ceiling temperature approach suggests itself arffiers the opportunity to approximate the
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thermodynamic parameter£H® and 28 governing <aggregate formation. The underlying
equation is the following:
p3Y 'Ytl 1006

—_— 2.1
Y 30 30 (2.1)

In eg2.1, Tiais the ceiling temperature here also denoted as the aggregation temperdte,

the standard aggregation entropkH° the standard aggregation enthalpynd [PIC]the
equilibrium concentration of the active species in the formation process. The outcbthe o
analysis depends on the choice of active speciesa first approach, all species were
considered as active building units, namely PIC monomers, and oligomers. In a second
approach, only monomers were treated as the active species. It is conceitizdnie
participation of monomers only in the formation ehdgregatesthus with Haggregates being
inactive and acting as a monomer reservoir, is probably more favoured thaggregation

with Haggregates. In order for-Bggregates to be active, thettdngle between monomers
within an Haggregate has to change to be in line with the tilt angle presentaiggdegate$td

This change in tilt angle is probably energetically disfavoured, which thus makeasssatibly
based on only monomers more energy efficient because here, no change in tilt angle is
necessary beforehand. Both choices were discussed, the standard aggnegathalpy is
insensitive to the choice of the active species and amount&2d&Jmol?. The change in the
standard entropy increases froa35 Jmol! K to -23 Jmol! K! when only monomers are

active.

Independently of the chosen active componenppécation of the ceiling temperature
approach has an additional benefit. It enables us to estimate an equilibrium constant of J
aggregate formation, which is inversely proportional to the equilibrium concentration of
active species. This occurrence canused to estimate the concentration ofagigregates,

which is discussed in the next chapter.

2.4 The aggregated regime

The tendency of PIC to forrraggregates is best described with a threshold curve fsgeare

1.1). At sufficiently low temperatures drigh concentrations, the threshold is surpassed, and
Jaggregates start to form. Thus, all state points below the threshold curve exhibit J
aggregates. Furthermore, it is found that the location of the threshold curve is dependent on

the sodium chloride ament. An increase of the sodium chloride content at a given
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temperature is accompanied with a decrease in PIC concentration needed to form J
aggregates, resulting in a shift of the threshold curve to lower PIC concentrations. In the
context ofin vivoaggegation in HelLa cells, a Leibovitz solution was used as the solvent for
PIC, which is a nutritious solution for cells and contains around 140 mM sodium chloride. Here,
an even more pronounced shift of the threshold curve is observed, so that PIC cotioastra

in the submM regime are already sufficient to show aggregation.

The development of the sample composition below the threshold curve is crucial to fully
describe the aggregation of PIC. For this purpose, the system was treated as a system with

one sOASa o09AYINBEYAPYRe t L/ S[RIGHS, cdnsistiOR ¢f OS y (i N.
equilibrated monomers, dimers and trimers and the other species beaggdgates with a
concentrationcs Furthermore, it was assumed that the temperature dependence of the
equilibrium constants of dimerizatiokp(T) and trimerizationKy(T), which were determined

above the threshold curve, i.e. in the state free efgfjregatesdo not change when
surpassinghe threshold curve. Then, the concentratifialC} o, can be estimated with the
equilibrium constant of aggregatiolk; = 1/[PIC}h... Accordingly, the concentration of J

aggregateg;is the difference of the total PIC concentratias and[PIC} ..

This approach does not only enable the quantification of the sample composition below the
aggregation threshold, but also allows the estimation of-aggregate spectrum. For this
purpose, the contribution of monomers/oligomers on the absorbance is suletatrom
experimental spectra of aggregated samples so that the resulting excess absorbance can be
fully assigned to-dggregates. The excess absorbance freaggregates is then normalized
with the Jaggregate concentration, which have been done with teellifferent spectra. It

was the outcome of the analysis that after normalization, the resulting twelrggdegate
spectra exhibited a satisfactory overlay, underlining the validity of the approach. Comparison
of the averaged full-dggregate spectrum witthe monomer spectrum shows that the two
peaks at< =483nm and < =523nm are redshifted in the-dggregate spectrum. This
occurrence is in line with calculations by Briggs who established theoretical bandshape

functions for monomers andaggregate$y.

Knowledge of the concentrations of oligomeric species aadgiegates was applied on the
evaluation of data from light scattering experiments in pure water. With the assumption, that

the scattering contribution of monomers/oligomers is negligible coragao the contribution
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of Jaggregates, an approximation of the molar mass-afdregates becomes accessible.
Its value amounts to 1.480.0710°gmol! and compares well with the value of

2.5510° gmol® measured by Herzog et @lin 0.01 M NaCl solution.

