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Abstract

Proteins are organic macromolecules consisting of a sequence that is composed of
a series of amino acids (primary structure) joined together through peptide bonds.
Their functionality is obtained through suitable folding (secondary structure) and
assembly in three-dimensional space. Proteins are an essential component for ev-
ery kind of life on earth. The functions of proteins are diverse and extensive. For
example, enzymes catalyze chemical reactions which are of vitaly importance for
metabolic processes of an organism. Other tasks include the transportation of
various molecules as well as structure-forming functions such as the development
of muscular tissue(s). Among other criteria, proteins can be divided into different
subgroups based on their structural properties. This results in four subgroups,
namely disordered proteins, fiber proteins, membrane proteins and globular pro-
teins, the latter being especially relevant for this dissertation.

The water-soluble globular proteins exhibit a rich and diverse phase behavior in
the presence of polymers or polyvalent salts. The observed phenomena range from
liquid-liquid phase separation (LLPS) to aggregation and crystallization. In addi-
tion, “reentrant condensation” (RC) and “reentrant interaction” (RI) are particu-
larly noteworthy. RC describes a phase behavior that is triggered by successively
increasing a polyvalent salt concentration at a constant protein concentration.
If a certain salt concentration is exceeded, aggregates or condensates form. A
further increase beyond another defined salt concentration causes the previously
formed aggregates or condensates to dissolve. The greater details of RI will be
expanded upon in due course. Understanding and specifically manipulating the
phase behavior of proteins is of fundamental importance for medicine, pharmacy
and basic research. Protein crystals offer important information about the struc-
ture of a protein, which in turn allows for conclusions regarding its function. This
information would further our understanding to improve the understanding and
potentially aid to treat unwanted aggregations or amyloid fibril formation, com-
monly seen in Alzheimer’s disease patients.

Chapter 7 addresses the effective interactions of four different globular proteins: (-
lactoglobulin, bovine serum albumin, human serum albumin and ovalbumin (BLG,
BSA, HSA and OVA) admixed with the trivalent salt hexamine cobalt (III) chlo-
ride (Hac). In previous studies, this salt has already been shown to induce a phase
behavior known as reentrant condensation (RC) in Desoxyribonucleic acid (DNA)
and Ribonucleic acid (RNA). This phase behavior is known to be an important
concept in DNA packing and folding. Net negatively charged globular proteins
such as BSA or HSA exhibit a similar phase behavior in the presence of trivalent
salts such as YCI3 or LaCl3. The phase behavior is predominantly determined



by a charge reversal, which is triggered by an increasing salt concentration at a
constant protein concentration (c,). Within the scope of this work, it was then
investigated whether the trivalent cobalt salt Hac can trigger the RC phase be-
havior despite its structural differences to e.g. YCI3 or LaCl3. From a structural
perspective, the Hac cation differs from other polyvalent metal cations by the fact
that six ammonia ligands (NH3) are covalently bonded to the central cobalt atom
(Co) thereby shielding the present (3%) charge. It transpired that the effective
interactions induced by Hac are not sufficient to trigger RC. Instead, small-angle
X-ray scattering experiments (SAXS) revealed that the BLG-Hac system induces
a new phenomenon, called reentrant interaction (RI). Characteristically for pro-
tein systems with RI, the SAXS profiles are similar to that of protein systems
with RC phase behaviour; however, there is an absence of visible or measurable
phase transitions occurring in RI. In parallel to the SAXS experiments, static and
dynamic light scattering experiments (SLS, DLS) as well as visual investigations
were carried out.

Secondly (see Chapter 8), the effect of the polymer polyethylene glycol (PEG)
on the protein systems BSA and HSA was investigated. Initially, a rich phase
behavior was observed both visually and microscopically, which is characterized
by liquid-liquid phase separation (LLPS), aggregate formation and, in the case
of BSA, crystallization. The depletion effect, which is commonly known in the
context of colloid theory, acts as the initiating effect. This unspecific, yet subtly
equilibrium-based attractive interaction potential, which contrary to expectations
is caused exclusively by repulsive interactions, can be manipulated and adjusted
by tuning the polymer size and concentration. Systematic SAXS measurements
of BSA and HSA-PEG systems in combination with quantitative modeling allow
a better understanding of the protein phase behavior induced by the depletion ef-
fect. Furthermore, the differences between the two related proteins are emphasized
and further elaborated. Thus, HSA crystals offer a variety of different symmetry
groups, whereas BSA has only been found to crystallize in the symmetry group
C121. Furthermore, HSA can crystallize under unspecific (e.g. depletion effect)
as well as specific (e.g. trivalent metal cations such as CeCl3) conditions, whereas
BSA cannot. This is supported by surface analysis of the contact surfaces within
a protein crystal. It transpired that HSA forms more contact surfaces and can
therefore also crystallize in more, different symmetry groups compared to BSA.
Chapter 9 examines the effects of temperature and effective interactions of BSA-
LaCl3 solutions exposed to sodium-based Co salts (Na2SO4, NaCl, NaBr, NaNO3
and NaSCN) belonging to the Hofmeister series, alongside the phase behavior. The
Hofmeister series divides anions into two groups: Cosmotropes and chaotropes.
This classification is based on whether or not the anions percipitate proteins from
a solution (cosmotropes SO427 and chaotropes SCN  respectively). Similar to
BSA-LaCl3, the BSA-LaCl3 co-salt systems exhibit a rich phase behavior which,
in addition to RC, also features LLPS, as well as a lower critical solution tem-
perature (LCST). The phase separation thus takes place during heating. Using
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temperature-controlled UV /vis measurements, it was shown that even the addi-
tion of low concentrations (mM) of the Co salts to 80 mg/ml BSA with 10 mM-
LaCl3 leads to a reduction of the LCST. The reduction of the LCST follows an
inverse Hofmeister series, according to which chaotropic anions lower the LCST
more strongly than cosmotropic anions. By approximating a Langmuir binding
isotherm, it is possible to quantify and describe the association of the investigated
anions with the protein surface more precisely. Complementarily performed sys-
tematic SAXS experiments combined with model approximation provide further
insights about the prevailing effective interactions, however, these only partially
support the results from previous UV /vis measurements.



Zusammenfassung in deutscher
Sprache

Proteine sind biologische Makromolekiile, die durch eine Abfolge von Aminosauren
(Priméarstruktur) aufgebaut und durch Peptidbindungen miteinander verbunden
sind. Durch entsprechende Faltungen (Sekundéarstruktur) und Anordnung im
dreidimensionalem Raum (Tertidrstrucktur) erhalten sie ihre Funktionalitét. Sie
stellen einen fundamentalen Bestandteil fiir jede Art von Leben auf der Welt dar.
Die Funktionen von Proteinen sind vielfaltig und weitreichend. So katalysieren
Enzyme chemische Reaktionen, die eine grofie Relevanz fiir den Stoffwechsel eines
Organismus haben. Weitere Aufgaben reichen vom Transport von Molekiilen hin
zu strukturbildenden Funktionen wie beispielsweise die Ausbildung von Musku-
latur. Eine Unterteilung der Proteine in Untergruppen kann unter anderem an-
hand ihrer strukturellen Merkmale erfolgen. Dadurch ergeben sich die Untergrup-
pen der ungeordneten Proteine, faserformigen Proteine, Membranproteine und
globularen Proteine, letztere sind fiir die vorliegende Dissertation von Relevanz.
Die in Wasser loslichen globularen Proteine weisen ein reichhaltiges Phasenver-
halten in der Gegenwart von mehrwertigen Salzen oder auch Polymeren auf. So
reichen die zu beobachtenden Phanomene von Fliissig-Fliissig Phasentrennung
(LLPS) iiber Aggregation zu Kristallisation. Weiterhin sind vor allem ”reen-
trand condensation” (RC) sowie "reentrand interaktion” (RI) zu nennen. RC
beschreibt ein Phasenverhalten, welches durch sukzessives Erhohen einer multi-
valenten Salzkonzentration bei konstanter Proteinkonzentration ausgelost wird.
Bei Uberschreiten einer gewissen Salzkonzentration, bilden sich Aggregate oder
auch Kondensate. Ein weiteres Erhohen der Salzkonzentration bedingt ab einer
weiteren gewissen Salzkonzentration das Auflosen der zuvor gebildeten Aggregate
oder Kondensate. RI ist ein Phanomen welches im nachfolgenden Abschnitt dieser
Zusammenfassung genauer erlautert wird. Verstdndnis sowie zielfithrende Manip-
ulation des Phasenverhaltens von Proteinen ist fundamental fiir Medizin, Pharma-
oder Grundlagenforschung. So liefert ein Proteinkristall wichtige Informationen
zur Proteinstrukturaufklarung, die wiederum Riickschliisse auf die Funktion des
Proteins erlauben. Diese gewonnen Informationen kénnen dann dazu beitragen
beispielsweise ungewollte Aggregation oder die Ausbildung von Amyloidfibrillen,
wie sei bei Alzheimer vorkommen, zu verstehen und somit Mdéglichkeiten zu finden
diese zu bekampfen.

Das erste Ergebniskapitel (sieche Kapitel 7) handelt von effektiven Wechselwirkun-
gen der vier verschiedenen globularen Proteine S-lactoglobulin, Bovine serum

albumin, Human serum albumin und Ovalbumin (BLG, BSA, HSA und OVA)
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mit dem trivalenten Salz hexamin cobalt(III) chlorid (Hac). Es ist bereits er-
wiesen, dass dieses Salz bei Desoxyribonuclein sdure (DNA) sowie Ribonucle-
insdure (RNA) ein Phasenverhalten bekannt als reentrant condensation (RC) her-
vorruft, welches ein wichtiges Konzept der DNA-Packung und Faltung darstellt.
Ein ahnliches Phasenverhalten zeigen netto negativ geladene globulare Proteine
wie BSA oder HSA in der Gegenwart trivalenter Salze wie YCI3 oder LaCl3. Dabei
wird das Phasenverhalten mafigeblich durch eine Ladungsumkehr bestimmt, die
durch eine steigende Salzkonzentration bei gleichbleibender Proteinkonzentration
(¢,) ausgelost wird. Im Rahmen dieser Dissertation wurde nun untersucht, ob das
trivalente Cobalt-Salz Hac trotz seiner strukturellen Unterschiede zu bspw. YCI3
oder LaCl3, das RC-Phasenverhalten auslosen kann. Strukturell unterscheidet sich
das Hac Kation von anderen mehrwertigen Metall Kationen dadurch, das sechs
Ammoniakliganden (NH3) kovalent an das zentrale Kobaltatom (Co) gebunden
sind und die vorliegende (37) Ladung abgeschirmt wird. Es stellte sich heraus, dass
die durch Hac induzierten effektiven Wechselwirkungen nicht ausreichen um RC
auszulosen. Stattdessen zeigte sich durch Rontgenkleinwinkelstreuexperimente
(SAXS), dass das BLG-Hac System ein neues Phédnomen, reentrant interaction
(RI), hervorruft. Kennzeichnend fiir RI ist dabei, dass sich die SAXS-Profile
fiir Proteinsysteme mit RC-Phasenverhalten und Proteinsysteme mit RI ahneln,
es bei RI jedoch zu keinem visuell sichtbaren sowie messbaren Phaseniibergang
kommt. Begleitend zu den bereits angesprochenen SAXS-Experimenten wurden
statische und dynamische Lichtstreuungsexperimente (SLS, DLS) sowie visuelle
Untersuchungen durchgefiihrt.

Der zweite Teil der Arbeit (sieche Kapitel 8) untersucht, welche Auswirkung das
Polymer Polyethylenglycol (PEG) auf die Proteinsysteme BSA und HSA hat.
Dabei wurde zunachst visuell als auch mikroskopisch ein reichhaltiges Phasenver-
halten festgestellt, welches durch Fliissig-Fliissig Phasentrennung (LLPS), Aggre-
gatbildung und bei BSA auch Kristallisation gepragt ist. Als auslosender Effekt
ist hier der Depletion Effekt anzufiihren, welcher im Rahmen der Kolloidtheorie
landlaufig bekannt ist. Dieses unspezifische und zugleich auf einem subtilen Gle-
ichgewicht basierende anziehende Wechselwirkungspotenzial, welches entgegen der
Erwartung ausschliellich durch repulsive Interaktionen hervorgerufen wird, kann
durch das Abstimmen von Polymergréfie und Konzentration mafligeblich beein-
flusst und auch eingestellt werden. Systematische SAXS-Messungen von BSA und
HSA-PEG Systemen in Kombination mit quantitativer Modellierung ermoglichen
ein besseres Verstandnis des durch den Depletion Effekt induzierten Phasenver-
halten von Proteinen. Weiterhin werden auch die Unterschiede der beiden ver-
wandten Proteine ersichtlich und weiter herausgearbeitet. So kristallisiert HSA
beispielsweise in viele verschiedene Symmetriegruppen wahrend bei BSA bisher
ausschliefllich die Symmetriegruppe C121 festgestellt wurde. Weiterhin zeigt sich,
dass HSA sowohl unter unspezifischen (bspw. Depletion Effekt) als auch spezi-
fischen (bspw. trivalente Metallkationen wie CeCl3) Bedingungen kristallisieren
kann, BSA jedoch nicht. Unterstiitzt wird dies durch die gezeigte Oberflachen-
analyse der Kontaktflachen innerhalb eines Proteinkristalls. Es stellt sich heraus,
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dass HSA mehr Kontaktflachen ausbildet und somit auch in mehr unterschiedliche
Symmetriegruppen kristallisieren kann, verglichen mit BSA.

Das dritte Ergebniskapitel (siehe Kapitel 9) untersucht neben dem Phasenverhal-
ten, die Auswirkungen von Temperatur sowie die effektiven Wechselwirkungen
von BSA-LaCl3 Losungen unter dem Einfluss von natriumbasierten Co-Salzen
(Na2S04, NaCl, NaBr, NaNO3 und NaSCN) der Hofmeisterserie. Die Hofmeis-
terserie unterteilt Anionen in zwei Gruppen: Kosmotrope und Chaotrope. Diese
Einteilung basiert auf der Eigenschaft, ob die Anionen Proteine aus einer Losung
fallen (Kosmotrop SO427) oder eben nicht (Chaotrop SCN ™). Ahnlich zu BSA-
LaCl3 weisen die BSA-LaCl3 Co-Salz Systeme ein reichhaltiges Phasenverhalten
auf, welches jeweils nebst RC auch iiber LLPS und eine untere kritische Losungs-
temperatur (LCST) verfiigt. Die Phasentrennung erfolgt somit bei Erwérmung,.
Mittels Temperatur gesteuerten UV-Vis Messungen wurde nachgewiesen, dass
bereits die Addition von geringen Konzentrationen (mM) der Co-Salze zu 80 mg/ml
BSA mit 10 mM-LaCl3 eine Reduktion der LCST herbeifiihrt. Die Reduktion
der LCST folgt dabei einer inversen Hofmeisterserie, wonach chaotrope Anionen
die LCST starker senken als kosmotrope Anionen. Durch Annéherung von einer
Langmuir-Bindungsisotherme ist es moglich, die Assoziation der untersuchten An-
ionen mit der Proteinoberfliche genauer zu quantifizieren und zu beschreiben.
Zusatzlich durchgefiihrte systematische SAXS Messungen kombiniert mit Modell-
annaherung liefern weitere Einblicke in die vorherrschenden effektiven Wechsel-
wirkungen, diese unterstiitzen jedoch nur bedingt die Ergebnisse aus den voraus-
gegangenen UV /vis Messungen.
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Introduction and Theory



Chapter 1

Introduction

Proteins can be classified as biological macromolecules, more precisely as biopoly-
mers, which fulfill a variety of biologically relevant tasks [1]. Alongside their
molecular, chemical, physical and functional properties [2-5], proteins also serve
as an important source of nutrients [6-8]. In general, protein formation is based
upon the folding of polypeptides in unique configurations with micron (um) to
nanometer (nm) dimensions [9-11]. Owing to their spatial arrangement, proteins
are capable of interacting with all kinds of matter - be it organic or inorganic;
likewise, proteins can respond to external stimuli [2-5]. Moreover, most func-
tional proteins are arranged in so-called complexes, which either consist of several
replicates, subunits or include other proteins [11-14]. On the basis of protein
complexes, an organism succeeds in catalyzing biochemical reactions as well as
obtaining structuring elements which facilitate interactions between the organism
and its immediate surroundings [10, 15, 16]. Consequently, the basic functions
of an organism are realized by proteins, but only the interaction of different pro-
teins, for example in a cluster, will provide an organism with sufficient functional
complexity [11, 12, 17]. To provide an overview on the relevance of proteins in
the organization of a biological organism, an estimated 13% = 9kg of a 70 kg
person is made up of proteins [18]. Currently, the UniProt protein database lists
over 245 million different proteins, of which around 570 thousand have already
been manually reviewed. These two numbers will most likely grow in the near
future [19].