As already stated in the previous chapter, the increaséMin and Ry with decreasing
temperature in the aggregated regime seems to be solely a consequence of an increase in J
aggregate concentratiooyon the expense of monomers/oligomers. To verify this origin of the
increase inMMy and Ry, scattering curves were simulated and the outcome was compared to
experimental data. The simulation was conducted in the following way: a bimodal system was
assumedwith Jaggregates and neaggregated PIC being the species present in solution. In
general, the scattering intensity, expressed as the excess RayleighRtiof a solution

containing different entities can be described with following equation:
32 N 0 tOT0 t0 ftYy 2.2)

In eq. 2.20R(q)is the excess Rayleigh ratio as a function of the scattering vegctgrthe
optical constantg the concentration in g/L, Mhe molar massRyi the radius of gyration and
P(q) the form factor of species The form factor of no@aggregated PIC (index 1) can be
assumed to equal 1 over the whole angular regime because of its small size. The molar mass
of nonaggregated PIC was experimentally detasned asM1 = 890 g mot by light scattering
experiments with samples whereadigregates are absent. Feaggregates (index 2), the form
factor of a rod was assumed. The radius of gyragn= 188 nm was also obtained via light
scattering by extracting the contribution ofagigregates on the overall scattering signal and
evaluate this contribution (see Chapter 2.8% just indicated, lte molar mass ofdggregates

M2 = My amounts t01.4810° g mol. Theconcentrationsc of the two components were
inferred from the phase diagram established in pure water (Chaptef® summarize, the
parameters required in eq. 2.2 were taken from two sources. Light scattering experiments
before and right athe onset of aggregation, where bimodality was observable, provided

of nonaggregated PIC ari®) > of Jaggregates. With the approach to calculate concentrations
based on the aggregation threshoM; of Jaggregates and the concentratioasandc, were
accessible. With all these parameters, eq. 2.2 lsarused to calculate the excess Rayleigh
ratio of mixed samples containing neaggregated PIC andadgregates, establishing
scattering curves expressed as BR/ and reevaluating the resulting scattering curves to

obtain the radius of gyratiofy and the mass averaged molar madg of the samples. Ag i
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can be seen irFigure 24, My and Ry derived from simulated scattering curves nicely
reproduce the trends from experimental data. This outcome does not only show how
beneficial simulations of scattering data can be, but it also underlines the accuracy of the
concentrations estimated with hplof the aggregation threshold. Therefore, it also shows the

validity of this estimation method, described in Chapter 2.4.
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Figure2.4. Temperature dependent evolution of the weight averaged molecular lksand
the radius of gyratiofR; from a light scattering experiment (black) wilRICl= 7 mM. The red
spheres represent values fdfw and R, obtained from the evaluation of simulated scattering
curves

2.5 The impact of crowding on the sedssembly of PIC

The previous chapters offer an overview of the PIC system with its features above and below
the aggregation threshold. All those findings are based on aqueous samples without any
additives involved. The findings shall now act as a reference system fanvibgtigation of

the effect of introducing crowding agents to the PIC system. For this purpose, four different,
commonly used, synthetic crowding agents were probeditro, namely polyethylene glycol
(PEG) with a molar mass of 400 g fdtiethyleneglycol (TEG), sucrose and Ficoll 400 with a

molar mass of 40° g mol*. Ficoll 400 itself is a synthetic, high branched, globular copolymer
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of sucrose and epichlorohydrin. It shall be the target of the presenichalpter to summarize

the most important findings on samples of PIC, which were exposed to these crowding agents.

A change in the tendency to forrraggregates is best captured wiistablishment of a phase
diagram. This has been done for all four crowders at different concentrations. Introduction of
the ethylene glycol oligomers PEG and TEG led to a drop of the aggregation threshold towards
lower temperatures, with the drop being m® pronounced the higher the crowder
concentration was. Thus, PEG and TEG are inhibiting the formatiesggfegates. Addition

of Ficoll 400 was accompanied with a strong increase in aggregation temperature, thus
promoting the formation of -hggregatesUnfortunately, no clear correlation between the
aggregation temperature and the overall concentration of Ficoll 400 could be established.
Sucrose, as the dominating monomer of Ficoll 400, did not have an impact on the self
assembly of PIC, regardless o# thsed concentration. These contrasting effects of Ficoll 400
and sucrose indicate that the globular structure of Ficoll 400, and therefore the volume

exclusion, is the origin of the increase in aggregation temperature.

The effect on the oligomerisatiorotHaggregates by addition of crowding agents was not
explicitly quantified but qualitative statements can be made based on the observed
differences in UWis spectra. In general, the ratio of the distinct peaksa¥83nm and
<=523nm give a first ggmate on dominating species in solution, with the peakat483nm
representing dimers and the peak /& 523nm representing monomers. Addition of either
TEG or PEG led to a shift towards monomers, indicated by a shift in ratios in favour of the
monomer peak at<= 523nm. Addition of sucrose did not significantly change the ratios of
the two peaks, meaning that the sample composition is not altered by sucrose and is
comparable to the sample composition in pure water. The impact of Ficoll 400 oaitt@es
composition could not be established with this set of experiments. At the given temperature,
addition of Ficoll 400 led to a downshift of the aggregation threshold towards lower
temperatures, so that a peak arised et 573nm, which represents th@resence of -J

aggregates.