Apart from their aforementioned complex and versatile functions, especially crys-
talline proteins are key to the purification and production of pharmaceuticals for
medical therapy [20-22]. Protein crystals can be used to treat shortages of endoge-
nous proteins or to suppress an immunoreaction triggered by medication [20, 22—
24]. Besides the purification of medically relevant proteins, a multitude of other
proteins were purified employing protein crystallization, ranging from Serum al-
bumins to enzymes [23].

Furthermore, in vivo crystallization or aggregation of proteins is a clinical finding
that represents a downside. On the one hand, proteins and their respective crystals
have great potential to help cure diseases; on the other hand, many undesirable
protein aggregation and crystallization processes or pathways are associated with
diseases. For example, sickle cell anemia describes a defect which, in addition
to the structure, also significantly deteriorates the hemoglobin synthesis [25-27].
The mutated S-hemoglobin undergoes a polymerization reaction, which leads to
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the formation of linear fiber bundles, causing increased intracellular viscosity and
entails an obturation of blood vessels. Patients diagnosed with sickle cell anemia
are also susceptible to a variety of complications which includes stroke, lung dis-
eases and organ damage [25-27]. Other examples include eye cataract, Parkinson,
Alzheimer’s, Huntington’s and Creutzfeldt-Jakob’s disease [28-34]. In general, in
vivo protein crystallization and aggregation usually restricts the viability of cells,
as demonstrated by the above mentioned diseases, thus providing an evolutionary
disadvantage [35]. In rare cases, however, protein crystallization offers an evolu-
tionary advantage, as it is evident in Bacillus bacteria, which use protein crystals
to preserve toxins [35].

Structural biology represents the main beneficiary of protein crystallization. The
importance of this science branch was demonstrated during the pandemic of
SARS-CoV-2 commonly known as COVID-19, which caused a severe acute respi-
ratory syndrome (SARS) in humans [36, 37]. SARS-CoV-2 is a single stranded
RNA virus, representing a member of Coronaviridae, a sub group of the beta-
coronaviruses [36]. Various approaches have been pursued to identify effective
virus inhibitors with the ultimate aim of developing a universally applicable vac-
cine. Therefore, antibody-virus-complexes, as well as [38-41] the NsP5 protease
[42], which is responsible for RNA cleavage and thus for the replication of the
virus [43], were crystallized. This demonstrates the intimate connection between
protein structure and function. Only with extensive information about the pro-
tein structure it is possible to deduce the function of a protein [44, 45]. The
crystallization of proteins remains a sophisticated venture, as crystallization re-
quires profound structural knowledge, although important structural information
remains unknown unless quality crystals are available [46]. Additionally, most
protein crystals are the result of trial and error driven experiments [44], which
confirms the presence of a vicious circle [46].

Varying parameters such as temperature (T), protein concentration, pH value, ion
concentration, the valence of ions [47] or polymer concentration and polymer size
exert a major influence on the complex effective interactions of proteins [48, 49],
triggering a multitude of different phenomena in response. These include de-
naturation [50, 51] fibrillation [52] and aggregation [52, 53]. In addition, it was
previously found that effective protein interactions in aqueous solutions can be ad-
justed using trivalent salts, thus obtaining a reentrant condensation (RC) phase
behavior, which may be accompanied by LLPS or crystallization [47, 54-67]. As
far as crystallization is concerned, polymers in particular are becoming increas-
ingly popular as additives to obtain good quality crystals [68-71]. Although this
diverse and rich phase behavior is advantageous for structural biology, the pu-
rification and production of drugs presents a disadvantage for the storage and
transportation of drugs [20-22, 72-74].

This thesis is divided into three results Chapters (see Chapters 7, 8 and 9), focus-
ing on the examination of effective protein interactions. In Chapter 7, the effective
interactions of four different protein systems (BLG, BSA, HSA and OVA) induced
by the addition of hexamine cobalt(III) chloride were examined. Emphasis was
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primarily placed on the evaluation and quantification of the effective interactions
utilizing X-ray and light scattering methods.

In Chapter 8, the phase behavior and the effective interaction of BSA and HSA
protein solutions caused by the depletion effect due to the addition of the polymer
polyethylene glycol (PEG) were investigated. Systematic SAXS measurements of
the two protein-PEG systems in combination with quantitative modeling allow
for a better understanding. In addition, the differences between the two related
proteins are highlighted and differences in crystallization are elaborated on the
basis of a surface contact analysis.

In the final results Chapter, the phase behavior, temperature effects and effective
interactions of BSA-LaCl3 solutions under the influence of sodium-based co-salts
(Na2SO4, NaCl, NaBr, NaNOg3 and NaSCN) of the Hofmeister series were inves-
tigated. The BSA-LaCl3 co-salt systems exhibit a rich phase behavior comprising
RC, LLPS and a lower critical solution temperature (LCST). To offer a better
understanding of this BSA LaCl3 co-salt system, temperature-controlled UV /vis
measurements were complemented by systematic SAXS measurements.

1.1 Van der Waals Equation of State

Generally, volume ( V'), pressure (P) and temperature (T') are required to express
the physical state of a liquid or gas. Provided a thermodynamic equilibrium, the
relation between V, P and T is termed equation of state. In the case of an ideal
gas, the following well known equation is obtained [75-78]:

PV = nN4kT = nRT. (1.1)

Here, N, denotes the Avogadro constant, n the number of moles and the relation
R = Nk gives the ideal gas constant. The variable k is used for the Boltzmann
constant. Due to the ideal behavior of the individual particles of the ideal gas,
interactions between the particles are excluded. Consequently, the ideal gas is
unable to undergo a phase transition such as the condensation of a gas phase to
a liquid phase. Therefore, the description of a permanent gas applies to an ideal
gas [76]. Including attractive interactions (n/V)?-a and considering the excluded
volume b per mole n with (V' — nb) in Equation 1.1, yields the Van der Waals
(vdW) equation of state:

[P + (%)2 a} (V = nb) = nNAKT. (1.2)
Here, a denotes the strength of the attraction [75-78]. Both vdW coefficients a
and b are temperature independent and individual for each gas [77].

[lustrating the vdW isotherms in a pressure-volume diagram (see Figure 1.1),
reveals that above a critical temperature 7T, only a gas can be realized, indepen-
dent of the pressure. Accordingly, the pressure required to induce condensation
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van der Waals isotherms
------- phase transition curve
====gpinodal

Figure 1.1: Schematic illustration of the van der Waals isotherms for different
temperatures T close to the critical point (C) in a P/V diagram. The van der
Waals isotherms are shown in solid /dotted lines for an increasing temperature T.
The grayish areas correspond to the Maxwell-construction. This Figure has been
adapted from Reference [76].

of a gas to a liquid is referred to as the critical pressure P. and consequently
the required volume as critical volume V. [76]. Looking at the critical isotherm,
a saddle point (C') can be ascertained. This point satisfies the condition under
which both pressure-volume derivatives are equal to zero at constant 7' (see Fig-
ure 1.1) [76, 79]. In the realm above C, the ideal gas is approximated (small values
for the term n/V in Equationl.2 for increasing T' [76]). The other isotherms that
run through the two-phase region located below point C are to be replaced by
horizontal lines using the Maxwell’s construction. Thus, two equally sized areas
Al = A2 are enclosed by the horizontal and isothermal lines (see grayish areas in
Figure 1.1) [79]. A phase equilibrium exists, when the chemical potential of the
gas (g) and liquid (/) phases is constant j; = p, [75, 78]. Considering the molar
Helmbholtz free energy F, the following relationship is obtained:

F—F,=P(V,-V). (1.3)

together with the molar volume V = V/n and the relationship (n; —n,)V =V
provides the Maxwell construct

Under consideration of
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" p (V) - v, (1.5)

P(V,-V) =+ [
%

which explains the equality of the two areas Al = A2 (see gray areas in Fig-
ure 1.1 [78]).

Connecting the extreme points of the vdW isotherm within the two phase regions
yields the spinodal (illustrated by the two points V, and V}). The area enclosed by
the spinodal is not realized, as the system splits into two phases: a gas phase and
a liquid phase. The area in between spinodal and binodal (phase transition curve)
is characterized by metastability. Metastability, that is, the process of heating a
liquid above its boiling point or cooling a gas below its condensation temperature,
to provide a practical example [79]. Generally, these states posses a limited life-
time and transition to a two phase system as a result of a more favorable chemical
potential p [80].

1.2 Binary Mixtures a Thermodynamic View

Typically, a protein solution can be regarded as a binary mixture. As the name
already implies, the mixture is comprised of two components, A and B, together
with their respective molar fractions, x4 and xg (x4 + xz = 1). Moreover,
each constituent features an individual Gibbs free energy labeled G% and G%
respectively [75]. The concept of Gibbs free energy (G) can be used to describe
a binary system of dissolved proteins in the context of thermodynamics [28]. For
a constant pressure P and fixed temperature T' the Gibbs free energy reads as
follows:

G=U-TS+PV=H-TS. (1.6)

Here U denotes the internal energy, S the entropy, V the volume and H the
enthalpy [28, 81, 82].

Stability in a thermodynamic context provides a valuable framework to predict the
behavior of a system in response to encountered disturbances. In other words, a
stable system can be characterized by a global minimum in the energy landscape,
causing the system to maintain its current state. In the opposite case, an unstable
state is characterized by the transition to another, more stable state, which is
initiated in response to minor disturbances. Minor disturbances involve deviations
in the thermodynamic variables P, T, S, H or U. A third state, referred to as
metastable, is characterized by the presence of a local energy minimum. In order
to achieve a transition to a more stable state, energy must first be added to the
system [83].

Based on the context provided, the Gibbs free energy of a binary solution can be
calculated by use of the following formalism:

G = XAG?q + XBGOB +uxaxs + RT[caln(xa) + caln(xs)]. (1.7)
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Here, the ideal gas constant is denoted with a R [75]. This formalism is based on
the assumption that the interaction energy between the two components A and
B in the mixture can be approximated by the term wcacg. Here, u denotes the
internal energy per unit of volume or mass [75]. The last two terms on the right-
hand side of the equation 1.7 denote the entropy contribution of the mixture [75,
84]. The limit of metastability

0*°G
— =0 1.8
X% (18)
can be converted to
—2uxe(1 = xa) + RT = 0. (1.9)

Equation 1.9 yields the spinodal curve, which is depicted in Figure 1.2 (red
line) [75].

Critical Point = Binodal

= Spinodal

Liquid-Liquid
Phase Separation

Temperature, T

Molar fraction,

Figure 1.2: Schematic illustration of the binodal (blue) and spinodal curve (red)
for a binary mixture consisting of two substances: A and B. The volume fraction
for the substance A (¢) is displayed on the X-Axis, whereas the temperature is
shown on the Y-Axis. Metastability characterizes the condition of the binary
solution in between binodal and spinodal curve. Inside the Spinodal curve, the
solution is unstable, resulting in Liquid-Liquid phase separation (LLPS). This
Figure has been adapted from Reference [75].

The critical point marks the transition from a stable homogeneous solution,
which is fully miscible for all kinds of concentrations, to an unstable solution
(inside the Spinodal see Figure 1.2). Besides the Spinodal, the coexistence curve,
known as binodal, is given by the following equation [75]:

1 —xa (1 —2xa)u
— A AT ) 1.10
e ( = (1.10)
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This equation applies, if the chemical potential of a given component remains
constant, despite the mixed or demixed condition of the binary solution. The area
enclosed by binodal and spinodal is characterized by metastability (see Figure 1.2).
A solution located precisely in this metastable area will form droplets as a result
of inflicted perturbations. These disturbances are to be equated with a transfer
of energy. The droplets mature and eventually the solution separates in two
phases [75, 85].

1.3 Phase Diagrams of Collodial Solutions

The colloid theory is a useful concept for the description of protein phase behavior.
The particles in solution (e.g. proteins) are visualizds as colloidal particles of di-
ameter . In accordance with the picture of atomic liquids, the solvent is neglected
and considered only as a background, which allows one to relate the behavior of
the colloidal solution to an equivalent interaction potential of atoms [49]. Based
on the range of interaction, various kinds of phase diagrams emerge [48, 86]. The
phase diagram for a system which exhibits exclusively hard sphere interactions is
depicted in Figure 1.3 a. From this, it is evident that only fluid (F') and crystalline
(C) phases exist. Given the volume fraction of ¢ = 0.494, a few colloids are found
in a crystalline form. This behavior is entropically favored (see F4C area in Fig-
ure 1.3 a). Exceeding the so-called volume fraction of melting ¢ = 0.545 implies
that all colloids are present in crystalline (C) form (see Figure 1.3 a). When a
long-range interaction is introduced, the phase behavior alters and a three-phase
equilibrium becomes visible (see Figure 1.3 b). Here a stable coexistence between
gas (G) and liquid (L) is established. This behavior is commonly found for atomic
liquids such as argon [86]. The introduction of short ranged attractions gives rise
to a different type of phase diagram. These short ranged attractions are com-
monly found in protein solutions. Here, the liquid-liquid transition (highlighted
by L+L) turns out to be metasatable (see Figure 1.3 ¢) [86]. Metastable indi-
cates a separation into two distinct liquid phases, one phase being protein-rich,
known as the dense phase, and the other phase being protein-poor, known as
the dilute phase [87]. Typically, the phase behavior of proteins can be divided
into different phases: the solidus line (which separates C from G+C), the solu-
bility line (which separates G from G+4C) and the liquid-liquid coexistence line
(which separates G+C from L+L), also known as binodal (see Figure 1.3 ¢ and
Figure 1.2) [86, 88]. Depending on the course of the solidus or solubility line, the
corresponding temperatures and volume fractions are indicated, above which a
crystalline or a gaseous phase occurs. The gaseous-crystalline phase is enclosed
by these two lines (see Figure 1.3 ¢). Not far from the solubility line, but within the
area of the G+C phase, runs the so-called gas-crystal spinodal. The gas-crystal
spinodal describes the metastable decomposition for a coexisting crystal and gas
phase [87]. In the case of colloid-polymer solutions, similar phase diagrams emerge
(see Figure 1.9) [48].
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Figure 1.3: Schematic illustration of different Phase diagrams for colloidal sys-
tems. The Y-Axis displays the temperature whereas the X-axis displays the vol-
ume fraction (¢). Graph a) displays the phase diagram for a hard sphere sytem
only showcasing fluid (F) and crystal phases (C). Graph b) depicts the phase di-
agram for hard spheres accompanied by long-ranged attractions as to be found in
atomic systems e.g. argon. Here a stable coexistence between gas (G) and liquid
(L) is to be seen. Graph c) depicts the phase diagram for hard spheres with short
ranged attractions, common for protein solutions. An equilibrium is established
between gas and crystal, but the liquid-liquid transition (L+L) turns out to be
metastable. This illustration has been adapted from Reference [86].

1.4 Specific Interactions between Proteins and
Salts

Proteins are comprised of amino acids, which are connected by a peptide bond.
Generally, amino acids can be distinguished on the basis of the physical properties
of their respective side chains. These include: size, aliphatic or aromatic character,
the respective charge, hydrophobicity or hydrophilicity, and polarity [89]. Consid-
ering the previously enumerated properties in the context of an extended amino
acid chain, along with the associated three-dimensional folding, one yields a func-
tional protein. A protein can thus possess either a positive, neutral or negative
net surface charge. The surface charge and ultimately the isoelectric point are
dependent on ambient conditions such as the pH value [89].

By suspending a protein in an aqueous electrolyte-containing solution, the electro-
static potential is altered [90]. In this regard, water is viewed as a non-conducting,
yet structureless environment. The dissolved protein molecules can be envisioned
as charged colloidal particles surrounded by irregularly distributed cations and an-
ions [48, 49]. Generally, charged particles in solution are known to repel particles
with the same charge and attract particles with the opposite charge. This type of
interaction is commonly referred to as Coulomb interaction [48, 49]. The Coulomb
interaction can be used to describe the accumulation of oppositely charged ions
at the protein surface. Moving away from the colloidal surface, an equilibrium
between cations and anions emerges. This equilibrium oscillates around a con-
stant value, a process that results in the formation of an ionic double layer. A
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change in the ambient ion concentration alters the width of this double layer:
if the concentration of ions is increased, the screening of the colloidal charge is
intensified, which leads to a narrower double layer. In the opposite case, i.e.
with decreasing ion concentration, the double layer screening is weakened and the
double layer expands. An approach of two double layers from two colloids car-
rying identical charges causes the double layers to overlap, and leads to mutual
repulsion [48, 49]. Yet this repellent force is only effective across a limited range
(approximately 3 nm), defined as the Debye screening length Ap:

72
1 A (1.11)
)\D EGOI{ZBT

Here, x denotes the inverse Debye length, z denotes the charge carried by the ions,
n; represents the concentration of the i-th component, ¢ denotes the dielectric
constant of the solvent, ¢y denotes the permittivity of the free space, kg denotes
the Boltzmann constant and T denotes the temperature [48, 49, 91, 92].

1.4.1 DLVO-Theory

The DLVO theory developed by Derjaguin-Landau-Verwey-Overbeek describes
emerging attractive, and repulsive interactions between two polarizeable colloids
(proteins) suspended in an aqueous electrolyte solution. Due to Coulomb repul-
sion, ions of opposing charge accumulate on the surface of the proteins and yield
a double layer formation. The overlap of two individual yet similarly comprised
double layers culminates in mutual repulsion [48, 49, 90], as described on the previ-
ous page. Apart from repulsion, an attractive van der Wals force (vdW) emerges,
evoked by fluctuating dipole moments of the colloids [93]. Ultimately, the to-
tal energy of interaction corresponds to the sum of the attractive van der Waals
forces along with the repellent electric double layer [94]. Figure 1.4 a illustrates
the DLVO theory graphically by showing the energy of interaction F as a function
of particle spacing r. The repelling electrostatic interactions are emphasized by
r~3, while the long-range attractive vdW force is denoted by r—! and the short-
range attractive vdW force by r=¢. At particle distances where r approaches y,y,
the long-range vdW forces exert an attractive interaction that leads to weakly
bound aggregates. Beyond the secondary minimum, the repulsive electrostatic
interactions repel stronger than the long-range attractive vdW force attracts (see
Figure 1.4 a). At even shorter distances, the resulting repulsive barrier could be
overcome and aggregate formation occurs, (primary minimum) [48, 49, 90]. How-
ever, in this regard it is important that these colloids can make contact but not
interpenetrate one another.
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Figure 1.4: Exemplary visualization of the DLVO theory (Derjaguin-Landau-
Verwey-Overbeek) (a) and the effects of an increasing salt concentration on the
DLVO theory (b). Graph (a) depicts the interaction between two colloidal particles
as they approach each other. The total energy of the interaction E (highlighted
by the red line) represents the sum of all interactions (highlighted by the blue
lines) as a function of the respective inter particle distance r. The interactions
(blue lines) are subdivided as follows: the electrostatic repulsion is highlighted by
r=3, the short-range van der Waals (vdW) attraction by r=% and the long-range
vdW attraction by r—!. The secondary minimum 7, is indicated by a dashed
line. Graph (b) illustrates the interactions between two approaching colloids under
the perquisite of an increasing salt concentration (from i to iv). The interaction
potential W, normalized to thermal energy kg, is depicted as function of r.
Hlustration (a) has been adapted from Reference [90], illustration (b) has been
adapted from Reference [48].

For this reason, the distance between the particles cannot become zero (see Fig-
ure 1.4 a). Figure 1.4 b illustrates the behavior of the DLVO theory in response to
an increasing salt and, thus, associated ion-concentration. Instead of the energy
of interaction, the interaction potential W as a function of r is plotted [48, 49].
At low salt concentrations i, the double layer repulsion is the dominant factor. As
a result, the solution is initially stable. Raising the salt concentration from 7 to ii
leads to the development of a secondary minimum at intermediate particle spacing
along with the associated weak aggregation. This weak aggregation is reversible,
which can be accomplished by means of mechanical actions such as shaking. The
curves for (i7i) and (iv) depict the situation for even higher salt concentrations.
This increase in salt concentration significantly reduces the repulsive potential
barrier and leads to a primary minimum which is associated with irreversible ag-
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gregates. At this primary minimum, the attractive vdW forces dominate.
However, the applicability of DLVO theory is limited as it neglects ion-ion inter-
actions, interactions beyond electrostatics like hydrophobic interactions and het-
erogeneity in charge distribution. Yet, experiments have shown to deviate from
the concept of DLVO theory, [90, 95, 96], but still the DLVO theory provides
acceptable descriptions for many systems under investigation.

1.4.2 Reentrant Phase Behavior

RC phase behavior can be observed in a variety of different systems such as charged
colloids [97-99], DNA [100-102], or polyelectrolytes [103—-105]. A similar behavior
was observed for aqueous solutions of net negatively charged globular proteins (e.g.
BSA, HSA, OVA and BLG) in the presence of multivalent metal salts (e.g.YCI3
or LaCl3) [47, 56, 58, 106]. An exemplary RC phase diagram for globular net neg-
atively charged proteins in the presence of multivalent metal salts (e.g.YCI3) is
shown in Figure 1.5. Starting from a fixed protein concentration (cyrotein mg/ml)
accompanied by a continuous increase of the salt concentration (cs,; mM), the
globular protein molecules initially repel each other, owing to their net negative
surface charge (see regime I in Figure 1.5). Exceeding the first critical salt concen-
tration t* yields a phase transition, resulting in opacification (regime II) of the for-
merly clear solution (regime I). This opacification is attributable to the formation
of aggregates or condensates, some of which may also precipitate [47, 56, 58, 107].
The aggregate and condensate formation can be traced back to the binding be-
tween the carboxy groups on the protein surface with the cations in solution. As a
result, bridging contacts are formed, the surface charge of the proteins is reduced
and condensation starts at an almost neutral protein charge (regime II). A further
increase of the salt concentration (cg;) beyond the second critical concentration
t** results in redissolution of the previously formed condensates, the solution be-
comes stable again and turns clear (regime III). This phase behavior is commonly
referred to as reentrand condensation (RC). Fundamental to this phase behav-
ior is the cation-mediated charge reversal of the proteins, which is confirmed by
zeta potential measurements [47, 59, 62, 108]. Within regime II, it is possible for a
liquid-liquid phase separation (LLPS) to occur (see LLPS area in Figure 1.5). The
samples that qualify for LLPS, separate into a two-phase mixture consisting of a
dilute and a dense liquid phase. This behavior is illustrated by the dashed lines,
which indicate a tie-line pair within the LLPS area shown in Figure 1.5 [56, 108].
The ion-activated patchy particle model [107] enables a detailed description of the
RC phase behavior. According to this model, each protein possesses a limited
number of patches. The binding of a multivalent cation to a patch occupies and
thus activates this patch [107, 109].
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Figure 1.5: Exemplary illustration of a reentrant condensation (RC) phase di-
agram for net negatively charged globular proteins in the presence of multiva-
lent cations in aqueous solution. The bulk phase diagram is divided into three
regimes I, II, and III and features liquid-liquid phase separation (LLPS). Dashed
lines within the LLPS area emphasize a pair of tie-lines indicating the dissociation
into a dense and dilute phase. The two critical salt concentrations are highlighted
in blue (t*) and green (t**).

Only the interaction of an unoccupied (non-activated) patch with an occupied

(activated) patch of a second protein molecule leads to a short-range attraction
culminating in an ionic bridge. Consequently, as the salt concentration increases,
more and more patches become occupied, which results in an increasing number
of ion salt bridges. On the other hand, the encounter of two unoccupied or two
occupied patches results in repulsion [107, 109].
Minor changes in this model reveal considerable effects. For example, an increase
in repulsion between two unoccupied patches or between two occupied patches
yields a shift in the interaction energy which in turn affects the distribution of
patches. An increase of the attraction between an occupied and an unoccupied
patch modifies the ensemble distribution at the critical point. Raising the number
of patches moves the interaction energy towards higher values. This is important
because interaction energy is required to achieve phase separation [109]. In ad-
dition to the number of patches, their distribution on the particle itself is also
relevant, which can be recognized by different critical points present in the phase
diagram [110, 111]. Another parameter that influences this model is the radius of
the hard sphere. For example, the interaction energy required to reach the critical
point decreases as the radius increases [109].
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1.4.3 Hofmeister Series

The Hofmeister series, named after Franz Hofmeister, classifies anions and cations
on the basis of their salting-out and salting-in properties of proteins in aqueous
solution [112]. A representative sequence of the Hofmeister series for anions reads
as follows [113]: CO32~ > S042~ > S2032~ > HoPO4~ >F~ > ClI~
>Br ~NO3 >1I > ClO4 > SCN .

In this representation of the anionic Hofmeister series the anions to the left
(C0327), which are commonly referred to as cosmotropes, precipitate proteins
from aqueous solutions (salting out). In contrast, the anions on the right (SCN ),
which are commonly referred to as chaotropes, cause the opposite effect of salting
in. Cosmotropic anions are well hydrated, which increases the protein’s surface
tension and exert a stabilizing effect on the proteins in solution. On the other
hand, chaotrope anions exert a destabilizing effect, reducing the proteins surface
tension and in turn increasing the probability of proteins to denature [114-116].
The concept of salting out describes a phenomenon in which an increase in anion
concentration is accompanied by a slight improvement in the solubility of a pro-
tein [114, 116]. Although it may sound simple, the solubility of proteins is rather
complex and depends not only on the protein’s chemical or physical constitution,
but also on temperature, pH-value and, of course, concentration and nature of
the admixed salt [114]. Even though the behavior of proteins in the presence of
anions which belong to the Hofmeister series has been extensively characterized,
it turns out that a consistent ordering of the anions is still lacking [113, 116-118].
The rule of matching water affinities was developed, which is based on the hydra-
tion enthalpy of the ions [119, 120]. This rule suggests that ion pairing between
two oppositely charged ions is more likely to occur if the respective hydration
enthalpies are approximately equal or match [121]. In other words, small ions
carry a higher charge density, which means that water is bound more strongly;
the opposite is true for larger ions. Thus, a pairing of large cations (chaotrope)
with large anions (chaotrope), and small cations (cosmotrope) with small anions
(cosmotrope) is favored, but pairing between large and small ions is rather unlikely
to form. Looking at proteins, the functional groups on the protein’s surface can
be categorized as chaotropic or cosmotropic based on the side chain residues, the
predominant charge, the respective hydration enthalpy and the similarity to cos-
motropic or chaotropic ions [119, 120, 122-124]. It has been shown that the bond
between a protein and an anion is characterized by an increase in entropy as the
Hofmeister series progresses. However, this increase in entropy is compensated for
by a gain in enthalpy. As a result, the binding free energy also gradually decreases
as the Hofmeister series progresses, a mechanism which can be explained by the
law of matching water affinities [125].

Conversely, it has been observed that a multitude of different factors like the con-
centration of protein or salt, the pH-value or specific protein attributes affect or
even invert the Hofmeister series [126, 127]. This reversal of the Hofmeister series
can be observed at low salt concentrations, yet salt concentrations above 200 or
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300 mM cause a return to the direct Hofmeister series [127-131].

This demonstrates how multifaceted the phase behavior of proteins can be. Only
with extensive knowledge of the various influencing factors can one provide a
certain degree of predictability of the protein phase behavior.

1.4.4 UCST-and LCST-Behavior

Temperature is a crucial factor that influences the phase behavior of proteins. A
slight change in temperature, both increasing and decreasing, is able to trigger a
displacement of a protein’s phase diagram [108]. In addition, temperature can be
considered as a general control parameter for LLPS, thus offering two conditions
for which LLPS emerges: below a critical solution temperature, known as upper
critical solution temperature (UCST) [132] or above a critical solution tempera-
ture, referred to as lower critical solution temperature (LCST) [62].

In other words, the UCST behavior describes a system which is fully miscible
at higher temperatures but phase separates at lower temperatures. Proteins
that exhibit this type of phase behavior include, amongst others, BLG [59] and
lysozyme [133]. A similar kind of behavior can be observed for synthetic poly-
mers [134-137].

In contrast, the LCST behavior describes a system which is completely miscible
at higher temperatures and phase separates at lower temperatures. This behavior
can be observed in a variety of systems such as polymers [138-140], elastin like
peptides [141-143] or BSA admixed with different trivalent salts [64, 65, 144].
Closer examination of the LCST behavior of polymers reveals a more pronounced
interaction and contraction in response to a rise in temperature. As a secondary
phenomenon the release of water, previously bound to hydrophobic polymer do-
mains can be observed [145]. Interestingly, a few polymers feature both UCST
and LCST behavior [146, 147].

Refocusing on proteins, investigations on BSA and HSA admixed with YCI3
showed that the observed LCST-LLPS can not be attributed to a strengthening of
attraction but rather to an entropy gain [148]. This gain in entropy is caused by
the release of water molecules which surround both the cation and the carboxyl
groups present on the proteins surface. It was found that establishing a bond be-
tween the protein surface and a cation is characterized by endothermicity, which is
an indication of an entropic process [148]. In addition, the exchange of the solvent
water (H20) for deuterium (D20) has a major impact on the phase behavior of the
protein system. The critical point of the LCST is thereby shifted to lower values
and the second condensed regime (Regime (II)) expands, highlighting an entropic
regulatory effect of water on the effective protein-protein interactions [148]. Gen-
erally, LCST-LLPS is triggered by an entropy increase initiated by the release of
bound water molecules and ultimately gives rise to a negative enthalpy of mixing.
UCST-LLPS on the other hand is characterized by a positive enthalpy of mixing
and demixing [149].
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1.5 Depletion Effect

According to the DLVO theory, the interactions between two colloidal particles
are the result of both electrostatic and van der Waals interactions. Considering
colloids in the presence of polymers or other smaller solutes, different forces are of
relevance. Two scientists from Japan, Sho Asakura and Fumio Osawa, developed
a physical model (AO) which accounts for these conditions. The AO model is
valid within the colloidal limit (CL) [150, 151]. In the following, the fundamentals
of the depletion interaction contained by the AO model are covered.