In a next step, the underlying thermodynamic parameters were investigated for the purpose
of understanding the different driving forces of inhibition or promotion edggregate
formation. When investigating stabilizing or destaing effects of solutes on proteins with

regard to folding or aggregation processes, usage ofthalue as a quantifying parameter
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is a weHlestablished method. Them-value is the derivative of the free energy change of the
processOG’qns observed with species 2, for example a folding process, with respect to the
solute molalityms of species 3, as shown in the following equation:

a@ voaol vV — 2.3
Thus, the value allows to make statements on whether interactions of the target molecule
(species 2) with solutes (species 3) are of attractive or repulsive nature. Application of this
method on a system where a change in solubility of species 2 is oldseitle addition of a
crowder/additive (species 3) has the advantage that theatue corresponds the chemical
potential derivativerns which can be easily calculated with data of solubility measurements

based on the following equation:

71
‘ YY—F—
|

In eq. 2.4 PIC corresponds to the target component denoted component 2. Hep&gs the

G VLOaoQ (2.4)
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molal concentration of PIC at its solubility limit and is the molal concentration of the
crowder. This translation of the «walue to/3 enabled us to apply the following procedure.

We treated the system as a solubility problem, with the phase diagrams of PIC representing
solubility limits and-hggregates being the precipitate. The chemical potential derivatiye

can then be calculatedbased on eq 2.4. In general, the sign /k indicates whether
interactions between additive and PIC are of attractive or repulsive nature, in relation to
interactions with water. Withsucrose, which did not exhibit any measurable effects on J
aggregate fomation, the lowest negative value farswas measured which amounts to

160+ 60 cal mof molaf. Addition of TEG and PEG ledne=-290+ 30 calmol! molaf! and
m3=-690+ 40 calmol* molal?, respectively. These negative valu@sdicate attractive
interactions between TEG/PEG and PIC and explain the inhibitory effect of those crowding
agents on the formation of-dggregates. Preferential attractive interactions with crowder
compared to water lead to an accumulation of crowdingrtg on the periphery of PIC, thus
blocking possible binding sites for safsembly. Consequently, the monomeric state of PIC is

energetically favoured at temperatures which would lead to aggregation in pure water.

The value ofrzsamounts to 2.110° + 1.6:10° calmol* molal! when Ficoll 400 was present in

solution. The positive sign indicates a depletion of Ficoll 400 from the surface of PIC. But, given

22



2. Synopsis

the fact that Ficoll 400 is much larger in size than a PIC molecule and the determined value for
msbeing around 3 orders of magnitudes larger than typical valuesrgrthe depletion of

Ficoll 400 from the surface of PIC being the sole reason for the observed crowding effect most
probably oversimplifies the situation. In order further investigate ¢thewding effect of Ficoll

400, the scaled particle thed#y! was applied. This theory enables the estimation of changes

in activity coefficients for a given equilibrium reaction based on the presence of volume
excluding macromolecules. Application of the scaled particle theory revealed that the shift in
aggregationtemperature can quantitatively be described with volume exclusion effects.
Hence, the promoting effect of Ficoll on the satisembly of PIC is probably originated in the

volume exclusion of Ficoll together with repulsive interactions between PIC anld Fico

The correlationof 723 with the water accessible surface area of the target moleshiall be
emphasized in this contextt is shown by Knowles et &t that this corelation can be used

to predict mvalues based on empirical data. The key featwfethe approach of Knowles et
al'are that each functional group has an empirically established group interaction potential
for a specific solute, that the resulting contribution of the group interaction on theatne
directly scales with the watercaessible surface area of the respective functional group and
that the overall mvalue is the sum of all contributionft was shown that this empirical
estimation ofmzcan successfully be performed with the PIC system, leading to results which

are comparable with results determined with eq. 2.4.

2.6 Relevance foin vivosystems- the Hel a cells

Since the PIC system showed a promising response on synthetic crowding agents, it is also of
great interest to see whether natural crowding within a celllunes similar responses.
Therefore,in vivoexperiments in HelLa cells were conducted in the context of a cooperation
with the group of Professor Ebbinghaus in Braunschweig. The supernatant of the HelLa cells
was enriched with PIC at a low enough concentratiso that formation of-dggregation in

the solution was absent. Then, fluorescence microscopy images were recorded over a period
of time. As it can be seen kigure 2.5he fluorescence signal within the cells increases over
time, corresponding to anc@umulation of PIC in the cells asghregates. Interestingly,
fluorescence was only observed within the cells. Furthermdregjng the initial stages of
aggregation,Jaggregates are assembled uniformly within the cell, as indicated by the

detected fluoescence signal which was homogenously distributed over the whole cell.
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Nevertheless, after some time has passed, aggregates seemed to accumulate rather in the
nucleus than in the cytoplasm, as the fluorescence signal in the nucleus got stronger compared
to the signal in the cytoplasm. Regarding the temporal evolution of the integrated
fluorescence signal seenhiigure 2.5there is a linear increase of the fluorescence signal with

a plateau being reached after around 30 minutes.

These experiments verified that the formation ehdgregates is also altered in a naturally
crowded environment such as a cell. This circumstance opens up the possibility to use PIC as

an easyto-handle crowding sensor in biological systems.