Given the context of colloid theory, proteins (colloids) dissolved in a polymer so-
lution are considered hard spheres of diameter . The polymers, on the other
hand, are considered penetrable hard spheres with a diameter of 2. The special
property of the penetrable hard spheres is already evident from the name: these
spheres enable for mutual interpenetration, although no interaction occurs among
them. Examining the interaction between proteins and polymers in solution re-
veals a hard sphere interaction between the two [48, 49, 152, 153].

In aqueous solution, each colloid (protein) is individually encapsulated by a so-
called depletion layer of width 9, which is characterized by an inversely propor-
tional polymer concentration in comparison to the bulk concentration, outside
of the depletion layer (see Figure 1.6). In other words, the depletion layer ¢ is
characterized by a polymer concentration of zero. This situation gives rise to an
isotropic osmotic pressure gradient for an individual colloid [48, 49, 152, 153]. If
two colloids separated by a distance of < 20 approach each other, the respective
depletion layers overlap and the formerly inaccessible volume is thus accessible
for the polymers. This volume is termed overlap volume V(r) (see Figure 1.6).
Associated with this is a gain in entropy. Consequently, the overlap volume is
filled by pure solvent. In addition, the overlapping of two depletion layers elim-
inates retention or penetration of polymers inside the overlapping area, thereby
giving rise to an attractive anisotropic osmotic force shoving the colloids together
(see black arrows in Figure 1.6). Although, this force is attractive, it originates
from purely repulsive interactions [48, 49, 150, 151, 153, 154]. Figure 1.6 shows
a schematic representation of this situation, in which two depletion layers of two
different colloidal particles superimpose.

The depletion interaction enables for easy optimization via an appropriate choice
of the penetrable hard spheres. For example, the range of the depletion attraction
is significantly influenced by the size 24 of the depletion agent. Commonly, the
thickness or width of the depletion layer is denoted as the radius of gyration R,,
which is an appropriate estimation of § for dilute polymer solutions. On the other
hand, the strength of the depletion interaction scales with the osmotic pressure,
which in turn is dependent on the concentration of the depleting agent. How-
ever, it should be emphasized that both, i.e. range and strength, can be altered
independently of each other [48, 49, 155].
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Figure 1.6: Schematic illustration of the depletion interaction occurring between
hard spheres, suspended in a polymer blend. The hard sphere particle diameter is
denoted as o and the corresponding radius R is given by R = 3. The polymers are
considered as penetrable hard spheres with a diameter of 20. Due to an unbalanced
osmotic pressure P between the two hard spheres, indicated by the arrows, a net
attractive force emerges. The dashed circles indicate the depletion thickness §.
The dashed area indicates the overlap volume Vy(r). The inter particle spacing is
denoted r. This illustration has been adapted from Reference [48].

The AO model, which was later improved and refined by Vrij [154], understands
that the emerging attraction between the two colloids is a result of an anisotropic
pressure. The interpretation follows a mechanical approach which yields the de-
pletion interaction potential [48, 154, 156]

400 r <o,
V(r)=q-ILV(r) o<r<o+2R,. (1.12)
0 r>o+2R,

Here, the depletion interaction potential is expressed as the product of the ideal
osmotic pressure II, together with the overlap volume Vg (7). The osmotic pressure
can be expressed by II, = nykgT" with n;, denoting the number density of the
polymer bulk [48, 154, 156].
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The overlap volume Vy(r) is given by:

an=u(75) =366 am

with v, denoting the volume of a penetrable hard sphere (polymer) and J = %

[48, 154]. Figure 1.7 provides a graphical representation of the depletion interac-
tion potential as a function of the particle spacing r in accordance to the model
developed by Asakura, Osawa and Vrij [48, 150, 151, 154]

By relating the polymer radius of gyration R, (estimation for the width of the
depletion layer §) to the size of the colloid o, the size ratio ¢ can be determined.
The size ratio
_ 2R,
==

q (1.14)

is an important measure which enables classification of polymer solutions into
different scenarios. Typically, a size ratio of ¢ < 1 is refereed to as ”colloid limit”
whereas a size ratio of ¢ > 1 is termed ”protein limit”. In the colloid limit (see
regime I. Figure 1.8), the diameter of the colloid is larger than that of the polymers;
in the protein limit the opposite applies (see regime II. Figure 1.8) [48, 49, 157
159].

Vir) =2R+ 26
kpT r= l +

e

—
Vdep

r=2R

Figure 1.7: Schematic illustration of the depletion interaction potential
V(r)/ksT, emerging between two colloids as a function of the particle spacing
r. This illustration was adapted with changes from Reference [48].
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1.5.1 Characteristic Length Scales of Polymers and
Interacting Polymer Mixtures

The polymer’s radius of gyration R, can be estimated using of the following Equa-
tion:
R, = 0.0215 M,, (0-583+0.031) (1.15)

which utilizes the polymers molecular weight M, [160]. Experiments with poly-
mers in solution have shown that, for higher polymer concentrations, the excluded
volume for each polymer molecule decreases. This decrease in excluded volume is
attributable to a shrinkage coupled with an increase in compactness [161]. There-
fore, the radius of gyration requires modification [161]:

Rg = Ry(cpra/cppa) /" (1.16)

This is reflected in a 6 % decrease in the polymer’s radius of gyration coupled with
an concomitant increase of the polymer concentration (1—30 wt %) for PEG 3400.
The abbreviation wt indicates weight percent [162]. If the polymer concentration
is sufficiently high, the overlap concentration denoted c¢* is exceeded. ¢* marks the
transition from a dilute regime to a semidilute one (see Figure 1.8) [48, 49, 68,
158, 163-165]. The overlap concentration can be determined experimentally and
is for PEG 3350, located at 10 w/V % [68]. In addition, the following formalism
provides a good estimate for a calculation based approach [158]:

¢ = M,/(4/3tR: N,y)/mgml ™, (1.17)

with N4 denoting the Avogadro number. Alternatively, the overlap concentration
can be calculated by use of the following formalism [163]:

¢ = M,/(4/37RE Ny) oc P70™9, (1.18)

with P denoting the degree of polymerization. Similarly, the units for this Equa-
tion are mg/ml [163]. Within the semidilute regime, i.e. when ¢ > ¢* or ¢ > ¢* (see
Figure 1.8 regime II. and regime IV.), a different type of length scale estimation is
required. Here, the polymers disentangle and create a polymer mesh [164]. There-
fore, it is appropriate to estimate the length scale based on the mesh or ”blob” size
of the polymer ¢, [160, 166]. The following Equation provides a suitable approach
when estimating the ”blob” size [161]:

& ~ Repra.(cppa/cChpa) 2. (1.19)

Combining Equations 1.14, 1.15, 1.16, 1.17 and 1.19 allows to adequately estimate
the size ratio ¢:

=2 (1.20)
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Figure 1.8 shows schematically the division between the dilute and semidilute
regime for different size ratios (R,/R) as a function of the polymer concentration,
normalized to the overlap concentration (¢*/c).

As previously discussed, within the semi-diluted regime, the bulk liquid is to
be understood as a polymer network with a characteristic length scale of (,. A
closer look at a blob reveals that monomers belonging to one chain do not overlap
with another one. At length scales exceeding the characteristic size of a mesh,
the emerging interactions between protein and polymer may be screened by the
overlapping of other chains. Especially, if the range of observation (r) is sufficiently
large [158]. The characteristic length scale ¢, is independent from the degree
of polimerization P but rapidly decreases with increasing concentration of the
polymer [48, 158].

-
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Figure 1.8: Schematic illustration for the different possible regimes in a colloid
(protein)-polymer mixture. Dilute regimes are indicated by I. and II.. Semidilute
regimes are indicated by III. and IV.. In regime I., the dilute situation for R; < R
is shown. In Regime II., the dilute situation for R, > R is shown. In regime III.,
the situation for ( < R is depicted. In regime IV., the situation for ( > R is
illustrated. Note that the scale for both axes increases in the usual manner for
a Cartesian coordinate cross. This illustration was adapted with changes from
Reference [165].
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1.5.2 Phase Behavior of Protein Solutions Admixed with
Polymers

Admixing polymers to a colloidal solution results in an effective osmotic pressure,
that pushes the colloids together. Every colloid features a depletion layer of width
0, which can not be entered by the polymer molecules. Upon overlap of these so-
called excluded volumes Vj(r), the overlap volume is thus available again to the
polymers which yields an entropy gain [48]. As already explained in Chapter 1.5,
the polymer concentration (or volume fraction ¢) and size (and thereby the M,,)
control the depletion strength and range respectively. In addition, both variables
can be adjusted independently from one another, allowing for a considerable di-
versity among possible phase diagrams (see Figure 1.9) [48]. Further information
on depletion interaction is provided in Chapter 1.5.

Polymer concentration, c,,

Volume fraction, ¢

Figure 1.9: Schematic illustration of different phase diagrams in the context of
depletion interaction. a) shows the phase diagram for large polymers. b) depicts
the diagram for small polymers. Here different phases can coexist as indicated by
the blue line. c) illustrates the phase diagram for proteins in the presence of short
polymers. The polymer concentration c, can be equated to an inverse temperature
1/T. The gray area in diagram a) illustrates a three phase equilibrium (G+L+-C)
between gas (G), liquid (L) and crystal (C). In graph c), the blue shaded area
highlights crystal nucleation, the green area highlights aggregation and the red
area highlights gel-formation. This illustration was adapted from Reference [86].

By applying statistical mechanics, the separation into colloid-rich and polymer-
rich phases is expected. Similar to the phase diagrams of colloidal solutions shown
above, the addition of polymers to colloidal solutions gives rise to a rich and di-
verse phase behavior. The size of the polymers and colloids exerts a considerable
influence on the coexisting phases (see Figure 1.9 a for large polymers and Fig-
ure 1.9 b for short polymers). Not only can gas (G) and crystal (C) coexist, but
liquids (L) too (see Figure 1.9). The polymer concentration can be equated to an
inverse temperature behavior, therefore yielding an inverted phase diagram when
compared to the diagrams shown in Figure 1.3 [86]. A typical phase diagram for
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proteins in the presence of short polymers is given in Figure 1.9 c. Here, different
areas are discernible besides crystalline and gaseous phases. The blue shaded area
indicates crystal nucleation. Above the crystal nucleation aggregation is to be
found (green area). In red, the gelation is highlighted (see Figure 1.9 c¢). Interest-
ingly, the equilibrium state is reached in close proximity to the phase borders [86].

1.6 Protein Crystallization

In addition to polymers [167, 168], multivalent cations likewise promote crystal-
lization of globular, net-negatively charged proteins in solution [59, 60, 108, 169].
In the following, the classical nucleation theory (CNT) and the non-classical nu-
cleation theory are discussed. Both theories refer to different types of nucleation
leading to protein crystals or crystals in general. However, nucleation and crys-
tal growth are two distinct (yet inextricably linked) processes that contribute to
crystallization, both of which are equally important [44, 170].

Forming a crystal from solution requires a solution of dissolved molecules, ions or
atoms [46]. For example, smaller organic molecules tend to form crystals with an
emphasis on the simplest way to occupy space, whereas macromolecules such as
proteins prioritize connectivity within a crystalline structure [171]. In addition,
the crystallization of proteins is sophisticated, as various different physiochemical
parameters such as temperature or pH need to be considered; this means that,
proteins posses flexibility in terms of their spatial conformation and the number of
different chemical reactions that involve them. Therefore, proteins are much more
susceptible to variations in their environment when compared to small molecules
or even atoms [171, 172]. In addition, each protein is unique and the diversity
of chemical groups involved in the crystal contacts clearly illustrates that only
the slightest changes in the prevailing surrounding conditions exerts a profound
influence on the process of crystallization. [172].

For the process of crystal nucleation, supersaturation of the solution has proven
to be advantageous. [44, 46]. Supersaturation refers to a situation in which the
concentration of the dissolved substance exceeds the equilibrium solubility [173].
Crystal growth on the other hand does not require a supersaturated solution [44].
Generally, classical- and non-classical nucleation pathways have in common, that
the process of nucleation is connected with a simultaneous formation of a new bulk
phase and a new interface. Another common feature of nucleation pathways is that
an initial clear, yet supersaturated solution ultimately forms one or more crystals,
which can attain macroscopic dimensions [174]. The CNT approach assumes si-
multaneous fluctuations of density and order, resulting in clusters formation from
a supersaturated solution. The dissolved molecules can now either gradually at-
tach or detach from a cluster [174]. The non-classical nucleation theory, on the
other hand, assumes independent density and structural development of the new
emerging phase. Density fluctuations give rise to disorganized liquid-like clusters,
sometimes referred to as droplets, which have an increased density compared to
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the initial solution. The next step then involves a reconstruction of the cluster,
which yields the crystal. These nucleation processes do not exclude one another;
on the contrary both nucleation processes can occur simultaneously [174]. In the
following, CN'T and non-classical nucleation theory are briefly summarized, fol-
lowed by an overview of protein nucleation with respect to the osmotic second
virial coefficient.

1.6.1 Classical Nucleation Theory

Established almost 100 years ago [175-177|, the CNT is a success story. The
theory has been used on various systems for the description of nucleation [148,
178-181]. According to CNT, the process of nucleation involves only a single
step in which the parameters of order such as density and structure, develop
concurrently, resulting in the growth of a cluster [148]. In addition, CNT assumes
that the clusters are stationary, therefore disregarding rotational, translational
or vibrational movements [182]. Cluster growth can be measured by use of the
radius 7. The growth of a cluster is favored as soon as it reaches a critical number
of molecules. This is expressed by the critical cluster size r*. If a cluster meets
the condition of r > r* the total free energy AG decreases, favoring the growth
of a cluster [183]. In the opposite case r < r*, the free energy increases, which
indicates the dissolution of a cluster. The change in free energy can be expressed
as a function of the radius

AG = 4mriy — %m’?’ M, (1.21)

3 v

where 7 denotes the interfacial free energy, kp the Boltzmann constant, T the
temperature, s the solubility and v the molar volume of the particles within an
emerging cluster [184-186].

1.6.2 Nonclassical Nucleation Theory

Experimentally, several studies have shown nucleation pathways involving inter-
mediate precursor structures, not only for proteins in solution [61, 66, 67, 148, 187],
but also for polymers [148] or water [188, 189]. This observed behavior is in con-
trast to direct nucleation from solution, as assumed by CNT [190], thus establish-
ing the non-classical nucleation theory [182, 191, 192].

Provided a solution, AG = 0, the formation of a crystal necessitates the change
of concentration and structure. In contrast to CNT, non-classical nucleation is
characterized by a sequential progression of density and structural fluctuations
leading to the final crystalline state [193].

Non-classical nucleation essentially consists of two successive steps, which are
shown in Figure 1.10. First, a dense drop of liquid is formed by overcoming an en-
ergy barrier AG7, which matures into a crystal in the second step. In this process,
another second energy barrier AG} is overcome [187]. Provided that the dense
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liquid is stable compared to the diluted liquid, i.e. AGY; < 0, the nucleation of
the resulting crystals takes place within the dense liquid droplets (see lower, blue
curve in Figure 1.10). However, if the dense liquid is unstable, AG% > 0, clus-
ters are formed enabling the formation of a crystal from its interior (see upper,
red curve in Figure 1.10) [173, 193]. It should be emphasized that liquid-liquid
separation proceeds rapidly, whereas nucleation proceeds at a slower rate. Thus,
nucleation is ultimately the rate-determining step [192].

solution

(

Free energy G

Nucleation reaction coordinate

Figure 1.10: Schematic visualization of non-classical nucleation pathways. The
free energy G is depicted as a function of the nucleation reaction coordinate. AG7
corresponds to the energy barrier for the formation of a cluster (red curve, top) or
dense liquid droplets (blue curve, bottom), whereas AG% corresponds to the energy
barrier for the formation of a crystal nucleus within the cluster or dense liquid,
respectively. An unstable dense liquid yields mesoscopic clusters with AGY% > 0
(red curve, top). In the case of a stable macroscopic dense liquid, AG%, < 0,
the bottom (blue) curve applies. AGY, denotes the standard free energy for the
formation of clusters, whereas AGY, denotes the standard free energy for the
formation of the dense liquid phase [187]. This graph was adapted with changes
from reference [194].