50 pm
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Figure2.5: a-c) Exemplaryfluorescenceimagesof PICaggregationin HeLacellsat 21°Ca)
2.5min b) 10 min ¢) 40 min after addition of PIC Scalebar 50 um. d) Aggregatiorkineticsof
PIC measured by the cellaveraged fluorescence intensities. Three independent
measurementswere performed anddatashownasmeanz s.d.e) Modelfor PICaggregation
insidecells.

2.7 Seltassembly of fibrinogen under crowded conditions

The seHassembly of fibrinogen in the absence of thrombin was investigated and key features
of its mechanism and kinetics has been elucidated (Chapter 2.1). Furthermore, it was shown
that the dyestuff PIC can be used as a suitable model system for pratgjregation,

especially for investigating crowding effects on the-ssifembly (Chapters 226). It is the
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aim of the final chapter of this thesis to show how addition of Ficoll 400, a crowding agent
which was previously investigated in the contextled PIC system, alters the sasembly of
fibrinogen. Light scattering experiments on fibrinogen samples, which were exposed to Ficoll
400, revealed that the selssembly of fibrinogen is strongly accelerated due to the crowder.
Especially at the onseff the selfassembly, the process is much faster than in the absence of
crowding agents. Qualitatively, the promoting effect of Ficoll 400 on fibrinogen is comparable
to the one on the PIC system. There, a shift of the aggregation threshold towards lower

temperatures has been observed, which is equivalent to an acceleration -@fsseimbly.
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ABSTRACT: Fibrinogen not only forms fibrin networks if assisted by slow

thrombin but also exhibits self-assembly in dilute aqueous solutions in
the absence of thrombin. It could be shown that self-assembly can be
triggered in a controlled way by diluting the ionic strength set to a value
of 0.14 M NaCl in the starting solutions. The present work unravels the
mechanism of this self-assembly process by means of a combination of
time-resolved multiangle static and dynamic light scattering and atomic
force microscopy. Analysis was carried out as a function of the ionic

Bo-& - W
Go-& - &

ionic strength

strength adjusted by the drop in ionic strength and at variable salt

compositions at a given final ionic strength. Composition was varied by changing the ratio of NaCl and phosphate buffer. The
self-assembly induced by the drop of the ionic strength depends on the final value. The lower the final ionic strength gets, the
faster is the self-assembly process. The variation of the salt composition at a given ionic strength has only a marginal effect,
which depends on the ionic strength. The self-assembly obeys a step-growth process, where any intermediate cluster can
coalesce with any other cluster. Interpretation of the data with a kinetic model based on the approach of von Smoluchowski
follows a diffusion-limited cluster aggregation at ionic strength values lower than 30 mM. At an ionic strength of 30 mM, the
model has to take into account a size dependence of the rate constant, and at 60 mM a transition is observed to a reaction-

limited cluster aggregation.

B INTRODUCTION

Fibrinogen is a glycoprotein with the formula (AaBfy),. It
plays a crucial role in the formation of blood clots, a pivotal
process for the survival of vertebrates."” Pairs of Aq, Bf, and y
chains are interconnected by covalent disulfide linkages close
to their respective N-terminal ends, thereby establishing the
central E-domain. From this E-domain the chains of each pair
extend via stiff coiled coil segments toward opposite directions
where the corresponding C-terminal ends of the three chains
form two outer nodules, the D-domains. Fibrinogen, having
itself a molar mass of 340 kD, establishes the monomeric unit
of fibrin networks, which is at the center of late-stage
hemostasis. The polymerization process is initiated by a
thrombin-catalyzed cleavage of fibrinopeptides A and B at the
N-terminal ends of the Aa and Bf chains in the central E-
domain of the fibrinogen molecule leading to the active
monomers denoted fibrin. This triggers polymerization toward
double-stranded protofibrils where two D-domains of one
strand attach to a central E-domain of the other strand aligned
in a parallel way. The resulting protofibrils aggregate laterally
to thicker ropelike filaments and at the same time form
branching points. During and after this self-assembly of fibrin,
adjacent fibrin units are interconnected by means of factor
XII, which catalyzes covalent bond formation between y
chains from neighboring D-domains. Such covalent cross-
linking transforms the assembly into chemical polymers with a

<7 ACS Publications @ 2019 American Chemical Society

considerable mechanical stability. Variation of the ionic
strength by means of increasing the concentration of NaCl
increases the clotting times and decreases the width of the
fibrin filaments of the networks and with it the finally reached
turbidities.* ™ With increasing content of NaCl, the resulting
network gets denser, with shorter mesh sizes but also with
thinner filaments, with the latter causing the decrease in optical
density. A comparative study of the impacts of NaCl and NaF
attributed these trends to a specific interaction of Cl™ ions with
fibrin monomers, thereby impairing lateral aggregation of
protofibrils.®” Other chaotropic ions like I” or ClO,”, which
like CI™ bind water weakly, exhibit similar influences on the
formation of fibrin networks.” In a more recent study,
Kurniawan et al.® demonstrated that the family of anions
showing such trends’ ™ also includes (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) and related buffers.