1.6.3 Protein Crystallization in the Context of the Second
Osmotic Virial Coefficient

The reduced second osmotic virial coefficient By/BI® serves as a measure to
identify the predominant pair interactions between particles or proteins in solu-
tion [28]. In order to obtain By/Bi™, the second virial coefficient By is divided
by the second virial coefficient for hard spheres BY® of radius R. By/Bi® < 0
corresponds to attraction whereas By/BI® > 0 corresponds to repulsion.

Empirical studies have shown that attractive interactions between the dissolved
proteins are advantageous for crystallization. However, if the attractions are too
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strong, arrested aggregates or gels are rapidly formed, which are obstructive for
protein crystallization (red area Figure 1.11) [46, 195-197]. Although gelation and
aggregation are metastable with respect to the crystalline phase, their longevity
negatively impacts the crystallization behavior [46]. On the other hand, weak
interactions or even repulsion may be insufficient to induce nucleation (yellow
area in Figure 1.11) [46, 195]. George and Wilson discovered a so-called nucle-
ation slot or gap. Within this slot, the By values are usually within a relatively
confined range, which indicates favorable conditions for the crystallization of pro-
teins [195]. An extension of this work by Vliegenthart and Lekkerkerker showed,
that this crystallization slot is located near the metasatable critical point of LLPS
to below this critical point (green area in Figure 1.11) [198]. Typically, this critical
point is to be found at reduced second osmotic virial coefficient B,/ BIS values of
~ —1.5 [190, 198|.

The presence of metastable LLPS (see area between dashed and solid line in Fig-
ure 1.11) within the phase diagram of a protein suggests a two-step process for the
crystal formation (see Chapter 1.6.2) [198]. Initially, droplets with an increased
protein concentration are formed. These emerging droplets are either linked to
density fluctuations or the metastable LLPS [198]. Here, the density fluctuations
are beneficial for an increase in nucleation rate [190].

Clear

Crystal

Aggregate

Protein concentration

Figure 1.11: Schematically visualization of the crystal nucleation gap in a typical
temperature ('T') against protein concentration phase diagram, located to the left of
the critical point. The red to green discoloration indicates formation of aggregates
(red), crystal formation (green) or a clear phase (greenish to yellow). This graphic
was adapted with changes from reference [46].
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In a final step, the protein crystals are formed from these highly concentrated

droplets [198]. Therefore, it can be deduced that the proteins require a subtle
balance of large enough but not too strong attractions [46, 186]. Currently, it
is assumed that the effective attractive forces in between —10 < By/BS < —1
are optimal for crystallization [196, 197]. Hence, the reduced second osmotic
virial coefficient can be used to estimate protein crystallization [106], even though
crystallization is not guaranteed to occur [199]. Both specific (salt-induced) and
non-specific (polymer-induced) interactions can induce comparable strong effec-
tive interactions (By) sufficient for protein crystallization. Thus, it is advisable to
investigate both conditions (specific and non-specific), as sometimes the opposite
effect corresponds to the proteins preferences [199]. The results depicted in Chap-
ter 8 provide a practical example for this behavior.
However, various crystallization processes have been observed depending on the
location of the critical point and the phase diagram in general [59, 61, 66, 200]. A
detailed description of the reduced second osmotic virial coefficient can be found
in Chapter 5.1.7.



Part 11

Materials



Chapter 2

Proteins

To provide a better overview, the Materials part is divided into three Chapters.
First, the main properties of the proteins investigated are described. This is
followed by a description of the additives used, which exert a significant influence
on the phase behavior of proteins when added to aqueous protein solutions (see
Chapter 3). The last Chapter 4 focuses on a description of the sample preparation
procedures. This chapter introduces the various proteins, which were the main
subject of the investigations shown in this dissertation. Apart from the protein’s
basic functions, their biophysical properties, their photophysical properties and
relevance are described below. Based on their structure and functions, proteins
can be categorized into four different subgroups: fibrous, disordered, membrane
and globular proteins [201, 202]. The latter, globular proteins, are investigated in
the present work.

2.1 Beta-Lactoglobulin

In bovine milk and many other mammalian species [203], the extracellular pro-
tein [-lactoglobulin (BLG) is the major component of whey and belongs to the
lipocalin family [203-205]. Apart from its nutritional significance [206-208], it
is thought to transport various hydrophobic molecules, such as long-chain fatty
acids, cholesterol or vitamin D, across the intestinal membrane [204, 209-211].
Under physiological conditions, BLG typically exists in its dimeric form (see Fig-
ure 2.1 a) [204]. The dimer exhibits a molecular weight of 36.8 kDa [205] and
consists of the genetic monomer variants A and B, which solely differ in two of the
162 long amino acid sequences [204, 206, 212, 213]. At position 64 out of the 162
long amino acid sequences, asparagine is exchanged for glycine and at position 118
valine is exchanged for alanine [206, 212]. BLG has an Isoelectric Point (pI) of 5.2
[213, 214]. The pl defines the pH value at which the protein exhibits a neutral net
charge. A value below the pl indicates a positive charge, whereas a value above
the pl indicates a negative charge. At physiological conditions, BLG exhibits a
net surface charge of —10 e [204]. Given acidic (pH ~ 2) or alkaline (pH ~ > 9)
pH values, a dissociation of the dimers into monomers has been reported [204].
BLG from bovine milk (product no. L3908) with a purity of > 90% was purchased
from Sigma Aldrich, now Merck, and used in the experiments without additional
purification.
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2.2 Serum Albumins

The next type of globular proteins investigated in the present work are serum albu-
mins. In terms of occurrence, serum albumin is the most abundant protein found
in the bloodstream [215-217]. With a concentration of around 40 mg/ml, it ac-
counts for around 60 % of the total amount. A sufficient supply of serum albumin
is ensured by the liver [217]. The functions of serum albumin are diverse and range
from the regulation of blood pressure and pH (pH) [216] to the maintenance of fluid
balance due to colloid osmotic pressure [167, 218| to the transportation of fatty
acids, ligands, amino acids, hormones, dyes or biopharmaceuticals [167, 217, 219].
In this thesis the proteins Bovine serum albumin (BSA) and Human serum al-
bumin (HSA) are of relevance, which are respectively described in further detail
below (see Figures 2.1 b, ¢ respectively). Owing to evolution, distinct variants
developed among mammals which differ in their respective primary and tertiary
structures. Despite their evolutionary differences, both proteins share a sequence
identity of 75.6%. Additionally, both have preserved a highly helical structure
along with 17 disulfide bridges [167]. Consisting of three homologous subunits (I,
I1, III), the form of serum albumin is generally described as heart-shaped. The
subunits in turn consist of three secondary subunits, with IIA and IIIA being par-
ticularly noteworthy as they possess hydrophobic pockets, responsible for ligand
interaction [167].

2.2.1 Bovine Serum Albumin

With a molecular weight of 66.4 kDa, the heart-shaped BSA molecule is comprised
of 583 amino acids, without carbohydrate residues, and is predominantly (67 %)
alpha-helically folded (see Figure 2.1 b) [167, 217, 220, 221]. Both negative and
positive charged residues can be found on the surface of BSA. Nevertheless, its
net charge is negative (—11 e) at neutral pH. Its isoelectric point is 4.6 [58]. The
protein BSA (product no. A3733, purity of < 98 %), was purchased from Merck
and used in the experiments without additional purification.

2.2.2 Human Serum Albumin

Based on its increased availability and accessibility, BSA is frequently used in sci-
entific studies instead of HSA and the resulting findings are then transferred to
HSA [167]. Despite its similarity to BSA, HSA has a few distinctive features.
Instead of 583, HSA consists of 585 consecutive amino acids and features a molec-
ular weight between 66.44 kDa [222] and 66.5 kDa [223]. At neutral pH, its net
negative surface charge of —9 e is slightly lower than that of BSA, while the pl is
slightly higher with a value between pH 4.6 [58] and 4.7 [222].

HSA (product no. A9511, purity of < 97 %) was purchased from Merck and used
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in the experiments without additional purification. A schematic illustration of the
secondary structure of HSA is provided in Figure 2.1 c)

2.3 Ovalbumin

The fourth globular protein investigated is Ovalbumin (OVA)(see Figure 2.1 d)
The glycoprotein OVA, which is the most abundant protein in chicken hen’s egg
white [224-228], belongs to the protein family of serpins [224]. Depending on the
reference, percentages of ovalbumin found in chicken eggs can range from 54 %
up to 65 % [224-228]. In general, the primary task of serpins is the inhibition
of proteases. Interestingly, OVA shares about 30 % of its sequence identity with
serpins, such as antitrypsin, is however devoid of any protease inhibitory activ-
ity [224]. The exact function of OVA in chicken egg white has yet to be elucidated
[225], but it is believed that it contributes to the embryonic development [224].
Apart from its biological function, the glycoprotein OVA is also of medical rele-
vance, as it is a known food allergen [225].

OVA from chicken egg white has a molecular mass of 44 kDa, is comprised of 385
amino acids and features a pl of 4.54 [224, 225, 229]. This protein (product no.
A5503, purity of > 98%) was purchased from Merck and used in the experiments
without additional purification.

Figure 2.1: Schematic illustrations of (a) BLG (pdb entry 1beb) [207], (b) BSA
(pdb entry 4F5S) [167], (c¢) HSA (pdb entry TA9C) [60] and (d) OVA (pdb entry
LJTI) [230]. All illustrations display secondary structures. In (a), the respective
subunits of BLG (A and B) are emphasized (red and purple respectively). In
(b) and (c) the different colors are guides to the eye. In (d) the spirals (purple)
correspond to an alpha helical whereas the thick bars (yellow) represent beta
sheets.



Chapter 3

Additives

The following Chapter presents all the additives used (salts and polymer) and
their most important properties. These additives can essentially influence the
phase behavior of proteins and thus their effective interactions. Similarly to the
proteins, the additives shown here were also used in aqueous solutions. For detailed
descriptions on the preparation of stock solutions (protein and additives), and
sample preparation, please refer to chapter 4.

3.1 Hexamine Cobalt(III) Chloride

The trivalent salt hexamine cobalt(III) chloride ([Co(NH3)g|Cl3; Hac) [231] is
commonly synthesized by oxidizing the cobalt (II) ion in an ammoniacal solu-
tion either with oxygen or hydrogen peroxide. Alternatively, oxidation at ambient
pressure and room temperature (RT) can be mediated by a catalyst such as acti-
vated carbon. In both cases, the intermediate product is a pentaamine ion, which
is subsequently converted to Hac either by ammonia mediation or by an equi-
librium reaction (also mediated by the activated carbon) [232]. Its six ammonia
ligands are arranged in octhahedral shape around the central cobalt ion, result-
ing in a chemically and thermally stable chemical compound in aqueous solution
233, 234].

This salt was purchased from Sigma Aldrich, now Merck (H7891, for use in trans-
formations and X-ray crystallography), and used in the experiments without fur-
ther treatment. It features a density of 1.17 g/ml and a molecular weight of
264.48 g/mol [231].

3.2 Poly Ethylene Glycol

Due to its biocompatibility and water solubility, polyethylene glycol (PEGSs) rep-
resent a popular chemical compound for pharmaceuticals. Apart from pharma-
ceutical [235] and medical applications, PEGs are also frequently used as cleaning
agents or materials for colloidal particles. A common method for the production
of PEGs is the ether synthesis. Alongside this method, other, less established
and more experimental approaches can be used as well [236]. The unbranched,
non-ionic and non-adsorbing polymer PEG [237] H(OCH2CH2)nOH, with an av-
erage size of M,,3350 was purchased from Sigma Aldrich, now Merck (product
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No. 202444), and used in the executed experiments without further purification.
According to the manufacturer, the density at 25 °C is 1.204 g/ml [238]. Based
on the induced depletion effect, it is possible to use PEG to separate molecules
of different shapes and sizes. The size of PEG (molecular weight) and thus the
interaction range and the strength of the interaction (PEG concentration) can be
freely selected and adapted accordingly [48].

3.3 Lanthanum(IIT) Chloride

Lanthanum belongs to the group of so-called rare earth elements, that occur in
the terrestrial crust in comparable quantities to copper [239]. To produce LaCl3,
lanthanum(III) oxide (La203) and ammonium chloride (NH4Cl) are heated up
to 200 — 250 °C and react to form LaCl3, releasing H2O and NH3. Another es-
tablished LaCl3 production method involves the reaction of lanthanum(III) oxide
(La203) with hydrogen chloride (HCl) which includes the release of water [240].
Working with LaCl3 is not without a risk; for example, exposure of rats to even
low levels of LaCl3 have effects on the individual animals’ cognitive abilities. This
leads to apoptosis, the programmed cell death, affecting cells of the endoplasmic
reticulum and mitochondria, which ultimately results in damage to the nerve cells
in the brain [241]. Handling of solid LaCl3 was carried out under a fume hood
whilst accurate personal protection was worn at all times.

The inorganic halide LaCl3 was purchased from sigma Aldrich, now Merck (prod-
uct No. 449830) as anhydrous beads with a purity of > 99.99 %. This multivalent
metal salt was then used in the experiments without further treatment. According
to a conducted trace element and rare earth analysis, the contamination is below
< 100 ppm. Given the condition of RT, LaCl3 features a density of 3.84 g/ml [242].

3.4 Sodium Chloride

To obtain sodium chloride, rock salt is usually mined from halite deposits or brine
is extracted. Alternatively, salt can also be obtained by evaporating water from
the sea or from salt lakes, taking advantage of the fact that salt is the most
abundant dissolved solute. Also known as table salt, NaCl is very popular among
the world’s population due to its frequent consumption [243].

The electrolyte NaCl was purchased from sigma Aldrich, now Merck (product
No. 450014) as anhydrous beads with a purity of 99.99 % based on trace metal
analysis.
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3.5 Sodium Thiocyanate

Sodium thiocyanate NaSCN is a white powder consisting of orthorhombic crys-
tals, which can be dissolved in water as well as ethanol and acetone. NaSCNis
commonly used as base material for the manufacturing of fine chemicals and phar-
maceuticals. Owing to its tendency to have a strong chemical reaction, exposure
to strong bases, acids or even strong oxidants should be avoided [244, 245].

The monovalent salt sodium thiocyanate NaSCN was purchased from sigma Aldrich,
now Merck (product No. 467871) and used without further purification. Accord-
ing to the manufacturer, the purity of the salt is > 99.99 % based on trace metal
analysis. Impurities include > 0.2 % Na2CO3 as well as in-solubles > 0.005 % and
metallic impurities > 100 ppm. It features a molecular weight of 81.07 g/mol [246].

3.6 Sodium Sulfate

Apart from sodium chloride, sodium sulfate accounts for the second largest oc-
currence of dissolved solids/minerals in water. Sodium sulfate, which naturally
accumulates in small halite deposits, occurs as a comparatively pure mineral, but
can also be found in almost all freshwater springs, drinking water sources or salt
lakes. Na2SO4 is quite easy to recover, as it often accompanies the extraction
of other minerals or it can be recovered from brine [247]. A large proportion of
sodium sulfate is primarily used as a filler for detergent production [248].
Sodium sulfate Na2SO4 was purchased from sigma Aldrich, now Merck (product
No. 239313) as anhydrous granular with a purity of > 99.0 % and used without
any further purification. The impurities are indicated with > 0.01 % of in-solubles
and > 5 ppm of so-called N containing compounds. Moreover, Na2SO4 features
a molecular weight of 142.04 g/mol and density of 2.68 g/mL at 25 °C, according
to the manufacturer [249].

3.7 Sodium azide

In the context of this work, sodium azide is of particular interest due to its bacte-
riocidal effect. At low levels, it inhibits the ATPase activity of SecA, an enzyme
required for the transport of proteins through the cytoplasmic membrane, by
use of the SecYEG channel. After administration, the inhibitory effect develops
quickly, yielding almost a full blockage of the SecA mediated SecYEG channel,
and restricting the growth of living cells [250]. Apart from its bacteriocidal use in
biological wet lab, it is frequently used in airbag charges. However, working with
NaN3 is not without any risk, as it has been demonstrated to be toxic or even
lethal at comparatively low dosages [251].

The crystalline powder sodium azide NaNg3 (S8032-25G) was purchased from
sigma Aldrich now Merck, and used without further purification. The supplier
states the molecular weight as 65.01 g/mol and the purity as > 99.8 % [252].
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3.8 Sodium bromide

This visually colorless to white appearing solid has a density of 3.20 g/cm? and is
soluble in water and ethanol. It is manufactured using a so-called neutralization
reaction in which hydrobromic (HBr) acid reacts with sodium hydroxide (NaOH)
to produce water and sodium bromide (NaBr). Formerly, it was an important
resource for the production of silver bromide, which was used to manufacture
light-sensitive analog photographic film. At present, it is used as a biocide in
swimming pools. Industrially, it is mainly used as a detergent for purifying rocks
with a high carbonate (00327) content. This prevents the formation of poorly
soluble calcium carbonate (CaCO3) [253].

The crystalline powder sodium bromide NaBr was purchased from sigma Aldrich,
now Merck (product No. 310506) and used without further purification. The
supplier states the molecular weight to be 102.89 g/mol with a purity of > 99.0 %.
Moreover, the impurities account for approximately > 0.005 % [254].

3.9 Sodium nitrate

Sodium nitrate (NaNO3) is the most important nitrate in nature. Deposits can be
found in Egypt, Colombia, California, and Chile, with the most significant deposit
being located in Chile. Contaminants such as sand, clay, and other minerals like
sodium chloride, various sulfate salts (NaSO4, CaSO4, MgSO4), or potassium
perchlorate (KClO4) must be removed from the extracted rock mass. This is
done using hot water. Subsequently, this leach is then filtered to remove sand, clay,
and NaCl. Finally, the leach is cooled down to obtain pure NaNOg3 crystals [255].
NaNO3 was used in the past as a fertilizer, but nowadays this application is
negligible. Moreover, sodium nitrate is used for the production of potassium
nitrate (KNO3) also knwon as saltpeter. KNO3 is predominately used for the
production of gunpowder, as one of its main ingredients [255].

Sodium nitrate NaNO3 was purchased from sigma Aldrich, now Merck (product
No. 221341) as crystalline powder and used without further purification. The
supplier states the molecular weight with 84.99 g/mol and a purity of > 99.0 %.
The impurities contained are indicated to be > 0.005 % [256].



Chapter 4

Preparation of Solutions

The previous Chapters 2 and 3 introduced the properties of proteins, PEG and
salts. This Chapter focuses on the preparative procedures to obtain protein, salt
and PEG stock solutions as well as the preparation of samples. The standard tech-
niques of a classical wet lab were used, which are prerequisites and are therefore
not described any further.

4.1 Protein Stock Solutions

Protein stock solutions were obtained by mixing degassed and Milli-Q-purified wa-
ter at (20 °C £ 3 °C) with the respective protein powder. This freshly prepared
protein solution was filled in an appropriate container, sealed with parafilm and
then placed in the refrigerator (4 °C). The solution was given up to two days to
ensure the complete dissolution of the protein powder.

The resistivity of the used Milli-Q water is 18.2 Mf) - cm, at a temperature of
25 °C. Degassing was achieved by attaching a vacuum pump to a bottle contain-
ing a batch of Milli-QQ water. This procedure, which is an additional preparatory
step, was carried out to remove any residual dissolved gases such as oxygen to
prevent the formation of bubbles which could potentially interfere with further
measurements.

Protein stock solutions were prepared to obtain a protein concentration between
200 and 300 mg/ml to ensure working concentrations of 10, 20, 50, 80 and
100 mg/ml in the respective samples (see Chapter 4.4). Afterwards, the protein
concentration (¢,) was determined by means of UV /vis absorbance measurements
(see Chapter 6.1). Upon storage, the falcon tubes containing a batch of protein
stock were sealed with parafilm to decelerate de novo dissolution of gasses and
hinder contamination. The protein stock solutions were kept in the refrigerator
at 4 °C and only used for up to three weeks.

4.2 Salt Solutions

Based on the molecular weight, the required amount of the respective salts was
calculated and then weighed. Then, the appropriate volume (ml) of degassed
Milli-Q water was added. Working concentrations were achieved by diluting the
required amount of the respective salt stock solution with fresh degassed Milli-Q
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water. This was done to, inter alia increase the volume share of salt in a sam-
ple, to prevent and minimize systematic errors induced by pipetting. The stock
solutions were placed on a bottle roller and gently rolled at low rpm to achieve
complete dissolution of the salt crystals. Concentrations of salt stock solutions
ranged between 200 mM and 2 M. The salt solutions were sealed with parafilm
and stored at RT.

PEG sample preparation required an omnipresence 1 mM of NaN3 to prevent
contamination due to bacterial or funghi growth. Therefore, fresh degassed Milli-
Q water was admixed with the required amount of NaN3. This NaN3 enriched
Milli-Q water was then used for the preparation of NaCl and PEG stock solutions.

4.3 PEG Solutions

The preparation of PEG stock solutions was similar to the previously shown prepa-
ration of salt solutions. PEG stock solutions were obtained by weighing an appro-
priate amount of PEG and adding the respective NaN3 (1 mM) enriched, Milli-Q
water in ml, to obtain a 100 (w/V) % solution. This 100 (w/V) % concentrated
PEG solution was then gently rolled on a bottle roller utilizing low rpm to ensure
the complete dissolution of the PEG. Afterwards, the stock solution was stored in
the refrigerator at 4 °C.

4.4 Sample Preparation

The preparation of samples is comparable throughout the different experiments
shown within this dissertation. Initially, the target volume or total volume (ul)
was set for each series of samples and experiments individually. As an example,
samples which were intended to be used for visual inspection of macroscopic phase
behavior required a different total volume than samples prepared for Small angle
X-ray scattering (SAXS) measurements. Next, the required volume (71) of the
respective Milli-Q water (note that PEG samples required omnipresence of 1 mM
NaNg3 and therefore a different stock solution of Milli-Q) was placed in the ap-
propriate sample container first, followed by adding the respective protein stock
and salt solutions. If PEG or more than one salt solution was required, then the
salt/PEG which induces the phase behavior was added in the end. The remaining
volume was then filled with the appropriate volume of Milli-QQ water.

Samples intended to be used for macroscopical inspection (typically 500 ul) were
filled in glass vials (1 ml), sealed with parafilm and visually inspected for up to
two weeks at RT. Samples which were prone to crystallize, for example BSA with
PEG, were kept at RT for up to one month. Due to the addition of NaN3 to these
samples, bacterial and or funghi growth can be ruled out.

To investigate the phase behavior microscopically, an appropriate sample volume
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(pl) was transferred onto a microscopy slide prepared with a Gene Frame (1x 1 cm?
microscopy frame featuring a thickness of 0.25 mm; purchased from Thermo Sci-
entific, Germany). Subsequently, the prepared slide was sealed with a cover slide
and investigated by the optical microscope (Axio Scope.Al, Carl Zeiss AG). Using
the (Axio-Cam ICch, Carl Zeiss AG) camera, attached to the microscope, images
were recorded and later processed by the ZEN Lite 2012 and ZEN 2.6 Blue Edition
software (see also Chapter 6.3).

Samples for SAXS measurements were filled by use of sterile syringes and needles
in quartz glass capillaries with a diameter of 1.5 to 2.0 mm (WJM-Glas/Miiller
GmbH, Berlin, Germany), sealed with parafilm and subsequently measured. SAXS
samples intended to be measured at the P12 beamline (EMBL, DESY, Hamburg)
were prepared in reaction tubes, cooled, and transported to the experimental site
(=~ 4 °C). In order to perform the measurement, the tubes were placed in the
corresponding sample holder and then automatically transferred to the flow cell
by use of a sample picking robot.

The samples for DLS measurements were prepared in appropriately sized reaction
vessels (ml), according to the above mentioned protocol. Great care was used
when preparing these samples, as air bubbles would interfere with the performed
measurement. Subsequently, the samples were filtered, using Whatman syringe
filters with a pore size of 0.45 um (Puradisc 13, Global Life Sciences Solutions
Operations Uk Ltd.), into quartz glass cuvettes (Pyrex; Corning, Ny, USA) and
finally measured. Previously, these cuvettes were properly cleaned with acetone,
to remove residual dust particles. It is important, that the applied acetone has
had sufficient time to evaporate.
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Chapter 5

Experimental Scattering Methods

The previous part introduced the essential properties of proteins, PEG, an salts as
well as a detailed description of the sample preparation. This part introduces and
describes the experimental methods used to study the effective protein-protein
interactions.

In the following, the employed scattering techniques and supplementary methods
are presented. In addition to the scattering techniques, the various potentials used
for potential fitting as part of the data analysis are covered as well.

The described complementary methods (see Chapter 6) were used to control the
sample preparation rather than to investigate the effective protein-protein inter-
actions.

5.1 X-ray Scattering

5.1.1 Small Angle X-ray Scattering

Small-angle X-ray scattering (SAXS) was first employed in the 1930s to meet the
increasing challenges posed by the analytical investigation of various materials at
the nanoscale. Since then, SAXS was continuously improved and underwent sig-
nificant further development. Moreover, one of the advantages offered by SAXS
applications is the reliable yet economically affordable approach to nanostructure
analysis. In addition to bulk materials or powders, liquids and solutes are equally
suitable for examination by SAXS. Therefore, SAXS qualifies for the analysis of
proteins and their effective interactions, present in aqueous solutions [257, 258].
X-rays are essentially scattered by electrons, implying that SAXS is only observ-
able if an electron density inhomogeneity of colloidal size is present in the sample.
In the following, solely elastic scattering is covered, as inelastic scattering only
occurs to a negligible extent at very small angles [259]. This section introduces
the basic concept of two-dimensional SAXS. Further information on the employed
experimental setup can be found within the respective result Chapters 7, 8, 9.

In SAXS, one measures and analyzes the intensity of X-ray photons that are elasti-
cally scattered by electron density inhomogeneities in the sample [257]. Given the
length scale difference of X-ray radiation wavelength A (A) to the inhomogeneities
of the sample (nm) to the distances between radiation source to sample and sam-
ple to detector (m), the incident as well as outgoing photons can be considered
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as plane waves. Since we only consider elastic scattering, which does not include
change in the X-ray wavelength [258], the absolute values of the incident (k;) and
outgoing ko wave vectors can be characterized as follows [28, 257, 258, 260-264]:

ko| = |kr| = 2/ A (5.1)

The momentum transfer Q for elastic scattering (see Figure 5.1) is defined by the
following equation:

Q = ko — kr. (5.2)
Thus, the magnitude of the scattering wave vector Cj is given by
= - - Am . (26
Q = ’Q| = |]{}O — k}]| = TSIH <?> s (53)

with 20 denoting the scattering angle [265]. A graphical representation can be
seen in Figure 5.1.

It is common to express the scattered intensity in terms of the differential scat-
tering cross-section (do/d(2), which is defined as follows:

do I
— | = == 5.4
(dQ) NoAQ (54)
Ny indicates the incident flux density, which is essentially the strength of the
incident X-ray beam, or in other words, the photon count per second passing
through a unit area. I, gives the photon count per second collected at the
detector, located away from the sample with a solid angle A [264].

The experimentally measurable intensity I, scattered by the unit volume is defined
as follows:

B 1 do B AN 1 (5.5)
CVdQ Ny drAQ '
Sample
k; k;
> 56 >
o Q=ky,—k
% Q o — ki

Scattering Vector

Figure 5.1: Schematic representation of the scattering geometry. The scattering
vector, also known as momentum transfer, is denoted as @, k} denotes the incident
wave vector, k:_é the scattered (outgoing) wave vector. 26 denotes the scattering
angle. This Figure is redesigned based on Reference [263].
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with AN denoting the elastically scattered part of the X-ray flux in the direction
of the solid angle. The sample thickness is given by d and the transmission is
denoted 7 [260, 263]. The absolute differential scattering cross-section of a sample
allows the molecular mass M, to be determined if additional known information,
such as the concentration or chemical properties, are taken into account [258].
For a scatterer j illuminated by X-rays, the scattered intensity I(Q) depends on
both, the scattering length b; and the scattering length density p;. The total
scattering density p of the sample at the point R can be expressed as a sum over
all kinds of atoms (chemical elements), as expressed by the following Equation 5.6
[263].

p(R) = ij(é)bj (5.6)

In the case of X-rays, the photons interact with all electrons contained in the
illuminated sample, and the scattering length b (see Equation 5.7) can be simplified
to b =0.282 x 107'* m, using the Thompson scattering length [263, 264]:

62

b= e (5.7)

Here, ¢y denotes the permittivity of the free space.
The scattering contrast Ap(7) is defined as the difference in scattering length
density resulting from the deviation between the solvent ps and the solute p(7)
[258-261, 263-265)]

Ap(7) = p(7) - s (5.5)

The amplitude (A) of the scattered wave at the scattering vector @ is given by

—

AG) = /V p(e %A, (5.9)

where the integral is taken over the whole volume of the illuminated sample. This
relationship is generally referred to as the Born approximation. The scattered
intensity /(@) normalized to the illuminated volume V is given by

—

1(0) = AQAQ) );1*(@) - /V /V p(Pp(F)eCFdrdd  (5.10)

with A* denoting the complex conjugate [257, 258, 260, 261, 263].
The intensity Ipq+(Q) scattered by a single protein molecule (scatterer) can be
written as

[part(é) = Apart(Q)A;art(é) = Vp2artP(Q>’ (511)

where P((@Q)) denotes the scattering form factor.
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5.1.2 Form Factor P(Q)

The scattering form factor P(@)) of this same molecule is given by the following
equation [263]:

1 SNy, (7 -
/ p(F)p(7)e O (5.12)
Vpart

P(Q) =

2
‘/;)art Vpart

Considering the case of a spherical scatterer (spherical approximation of a protein
molecule shape), the form factor P(@) can be described by the following equation
260, 261, 263,

3sin(QR) — QR cos(QR)] ) ’ (5.13)

ra) = ( @Ry

with R denoting the radius.
For an ellipsoid with a random orientation, the form factor P(Q) is defined as:

3(sinu — cosu) |?
2

P(Q) = (| AQ) P) = /

with  w = ¢b ((a/b)2 22+ (1 - x)Q)l/2 :

u (5.14)

Here a and b denote the radii of the ellipsoid respectively [266]. Exact sizes of the
used radii @ and b can be found in the corresponding results chapters 7, 8, 9.
The ellipsoidal form factor P(Q) (equation 5.14) characterizes the shape of a
protein molecule after orientation averaging, thus, describing the global shape of
the investigated proteins.