Whereas the thrombin-catalyzed formation of fibrin net-
works has been investigated in great detail, much less is known
on the self-assembly of the precursor fibrinogen, taking place in
the absence of thrombin. Dialysis of bovine fibrinogen
solutions in phosphate buffer against a buffer of low ionic
strength induced formation of fibrils with a morphology closely
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related to that observed with thrombin-induced fibrin
networks.” In line with this modulating effect of buffer,
fibrinogen solutions without buffer reveal large fibrinogen
aggregates, whereas corresponding solutions with buffer are
stable, revealing small oligomers of fibrinogen molecules at the
most. Noteworthy, such aggregates could be redissolved by
addition of buffer.'” Addition of multivalent transition metal
cations may also trigger aggregation of fibrinogen. Steven et
al!! distinguished three groups of multivalent metal cations,
differing in their strength to induce aggregation of fibrinogen.
Finally, Becker induced a self-assembly process of fibrinogen
by incubating fibrinogen solutions in a phosphate-KCI-KCN
buffer at pH 6.6 and T = 0 °C and found evidence for the
formation of nonlinear, globular aggregates, which grow via a
monomer addition mechanism.'> This behavior differs from
the results published by Gollwitzer et al.” though one has to
take into account the difference in inducing the aggregation
process applied by the two approaches.

Networks of fibrinogen have considerable relevance for the
development of advanced biomaterials. Acting as a scaffold, it
may promote cell adhesion or host and nucleate biominerals.
Complete absence of thrombin will considerably facilitate
medical applications of such materials as it would avoid
possible interference of incompletely removed thrombin with
the blood system where it is applied. In the light of such
benefits, it is highly desirable to supplement the incomplete
and fragmentary knowledge on self-assembly of fibrinogen in
the absence of thrombin.

To fill this gap of knowledge, the present work reports a
fundamental study on the self-assembly of fibrinogen. In a joint
application of time-resolved static and dynamic light scattering
(SLS/DLS) and atomic force microscopy (AFM), we analyze
the effect of varying contents of NaCl and phosphate buffer on
the initial stages of the self-assembly of fibrinogen in aqueous
solution, free of thrombin. Complete dissolution of fibrinogen
prior to the initiation of self-assembly is achieved by the use of
an aqueous solution of fibrinogen in 140 mM NaCl. Self-
assembly is triggered by decreasing the ionic strength of the
fibrinogen solution. In more detail, two different routes shall be
applied. In one route, the NaCl concentration of 140 mM is
diluted to varying final values, enabling us to analyze the
process as a function of the drop in ionic strength given by the
final concentration of NaCL In a second route, a drop of the
jonic strength from 140 mM NaCl to 60 mM (or 30 mM) is
applied with the low ionic strength state corresponding to a
salt mixture at variable compositions. As a second salt, simple
sodium phosphate buffer is applied, leading to variable values
of chloride/phosphate ratios at a constant ionic strength of 60
mM (or 30 mM). Bivalent phosphate ions are slightly more
kosmotropic than chloride ions. The second route is expected
to give an answer to the question of whether aggregation is
solely triggered by the drop in ionic strength or whether the
ion species have an additional influence on the initiation. The
results will provide new insight into the mechanism of
fibrinogen self-assembly in dilute aqueous buffer solutions in
the absence of thrombin and will help shed light on the extent
to which mechanistic aspects observed for the thrombin-
activated formation of fibrin networks can be transferred to the
self-assembly of fibrinogen in the absence of thrombin. Such
knowledge may also open new roads for the formation of
fibrinogen-based scaffold materials free of thrombin.
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B EXPERIMENTAL SECTION

Materials. Fibrinogen, extracted from bovine plasma, was obtained
from Sigma-Aldrich (Germany, Munich). As specified by the supplier,
the fibrinogen contained 75% protein (with the amount of clottable
protein being larger than 75% of the total protein), 10% sodium
citrate, and 15% sodium chloride, with all percentages given by
weight. The fibrinogen was used as received and was stored at —20
°C. A standard solution of sodium phosphate with a concentration of
500 mM and a pH of 6 from Cayman Chemical Company (Ann
Arbor) was used as a buffer and was stored at 4 °C. Sodium chloride
with a purity of 99.8% was obtained from Esco (Germany,
Hannover). All samples were prepared with purified water, which
was provided by a water purification system of the type Ultraclear
TWF from Evoqua Water Technologies GmbH (Pittsburgh), leading
to a conductivity of 0.055 uS/m.

Sample Preparation for Light-Scattering Measurements.
First, a starting solution with a protein concentration of 0.75 g/L was
prepared. Concentration values for fibrinogen were based on the total
amount of protein throughout the present work. The background
electrolyte in all but one case was 140 mM NaCl. Then, 10 mg of
fibrinogen parent material and 81.2 mg of sodium chloride were
dissolved in 10 mL of purified water while stirring at 400 rpm for 20
min, leading to a solution with a pH of 6.6. Light-scattering
experiments were performed at a constant fibrinogen concentration of
0.075 g/L at an ionic strength [I] varied in the regime of 7 mM < [I]
< 100 mM. All aggregation experiments were triggered by a dilution
of a starting solution of fibrinogen by a factor of 10 with an electrolyte
solution with the appropriate composition. To prepare the experiment
at a final ionic strength of 7 mM, the dilution step to the final
concentration based on a factor of 10 forced us to apply a background
electrolyte of 70 mM NaCl as a starting point. The electrolyte
solutions used to dilute the starting solution to trigger aggregation
were prepared in the same way for all samples. One preparation is
exemplarily illustrated in the Supporting Information (S1). All
investigated samples are summarized in Table 1.

Table 1. Ion Composition of the Investigated Solutions”

[1]/mM [NaCl]/mM [1]pp/mM analysis method

7 7 LS
14 14 LS

30 30 AFM/LS
30 225 7.5 LS

30 15 15 AFM/LS

60 60 AFM/LS
60 30 30 LS

60 14 46 AFM/LS
100 100 LS

“The third column shows the contribution of the phosphate buffer
[1]p, to the total ionic strength [I].

All values specified for the concentration of NaCl and for the ionic
strength [I] of solutions investigated in the present work refer to the
added amounts of phosphate buffer and/or NaCl only. Specification
of absolute values of [NaCl] and [I] would require additional
consideration of the small amount of NaCl and of sodium citrate
introduced by the supplied fibrinogen parent material. However, the
contribution of NaCl and sodium citrate from the fibrinogen parent
material to the ionic strength of the solution after dilution amounts to
0.26 and 0.24 mM, respectively, and can be safely neglected.

Samples for light scattering were prepared in cylindrical quartz
cuvettes from Hellma with a diameter of 24 mm. Prior to any
measurement, the cuvettes were cleaned by continuously injecting
freshly distilled acetone from below for 15 min to eliminate dust
contamination. To condition the filter (0.45 pm, PES-membrane,
Acrodisc Supor), the first 2 mL of the starting solution of fibrinogen
was filtered and discarded. Subsequently, 1 mL of the starting solution
was filtered into the light-scattering cuvette with the preconditioned
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sterile filter. Ten measurements of the starting solution were recorded
to characterize the initial state of fibrinogen at [NaCl] = 140 mM.
Successively, the solution was diluted with 9 mL of electrolyte
solution, which leads to a dilution of the fibrinogen and sodium
chloride concentration of the starting solution by a factor of 10. To
this end, the 9 mL of the electrolyte solution was filtered with a
preconditioned filter (0.45 pm, MCE-membrane, Chromafil A-20/25)
into the scattering cell containing 1 mL of the fibrinogen starting
solution. Filtration of the electrolyte solution into the scattering cell
triggered aggregation and defined time zero of a time-resolved light-
scattering experiment. The first data point measured for a time-
resolved light-scattering run could be usually recorded 20—30 s after
time zero.

Time-Resolved Combined Dynamic and Static Light
Scattering (DLS/SLS). Light-scattering measurements were carried
out with an ALV/CGS-3/MD-8 multidetection system from ALV-
Laservertriebsgesellschaft (Germany, Langen). A He—Ne laser was
used as a light source, with a wavelength of 4y = 632.8 nm and a
power of 35 mW. The cell housing with the toluene bath was
equilibrated at 25 °C with an external thermostat throughout all
measurements. The instrument includes an array of eight detectors
with an angle of 8° between two neighboring detectors. The whole
system covers an angular range of 30° < @ < 86°, which corresponds
to a g-range in water of 6.8 X 107> < q < 18 X 107* nm™" with

(1)

being the momentum transfer, n = 1.332 (at T = 25 °C) being the
refractive index of water, & being the scattering angle, and 4, being the
laser wavelength in vacuum. The time resolution of a time-resolved
SLS/DLS experiment was 10 s, corresponding to the time required to
record an angular-dependent SLS/DLS data set. To prove
reproducibility of the time-resolved light-scattering experiments, two
additional runs were carried out at an ionic strength of [NaCl] = 14
mM and are shown in the Supporting Information (S2), providing
also a qualitative insight into the implication on the uncertainty of the
resulting coagulation time £, from model fits to time-resolved M, data.

Treatment of Scattering Data. Static light scattering provides
the excess Rayleigh ratio AR, of the solute

L R
ARy = RRG,std[ ]

10,5t (2)
with RRggq being the absolute Rayleigh ratio of toluene used as
standard and with g, #geon, and 1544 being the measured scattering
signals of the solution, the solvent, and toluene, respectively. Data
evaluation was carried out in two different ways. At low ionic strength
(final values of 7, 14, and 30 mM), data were treated with the Guinier
approximation '

[ Kc ] 1

Inf—|=Ih|——F5——
AR, M, Ry /3+Bq") (3)
where the factor B-q* is introduced to take into account a bending of
the scattering curves. At the highest ionic strength (60 mM),
scattering data were evaluated with the Guinier'® and Berry

. .14
approximation

0.5
0.5
[ Ke ] _ 1
AR, — IR%p2
0 M,(1 - 1R2) @
leading to concurrent results, with the Berry approximation'* yielding

slightly smaller uncertainties. In eqs 3 and 4, ¢ is the mass
concentration and K is the contrast factor

K= 4”2”:(ﬂ)2
NAT Lde

(3)
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which is calculated with Avogadro’s number N, and the refractive
index increment of fibrinogen in water. A value for the differential
refractive index increment of dn/dc = 0.187 mL/g was extrapolated
from known values'® via the Cauchy relationship. It has to be
mentioned that the obtained values for M, and R, have to be
considered as apparent because measurements could not be
extrapolated to the infinite dilution limit. The concentration-
dependence of eq 3 and 4 cannot be measured during a time-
dependent light-scattering experiment. Fortunately, the investigated
concentrations were extremely low, and an effect of interparticle
interactions could be neglected.