The total scattering intensity I(Q) scattered at a scattering angle of 20 as a
function of @ (see Equation 5.3) can be expressed as follows [261, 263, 266]:

1= N,(AAVPQ)S(Q). (5.15)

Here, S(Q) denotes the structure factor, which contains information about the
spatial arrangement of individual protein molecules, which depends on the protein
interactions [267]. P(() denotes the form factor, N, gives the number of protein
molecules within the illuminated volume, V), denotes the volume of a single protein
molecule and the scattering contrast Ap [261, 263, 266].

5.1.3 Structure Factor S(Q)

—

The structure factor S(Q) is given by the following Equation:

N -1

S(Q) =1+ T/Vg(f‘)e_iéfdf’. (516)
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The pair distribution function g¢(7) expresses the probability of encountering a
center of any arbitrarily selected particle at a separation 7 from the center of a
specified particle. Thus, for N particles in a volume, defined as (N/V'), g(7) is the
total quantity of particles to be encountered in the previously defined volume at a
separation 7 away from the specified particle. Hence, if the solution is isotropic, the
pair distribution function only depends on the absolute value of r. This implies,
that the structure factor S(Q)) may be averaged over all angular variables and
expressed as shown below [258, 259, 263, 264, 267]:

sin ()

or "ar. (5.17)

Here g(r), which now depends only on the distance r between the centers of masses
of two protein molecules, is called radial distribution function.

S@=1+4ry; [ o) - Q2

5.1.4 Ornstein Zernicke Equation

According to Equation 5.17, the experimentally measured structure factor S(Q)
can be used to determine the radial distribution function g(r). The latter one
is defined by the effective interactions between the protein molecules, however,
determination of the interaction potential from the radial distribution function is
a very complex problem. One of the approaches involves solving of the Ornstein-
Zernicke equation [263, 267]

h(ri2) = c(ri12) + p/df’g c(r13) h(r13), (5.18)

where p is the density of the protein molecules, h(ri2) = ¢(ri2) — 1 is a so-
called total correlation function and ¢(r; 3) denotes the direct correlation function,
which depends on the pair interaction potential between the molecules. Since we
introduced two correlation functions (¢ and h) instead of the radial distribution
function g(r), we still need an additional equation to solve this system. Thus,
the ”Ornstein-Zernicke” equation requires so-called closure relations 5.19, 5.20
and 5.21 which specify the relation between the direct correlation function c(r)
and the potential of interaction U(r).

5.1.5 Closure Relation

In the following the mean spherical approximation (MSA) closure relation (see
Equations 5.19 and 5.20) is defined, which is required for the application of both,
the screened coulomb and two-Yukawa potential [261, 263, 268].

c(r)=-U(r)/kgT for r>c (5.19)

h(r)=—-1 for r<o (5.20)
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The closure relation developed by Percus and Yevick was applied for the hard
sphere and sticky hard spheres potential. The closure relation is defined as follows
[263, 269]:

c(r) = g(r)[1 — exp(U(r)/ksT)]. (5.21)

5.1.6 Potentials to Model Protein Interactions
Screened Coulomb Potential

The repulsive screened Coulomb (SC) potential was used for protein solutions with
trivalent salts featuring an ionic strength smaller than I < 5 mM. The definition
of the potential is given by Equation 5.22 below.

Use(r) = {oo O<r<o (5.92)

megea?rp2expl—r(r—o))
- r>0o

g9 denotes the permittivity of the free space and e represents the dielectric con-
stant of the solvent, o denotes the particle diameter and )y corresponds to the
surface potential. The inverse Debye-Hiickel screening length is denoted by k.
Additionally, the inter particle spacing is given by r [268, 270, 271]. Utilizing the
previously introduced (rescaled) MSA, the structure factor for the SC potential
was derived.

Two Yukawa Potential

The two-Yukawa potential (2Y) extends the SC potential. Apart from the repul-
sive exponential term (K), an attractive potential term (K5) is used as well. By
use of the MSA closure relation it is possible to derive S(Q) provided a monodis-
perse, in this case elliptical, particle system [272].

In this work, the 2Y potential (see Equation 5.23) was used for protein samples

admixed with trivalent salt concentrations yielding low ionic strengths within the
range of I < 5 mM. Here § corresponds to 1/kgT [271, 272].

BUny (1) 00 O<r<o (5.23)
T = °
2Y _Kl exp[_(7~z/1¢£§_g)] _ K2 EIP[—(TZ;U()T—U)] r>g

Hard Sphere Potential

At ionic strengths ranging from low to moderate, it is possible to consider the
surface charge of the proteins as screened. Thus, the overall interaction between
the proteins appears to be weak, as the main interaction is facilitated through
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excluded volume effects, also known as hard sphere interactions [269, 271]. The
hard sphere potential is given by the Equation 5.24 below.

oo for r<o
U, = 5.24
s(r) {O for r>o ( )

In this case o denotes the particle diameter, whereas r denotes the radius. At
moderate ionic strengths, the surface charge of the proteins is sufficiently screened.
The overall interparticle interaction is weak, and the protein molecules interact
primarily through hard-sphere interactions (excluded volume effect) [266, 271].

Sticky hard Spheres Potential

The sticky hard sphere potential (SHS) is briefly described below. This model
requires the Percus-Yevick closure relation. It is a coarse grained model based on
the interaction between hard spheres with a hard core, which combines a deep (ug)
and narrow (A) attraction potential (square well) at their respective surfaces with
an additional short-range attraction. Given the boundaries of the Percus-Yevick
closure relation (see Equation 5.21), the Ornstein-Zernike equation can be solved
(see Equation 5.18). The sticky hard sphere potential is defined by Equation 5.25
below [266, 271, 273, 274].

00 r<o=2R
BU(r) = —ﬁozln(flﬁ) oc<r<o+A (5.25)
0 r>oc+A

The particle diameter is given by o, the radius of the particle is denoted as R and
the inter particle distance is denoted as r. The stickiness parameter 7 is defined

as
1

T = —exp(—Uy/kpT) (5.26)
12¢
with € being defined as
A
= —\ 5.2
T+ (5.27)

The structure factor S(Q) can be determined by use of the Percus-Yevick closure
relation (see Equation 5.21), provided the condition of A — 0.

5.1.7 Second Virial Coefficient

The second virial coefficient B is defined as follows:

By =2m /000 drr®[1 —exp(U(r)/kgT)] (5.28)
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with U(r) representing the pair potential between two particles and r gives the
center to center distance between these two particles [196, 273-276]. It is impor-
tant to note that the second virial coefficient is temperature-dependent due to its
definition at infinite dilution, but independent of density or pressure [196].

The second virial coefficient for hard spheres B, is defined by the following
Equation 5.29 [196].

16w R3

3

If the reduced second virial coefficient By/BI® is greater than zero, repulsion
dominates,

ByH5 = (5.29)

By
BQHS

> 0O(repulsion) (5.30)

whereas in the opposite case

B, < O(attraction) (5.31)
attraction prevails [196]. Using 7, the reduced second virial coefficient By/BE* is
connected to the SHS potential by the following Equation [276]:
B, 1

lim — =1

i s =1 0 (5.32)

5.1.8 Inverse Intensity Approach

Another approach is to relate the structure factor S(Q) at Q — 0 to the isothermal
compressibility xr (see Equation 5.33), albeit without applying a potential

The osmotic pressure Il for proteins in solution can be expanded by means of the
protein number density p = ¢N4/M,, yielding the following relation [28, 258, 263,
277-280):

S(0) = kyT (%}) B . (5.34)

As an alternative, the osmotic pressure II can be expanded in terms of the con-
centration ¢ (see Equation 5.35) [278-280]. Assuming the absence of liquid-liquid
phase separation (LLPS), yields ¢ = ¢, o p, where p denotes the protein number

density as defined above.
RT (O11\ "
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Here, R denotes the ideal gas constant given in 8.31 Jmol 'K !, thus, yielding
the following Equation 5.36

=1+B 5.36
pra (5.36)

and equation 5.37 respectively [28, 278-280)].

I1 1
RT = m + Agc + ... (537)

Thus, given the condition of 2M,,Asc << 1, the following formalism results in:

1
—— =14+2M,A 5.38
50 + 2+ (5.38)
and consequently
1
—— =1+4+2B 5.39

enabling the virial coefficient (Bs) to be determined. Importantly, the two second
virial coefficients A, and B, are related based on the formalism (Equation 5.40)
shown below. Nevertheless, please note that the corresponding units are different.

M2
By = A, x =¥ 5.40
2 2 X N, ( )
Considering Equation 5.15 under the condition that the form factor at the origin
is given as P(Q,0) = 0, yields the following equation [28, 258, 263, 277-280]:

1
—— 1+ 2Byp. 5.41
100) o< I+ 2520 (5.41)
This approach offers the possibility of being applied to both repulsive and attrac-
tive conditions without being limited by the constraints imposed by the model.

5.1.9 Synchrotron

First discovered in the 1940s as a secondary reaction in particle accelerators for
high-energy physics, synchrotron radiation quickly evolved to become an impor-
tant and multifunctional scientific instrument. The operating principle of a syn-
chrotron is based on the acceleration of electrons to relativistic speed (v = c¢).
Upon entry of the storage ring, the electrons have already undergone several ac-
celerations. First, they are accelerated to energies in the range of MeV by use of
a linear accelerator. These accelerated electrons are then fed to a booster ring.
Here they are accelerated yet another time until they reach energies in the order
of GeV; only then the electrons are passed on to the main storage ring. Both,
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booster and storage ring force the electrons to describe a circular orbit due to the
influence of bending magnets. In the storage ring, the electrons lose energy with
each and every orbit, which results from the emission of synchrotron radiation.
The energy loss is compensated by use of radio frequency cavities which accel-
erate the electrons further [281]. Bending magnets not only force the electrons
onto a circular orbit, but can also be used for the emission of synchrotron radia-
tion. Linear sections of the storage ring fulfill a series of tasks which range from
correction of the beam’s trajectory to (re)-focusing of the beam to the emission
of synchrotron radiation [281]. By inserting additional magnetic fields to linear
sections, which are in this case perpendicularly aligned to the trajectory of the
accelerated electrons, it is possible to alter the electron’s direction of movement,
causing the emittance of synchrotron radiation [281]. In the next generations of
synchrotron sources, instead of bending magnets, one uses these specially designed
arrays of magnets called wigglers and undulators for the emittance of synchrotron
radiation [281]. In the following, we will briefly describe the working principle of an
undulator (see Figure 5.2). The shape of the emitted radiation can be described
by a narrow cone with v~ denoting the vertical half-opening angle (see Equa-
tion 5.42) [262, 264, 281, 282]. Moreover, the cone is tangential to the electron
trajectory and orientated along the flight direction of the electron

v & mec? e, (5.42)
where €, is a relativistic energy of an electron. By application of other more
convenient units v is defined as

v = 1957 - ¢, [GeV] (5.43)

262, 264, 281, 282] yielding v~ = 0.029°. Being collimated in such a narrow
cone, synchrotron radiation is also very intense. The brightness of modern syn-
chrotron sources is many orders of magnitude higher than that of laboratory X-
ray tubes [281]. Undulators are characterized using K, which denotes the so-called
magnetic-deflection parameter or in other words the peak magnetic field. In terms
of the maximum angular deviation ®,,,,, K is defined as:

- (5.44)

Expressing K in terms of the magnetic field By results in

eBO

K= YW (5.45)

with A\, denoting the spatial periods within the undulator (see Figure 5.2). Com-
pared with the opening angle of the synchrotron radiation, 1/, the radiation cone
emitted when using an undulator is 1/1/N~ [264, 281, 282].
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Figure 5.2: Schematic representation of an undulator, commonly used as an
insertion device at synchrotron facilities to obtain X-ray radiation. T'wo different
views are shown for easier visualization: the upper part of the scheme shows a 3D
view whilst the lower part shows a topview. This illustration was adapted with
changes from Refs [264, 282].

5.1.10 EMBL SAXS Beamline P12

The SAXS results shown in this doctoral thesis were mostly measured at the P
12 beamline operated by the European Microbiology Laboratory (EMBL) located
at the German electron synchrotron, (DESY), which operates the PETRA III
storage ring. The most important elements of this beamline are summarized in
Figure 5.3.

This beamline, specially equipped for biological samples, is supplied by the low
divergence undulator U29. Owing to the double silica crystal Si(111) monochro-
mator, the energy for experiments can be adjusted ranging from 4 up to 20 keV
with corresponding wave lengths (A) ranging from 0.06 to 0.3 nm. However, most
commonly a wavelength of 0.124 nm with corresponding energy of 10 keV is ap-
plied. Due to the combination of mirrors, slits and collimators, a focused X-ray

Detector elight tube Horizontally
Shutter  focusing
mirror

Monochromator

Beamstop Undulator

Sample Cell

Attenuator Vertically focusing mirror

Collimator

Figure 5.3: Schematic representation of P-12 beamline operated by the EMBL at
the PETRA III storage ring located at DESY. Important components are shown.
This illustration was adapted with changes from Ref [283].
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beam of the dimensions 120 x 200 pum? reaches the sample with a flux of 103
photons per second (s7!). Furthermore, the sample to detector distances can be
adjusted to ranges between 1.5 up to 6 m. Most commonly the distance is set to
3.0 - 3.1 m. The total length of the beamline, from the source undulator (U29)
to the detector is 83 m Figure 5.3 [283]. Due to the use of two different detec-
tors (Pilatus 6M or Eiger 4M) a resolution from 8 to 10000 A can be achieved.
Sample changing was facilitated by use of the Arinax BioSAXS sample changer
for temperatures between 5 up to 60 °C' [284].

More precise experimental details on individual measurements are listed in the
respective experimental sections of the Results Chapters 7.3.2, 8.5.3 and 9.3.

5.1.11 Xeuss 2.0

Besides synchrotron experiments, the laboratory device Xeuss 2.0 manufactured
by XENOCS (France) was used for SAXS measurements as well. The size of the
X-ray beam is approximately 1.1 x 1.5 mm?. The X-ray beam is generated by a
GENIX3D Cu Ultra Low Divergence device [285]. The X-ray beam is monochro-
motized by a specially developed and coated mirror. The flight tube leading from
the X-ray source to the sample chamber is operated under vacuum. The sample
chamber on the other hand is operated at atmospheric pressure (atm). Horizontal
and vertical positioning of the sample capillaries can be adjusted by use of the
respective control motors. The flight tube downstream of the sample chamber
towards the detector was evacuated as well. By use of different modules, several
sample to detector distances can be facilitated, yielding a @)-range from 0.0042
to 1.42A~!. The employed detector is the PILATUS 3R 300K manufactured by
DECTRIS [285].

5.1.12 Data analysis

The 2D-SAXS data obtained from different experiments were azimuthally aver-
aged and the resulting intensity profiles of samples and background were further
processed. The background measurements ranged from pure water to water and
salt to polymer-water-salt mixtures. Depending on the individual sample, the
respective background was subtracted in order to evaluate only the scattering
contribution of the proteins and thus emphasize the effective interactions occur-
ring among the proteins. Subsequently, the processed data was fitted using Igor
Pro and the extension provided by the NIST (Center for Neutron Research) for
the versions 6.3 and 9 [271, 286]. The potentials used are described in detail in
Chapter 5.1.6. Apart from the model based approach the inverse intensity was
assessed, (see Chapter 5.1.8). A calibration to absolute intensity values was not
carried out.
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The form factor P(Q) that was used to fit the data was calculated based on
the script provided by NIST. This script calculates the P(Q) of a sphere based
on the data input of an ellipse so that the second virial coefficient of the resulting
effective sphere is equal to the second virial coefficient of the ellipse [271]. This was
performed to obtain the effective structure factors S(Q) as to be seen in chapter 7.