Dynamic light scattering gives access to the field correlation
function 6gl(i.'), which was treated in two alternative ways. A cumulant
analysis'® was carried out by plotting the logarithm of g, (7) versus the
relaxation time 7

eI

In(g (7, =C-T(g)r+ =5t
(g,(7, 9)) (q) = ©
with C being a constant. The initial slope of the fit gives the mean
inverse relaxation time of diffusive modes I'(g). A plot of '(g) versus
q* gives the z-averaged diffusion coefficient D, as the slope at g = 0.
3(I(g)

Z

D, = lim —~with['(q) = D.(q)q” + CDR;'q"
g—0 ¢

M
Cp is a shape-sensitive constant. No concentration dependence of D,
was considered for the same reason as mentioned in the context of eqs
3 and 4.

The Stokes—Einstein relationship transforms the translational
diffusion coefficient into a hydrodynamically effective radius Ry,

kT
h 67nD,

(8)

where k;, is the Boltzmann constant, T is the temperature in Kelvin,
and 7 is the dynamic viscosity of the solvent.

The size parameters R, and R;, can be used to derive the structure-
sensitive parameter p.

R

7,

€
The value of p depends on the shape of the present entities in
solution. Typical values are p = 0.77 for compact spheres, 1.2 < p <
1.6 for polymer coils, and p > 2 for cylindrical or rodlike particles.'”'*

Furthermore, a power law of R, versus M,, was applied to gain
further information about the mechanism of aggregation and about
the structure of the growing entities.

Ry~ My (10)
Values of @ for self-similar structures of spheres, Gaussian polymer
coils, and infinitely thin rods are 0.33, 0.5, and 1, rc—:s;pe':.tivesly.19 It
could be shown that the value for & based on M,, and R, developed by
time-resolved SLS bears information not only about the structure of
the growing particles but also about the mechanism of growth of
those particles.'”

Sample Preparation for Atomic Force Microscopy. Cover
glass slides with a diameter of 15 mm Carl Roth (Germany,
Karlsruhe) were cleaned with a mixture of NH, (25%)/H,0, (35%)/
H,O at a ratio of 1:1:5 (v/v/v) for § min at 80 °C and washed with
ultrapure water prior to its use as AFM substrates. Samples for AFM
measurements were prepared analogous to the sample preparation for
light-scattering experiments. The final compositions of the inves-
tigated samples can be found in Table 1.

For each measurement, 1 mL of the fibrinogen solution was filtered
into a glass vial with a sterile 0.45 pm filter (Acrodisc Supor), which
has anti-protein-binding properties accomplished by its hydrophilic
polyethersulfone membrane. The glass vials had the same size and
shape as the light-scattering cuvette. To start the aggregation, 9 mL of
a desired salt solution was filtered to the fibrinogen solution with a
0.20 pm syringe filter consisting of cellulose mixed ester (Chromafil
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A-20/25). In each case, 100 L of the bulk solution was taken 2 min
after induction of aggregation and was placed on a precleaned glass
slide. After an adsorption time of 2 min, the glass slide was rinsed with
ultrapure water to terminate further adsorption. Then, the measuring
cell was filled with 1 mL of ultrapure water and was added directly to
the AFM to start the measurement. In all cases, the first image of the
adsorbed fibrinogen aggregates was recorded approximately $ min
after terminating the aggregation process by washing with ultrapure
water.

AFM Imaging. AFM imaging was performed using a JPK
NanoWizard ULTRA Speed equipped with USC-F0.3-k0.3 cantilevers
(NanoWorld). Measurements were performed in a liquid cell filled
with 1 mL of ultrapure water. For all samples, AFM images were
measured with a scan size of 2 X 2 ym® Images were recorded at 512
px X 512 px and a 10 Hz line rate, corresponding to 51.5 s per frame.
High-speed imaging was employed to minimize the impact of possible
artefacts resulting from exposure to water such as structural
rearrangements or desorption of aggregates. The images were
analyzed using Gwyddion open source software.

Fitting Procedure. Fitting of time-resolved light-scattering data
with the kinetic model was done with Software Origin2018b from
Originlab. The Levenberg—Marquardt algorithm was used as a least-
squares method. A nonweighted fit has been used. Application of a
weighted fit by weighting each data point with the inverse of its
squared standard error (1/6) from the analysis of angular-dependent
SLS/DLS data was considered as an alternative weighting procedure.
It resulted in the same trends for the fit parameters without leading to
a better overall performance of the model (for details, see S3 of the
Supporting Information).

Kinetic Model. To interpret time-resolved data from SLS with a
kinetic model, von Smoluchowski’s coagulation theoryZI provides a
suitable starting point. In this approach, the rate equation describing
the concentration variation of particles with a degree of aggregation of
i fibrinogen molecules per particle is given by

o i—1
1
- k:. [n]Iln] + —
E{ Y 2;1 (11)

with [n;] being the molar concentration of particles consisting of i
fibrinogen molecules. The first term on the right side of eq 11
describes the consumption of i-mers and the second term describes
the formation of i-mers in the course of coagulation steps, where both
contributions are controlled by a rate constant k;, given by

d[n;] _
a

k;inglng ]

1=y

i

kyj~ (D, + DR, + R)E, (12)
In eq 12, D; and R, represent the diffusion coefficient and size of the
interacting i-mer, respectively, and P;; is a size-dependent probability
for a collision event of an i-mer with a j-mer leading to coalescence of
the two particles. In an approach applied by Modler et al.** to the
assembly of phosphoglycerate kinase and later transferred to the
assembly of f-amyloid by Carrotta et al,,”* a homogeneous function of
the overall mass of the interacting assemblies was adopted for the rate
constant

a'k

k "

(13)
Given that the size dependence of the two terms in brackets in eq 12
cancel according to D; + D; & 1/R; and R; + R; & R, so that (D; +
D)(R, + R) = p, the only size dependence of the rate constant is
introduced by P, and is recovered in the term a* of eq 13. In the limit
of a diffusion-controlled reaction, where 4 in eq 13 apzproaches 0, the
resulting evolution of the mass with time is given by

ai,aj ™

M, (t) = Mo[l + %]

c

(14)

where M, is the molar mass of a fibrinogen molecule and ¢, is the
characteristic coagulation time. For a size dependence of k;; captured
by 4, in eq 13, eq 14 turns into
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z
Zt}
1+ =
e (15)

with z = 1(1 — A). Equation 15 establishes the crossover between two
limiting cases, where 4 = 0 corresponds to the case of a diffusion-
limited cluster aggregation (DLCA) and 4 = 1 to the case of a
reaction-limited cluster aggregation (RLCA) expressed as

M, (t) = Mu[

M (1) = My e/ (16)

with C being a constant determined by the specific features of the
RLCA.*' Once R, obeys a power law function of the assembly mass
with a characteristic exponent a, the kinetic model can alternatively be
fitted to

R0 = -2, (o
)= — t
¢ M, " (17)
with Ry, representing the radius of gyration at the initial state of the
respective assembly process. Values smaller than 1/3 for a were
always replaced by a value of 1/3 because smaller values represent
nonphysical growth. Due to the fact that the scaling laws did not
extend to the monomeric unit of 340 kD, where we have cylindrically
shaped fibrinogen, we had to extrapolate fictitious values for the radius
of the monomer Ry to be used as a suitable prefactor in eq 17.
Depending on the ionic strength, those values were fixed at Ry, = 55
nm (60 mM), at Ry, = 30.1 nm (30 mM), at Ry, = 16.2 nm (14 mM),
and at Ry = 10.7 nm (7 mM). The uncertainties indicated in Tables
2—4 for the model parameters result from the fits to the respective

Table 2. Fits to Data Measured at Variable NaCl
Concentrations in the Absence of Phosphate Buffer

[NaCl]/mM t./min M,-data t./min R -data z M,-data
eq 14, 0 < t < 8 min

7 0.002 + 0.00003 0.0021 + 0.00008 1

14 0.0208 + 0.0006 0.015 + 0.0012 1
30 0.0369 + 0.0008 0.068 + 0.006 1

eq 157

30 0.0017 + 0.00003 0.0054 + 0.0002 0.66
60 159 + 0.3 166 + 0.8 5.8

“The fit to data at [NaCl] = 30 mM included the time regime of 0 < ¢
< 20 min, and the fit to the data at [NaCl] = 60 mM included the
entire time regime investigated.

Table 3. Fits to Data Measured at an Ionic Strength of 30
mM at Variable Contributions from the Phosphate Buffer

[Iph]

[Iph]/mM t./min M,-data t./min R -data z M,-data

eq 14,0 < { < 8 min

15 0.061 + 0.0011 0.071 + 0.0044 1

7.5 0.04 = 0.004 0.07 = 0.009 1

0 0.037 + 0.0008 0.068 + 0.0055 1
eq 15,0 <t <20 min

15 0.011 + 0.0001 0.0195 + 0.0006 0.77

7.5 0.0037 + 0.0001 0.0099 + 0.0056 0.71

0 0.0017 + 0.00003 0.0054 + 0.0002 0.66

time-resolved data. Further uncertainties result from repeating
experiments (S2 of the Supporting Information) or switching from
nonweighted to weighted model fits (S3 of the Supporting
Information).

B RESULTS AND DISCUSSION

Model-Independent Data Analysis. As was outlined in
the literature,” lowering the salinity of fibrinogen solutions
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