5.1.13 Structure Determination by X-ray Diffraction

Analogous to SAXS experiments, X-ray crystallography entails the exposure of a
sample, in this case a crystalline one, to a collimated X-ray beam followed by the
intensity measurements of the scattered photons. Solution scattering is averaged
over all orientations of the molecules relative to one another and also to the exper-
imental setup, thus resulting in both: radial symmetry and continuity [287]. On
the contrary, X-ray crystallography involves scattering of molecules organized in
a crystal lattice resulting in discrete diffraction maxima. Since no radial symme-
try prevails, information about specific orientations is preserved, necessitating the
rotational repositioning of crystals during data acquisition. In the case of a path
difference equal to an integer number of wavelengths with respect to the incident
X-rays, the diffracted X-rays constructively interfere and appear as measurable
diffraction maxima. Otherwise, the X-rays interfere destructively and thus can-
not be observed [287]. The condition at which X-rays interfere constructively, also
known as Bragg’s law, is

2d sin ) = n, (5.46)

where d is the distance between a certain set of crystallographic planes. Thus,
observing the constructive interference of the scattered X-rays at certain angles
(Bragg peaks), one can determine the distances d between the crystallographic
planes and, eventually, determine the structure of the crystal, i.e. the lattice pa-
rameters, angles of the unit cell and even positions of the atoms (or molecules)
within the unit cell. Diffracted radiation at a given wavelength A requires partic-
ular angles of incidence and emission 6 to be measured. The number 7 is referred
to as the diffraction order [288].

Mathematically, the same concept can be formulated by writing the structure
factor of a crystal as

S(h,k,1) =Y fjexpl2mi(ha; + ky; + 1)), (5.47)

J

where h, k, [ are the Miller indices which uniquely determine a set of parallel crys-
tallographic planes, and z;, y;, z; are the positions of the j-th atom within the unit
cell and f; indicates the resolution-dependent atomic scattering factor [206, 287].
When analyzing crystal structures, the phase is generally lost, as only the intensi-
ties derived from the square of the structure factor (S(h, k, 1)) are measured [287].
Having the position of several atoms identified facilitates phase calculation [206].
Shape and size of a crystalline unit cell is defined by the length of the axes (a, b, c)
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and the corresponding angles between them («, 3, 7). The asymmetric unit is
defined as the smallest amount of structural information required to reconstruct
the entire crystal lattice through symmetries and lattice displacements [287].

5.2 Static Light Scattering (SLS)

To be able to perform static light scattering (SLS) and dynamic light scattering
(DLS) measurements, an ALV/CGS-3 goniometer with a digital ALV/LSE-5004
correlator (ALV-GmbH, Langen, Germany) was used, which was operated with
the corresponding ALV correlator software V3.0. This setup utilizes a HeNe-Laser
with the power of 22 mV and a wavelength A\ = 6328 A. The ALV /CGS-3 de-
vice uses a temperature-controlled toluene bath (Haake A10 bath, operated with
Haake AC 200 thermostat, Thermo Fisher scientific Inc.).

In static light scattering experiments, the scattering intensity I, averaged over
time, depends soley on the scattering contrast K also known as b?, the concen-
tration ¢ and the osmotic pressure II. However, this only applies provided the
condition that density fluctuations of the solution itself are excluded. Hence, the
scattering intensity / can be established as shown in Equation 5.48. kp denotes
the Boltzmann constant and 7" the temperature [289].

C

I ~VkgT (5.48)

(Fe)ry

A quantitative measure for the interaction between solute and solvent was provided
by Van 't Hoff [289] (see Equation 5.49 and 5.37)

o1l 1

Here, the molecular weight is denoted as My, and the second virial coefficient as
Ay. When the incident beam is scattered, it depends on the scattering contrast
K, which is the result of the differences between the refractive indices of solvent
(npo) and sample (np). Thus, the refractive index is dependent on both, the
wavelength of the incident beam as well as the concentration of the investigated
sample. Taking into account those two factors, yields the following relation:

A2 nQD,O (

Nt

8np)2
K:b2 — Jc

(5.50)

The specific refractive index increment is denoted as (Onp/dc), the Avogadro
number is denoted with N4 and the wavelength is given as A. The scattered
intensity is inversely proportional with to the wavelength of the incident light to
the power of four [261, 289-292].

A calibration to absolute scattering intensities can be carried out by measuring of
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toluene, a known standard. Toluene has a refractive index comparable to quartz
glass (n = 1.496 for toluene [289] n = 1.543 [293] for quartz glass), which enables
a minimalization of reflections between the two interfaces. Using the Rayleigh
ratio Ry, it is possible to define the scattering intensity calibration as follows
261, 263, 289-291]:

Istandard absolute
RO - (Isample - ]solvent> —_— (551)
I standard

Here, Ry is the so-called absolute scattering intensity, which is independent from
the experimental setup e.g. scattering volume V or sample to detector distance
7, With Istandard,absolute @0d Istandard Tepresenting the absolute scattered intensity
of the standard, and the intensity of the standard. Isample and Igolvent denote the
intensity of the sample and the intensity of the solvent respectively.

The absolute intensity Ry depends on the form factor (P(Q)) and can be rewritten

as follows:
Ke L odpert (5.52)
— = cH+ ... .
Ry M,P@Q)
When investigating particles which fulfill the condition of (r< A/20), P(Q) can be
assumed to be unity within the measured ()-range, thus achieving scattering which
in turn is independent from the scattering angle (26). The resulting Equation gives

the inverse intensity K./ Ry

K1
Ke o 1 oue 5.53
Ry M, o2 (5.53)

Alternatively, the Intensity Ry/K. can be defined as [292]:

% — My P(Q) — 245 ¢ My 2P*(Q), (5.54)

by utilizing an alternative definition of the Rayleigh ratio (see Equation 5.51)

(Isample - ]solvent> T2
Ry = . 5.55
o v (5.55)

Here, r denotes the distance between the scattering volume and the detector, while
V indicates the volume of the scattering solution [289, 292].

5.3 Dynamic Light Scattering (DLS)

In dynamic light scattering (DLS) experiments, information can be obtained from
fluctuations in the scattering intensity. In this regard, it is useful to establish the



67

time correlation function, which is defined by the following formalism [263]:

Ty

HQ)IQuta+) = lm oo [HQIQt+) da  (550)

T]\,j — 00 M
0

here executed for two cases in which the time delay ¢ is either 0 or co. The first
case yields [263]:

Lim (1(Q, t0)1(Q; 10 + 1)) = (1(Q)?). (5.57)
the latter one yields:
lim (1(Q. 10)1(Q.10 + 1)) = (1(Q)). (5.58)

Given short delay times, Equation 5.56 can be reduced to Equation 5.57 whereas
longer delay times result in an uncorrelated intensity (see Equation 5.58). By
combination of the two Equations (5.57 and 5.58) the following time auto correla-
tion function (¢2(Q,t)) can be obtained. Here, the (...) specify the time average
263, 289, 294-296].

(1(Q,t0)1(Q,t0 + 1))

(1(Q,))?

The Siegert Relation (Equation 5.60) connects the time auto correlation func-
tion (Equation 5.59) with the normalized field auto correlation function (Equa-
tion 5.61), yielding the following formalism [261]:

g (Q,t) —1=[Bg"(Q,1)]". (5.60)

Here (3 is defined as the coherence factor, which, in addition to the optical align-
ment and scattering properties of the solute, depends as well on the accuracy of
the carried out optical calibration of the instrument. For the DLS measurements
shown in this thesis, 8 ~ 1 can be assumed.

7 (Q.t) =

(5.59)

The normalized field auto correlation function is defined as follows:

(E(Q,t0) E*(Q,t0 +1))
(1(Q)) '

with E(Q,t) denoting the amplitude of the electric field of the laser wave [263,
289, 290, 296].

Usually, the decay of the g2-function due to dynamics of the scatteres in the sys-
tem, can be described by an exponential function. For more complex types of
dynamics, involving several length scales, one can use the sum of several exponen-
tial terms. Based on the assumption of a two-component dynamics, the fast and
slow components are specified by the subscript 1 and 2 respectively. In order to
approximate the auto correlation function (Equation 5.59), this double exponen-

9" (Q,t) =

(5.61)
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tial fit function was used. The characteristic relaxation time (7) can be obtained
by the following formalism [297-299]:

g2(t) — 1= {Xy exp[-2(t/m1)] + X2 exp[-2(t/m2)]} (5.62)

Assuming that the relaxation time is related to the diffusion of the particles in
the solution, one can determine the hydrodynamic radius (rj,), which is linked to
the diffusion coefficient (D), via Equation 5.63, developed by Stokes and Einstein
263, 289].

kgT

- 67 nr),

(5.63)

The viscosity is denoted as . D is connected to the normalized field auto correla-
tion function g1(Q,t) (see Equation 5.61) by the following relation [263, 289, 296]:

g1(Q,t) = exp[-T't]. (5.64)
The decay rate I is defined by [263, 289, 294].

I = DQ?. (5.65)



Chapter 6

Complementary Experimental
Methods

6.1 Ultraviolet-visible (UV /vis) Spectroscopy of
Protein solutions

Ultraviolet-visible (UV /vis) spectroscopy of protein solutions enables a precise de-
termination of the protein concentration by absorbance measurement [300, 301],
providing a simple yet efficient approach. The spectrometer measures the ratio
between the light intensity / being transmitted through the sample and the inci-
dent light intensity . This ratio can then be used to calculate the absorbance A

of a given solution [302]:
I
A(X) = logyg 70 (6.1)

Following the law developed by Beer and Lambert:
A(N) =€ x cxd, (6.2)

the concentration of an absorbing protein in solution is proportional to the total
absorption of the solution [303]. Here, the variable € indicates the respective
protein specific extinction coefficient (see Table 6.1), ¢ represents the protein con-
centration in mg/ml and d corresponds to the width of the used cuvette in cm
being, proportional to the path length of the monochromatic UV-light passing
through the specimen.

The exploitation of an absorption maximum between 279 and 280 nm, caused by
aromatic residues of the amino acids tryptophan, tyrosine and phenylalanin con-
tained in the primary structure, enables an accurate concentration determination
of the dissolved protein [301, 304].

Table 6.1: Extinction coefficients of the investigated proteins. The information
shown is obtained from Refs. [222, 305, 306].

Protein BLG | BSA | HSA | OVA

Extinction coefficient ¢ ™ ml/(mgxcm) | 0.961 | 0.667 | 0.531 | 0.700
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Owing to inevitable variations associated with mixing, pipetting and sampling,
a dilution series (1 : 500, 1 : 250 and 1 : 200) was prepared. In order to prevent
and to account for possible dilution errors, a 1 : 10 pre-dilution was initially pre-
pared, which was then used for the aforementioned dilution series. The obtained
average concentration value, ultimately defines the protein concentration of the
protein stock solution. Importantly, when working with dilutions, the dilution
factor requires to be taken into account.
The UV /vis spectroscopy measurements were carried out utilizing the Cary 50
UV /vis spectrometer (Varian Technologies, USA). The setup was operated by use
of the software Cary WinUV (Varian Technologies, USA).
The UV /vis spectrometer was also used to determine the transition temperatures
of BSA-LaCl3 co-salt systems, which feature the temperature-driven phenomena
of lower critical solution temperature behavior (LCST). Therefore, the sample
holder of the UV /vis spectrometer was tempered as desired by use of a coupled
water bath (Haake A10B and SC 150, Thermo Fisher Scientific, USA). A unique
feature of this system is the ability to define a heating ramp, in which the prevail-
ing temperature can be increased, for example by 0.5° C per minute. However, it
is also possible to set other desired heating ramps. The water bath was calibrated
by use of a thermocouple attached to the sample holder. The UV /vis absorbance
measurement was synchronized with the applied heating ramp, yielding a ab-
sorbance spectra ranging from 500 nm to 800 nm for every minute. An initial
temperature of 12° C and a final temperature of 48° C were set, thus, yielding
72 spectra, which is in accordance with the applied heating ramp. After baseline
correction, determined by the absorbance of water, these spectra were summed
up to obtain a final curve.

6.2 pH measurements

The pH value is defined as the activity of the hydrogen ion. In this context, the
pH value is proportional to the negative decadic logarithm of the hydrogen ion
activity [307, 308]:

pH = —logy, ay+ (6.3)

The activity o+ in this case is the effective concentration of the hydrogen ion in
the solution [308]
pH - — loglo CH+ . (64)

Alternatively, hydronium ions (H30+) can also be used to determine the pH
value [309]:
pH = —log,, H30™. (6.5)

The pH scale is defined so that a solution is regarded as neutral with a pH value
of 7, solutions with a pH value below 7 as acidic and above a pH value of 7 as
alkaline [288, 307]. Consequently, an excess of H30+ occurs in acidic solutions,
whereas an excess of hydroxyl ions (OH ) is present in alkaline solutions [307].
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Prior to pH measurements, a three-point calibration was carried out using pH-
adjusted buffer solutions (pH 4, 7 and 10). Typically, a pH sensor consists of two
electrodes. In the inner space between the two electrodes resides a buffer filled
reservoir with a constant pH value, which is measured by the reference electrode.
The working electrode now measures the diffusion of H30+ ions caused by the
HgO+ gradient between inner and outer layers of the working electrode. Further-
more, the ratio between the reference- and the working electrode is measured so
that the H30+ concentration of the solution under investigation can be precisely
determined [309).

6.3 Microscopy

The optical microscopy is a well established method for magnified visualization
and subsequent recording of small objects or tiny structures. The principle of
optical microscopy is based on the refraction of the visible part of light and the
resulting magnification of a specimen [310]. By means of microscopy, it is possible
to identify different protein phases, such as LLPS, aggregates or protein crystals.
Images and videos were captured by the Axio-Cam ICcH camera, combined with
5x, 10x or 20x magnification, installed on an Axio Scope.A1l microscope (Carl
Zeiss AG). The microscope was operated using the ZEN Lite software of 2012
(Carl Zeiss AG). Further experimental details such as sample preparation can be
found in chapter 4.4.
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7.1 Abstract

It is well established that deoxyribonucleic acid (DNA) and ribonucleic acid (RNA)
exhibit a reentrant condensation (RC) phase behavior in the presence of the triva-
lent hexamine cobalt (IIT) cations (Hac) which can be important for their packing
and folding. A similar behavior can be observed for negatively charged globular
proteins in the presence of trivalent metal cations, such as Y?* or La®*. This phase
behavior is mainly driven by charge inversion upon an increasing salt concentra-
tion for a fixed protein concentration (c¢,). However, as Hac exhibits structural
differences compared to other multivalent metal cations, with six ammonia lig-
ands (NH3) covalently bonded to the central cobalt atom, it is not clear that
Hac can induce a similar phase behavior for proteins. In this work, we system-
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atically investigate whether negatively charged globular proteins -lactoglobulin
(BLG), bovine serum albumin (BSA), human serum albumin (HSA) and ovalbu-
min (OVA) feature Hac-induced RC. Effective protein-protein interactions were
investigated by small-angle X-ray scattering (SAXS). The reduced second virial
coefficient (B,/B®) was obtained as a function of salt concentration. The virial
coefficient analysis performed confirms the reentrant interaction (RI) behavior for
BLG without actually inducing RC, given the insufficient strengths of the interac-
tions for the latter to occur. In contrast, the strength of attraction for BSA, HSA
and OVA are too weak to show RC. Model free analysis of the inverse intensity
1/1(Q — 0) also supports this finding. Looking at different @)-range by employing
static (SLS) and dynamic light scattering (DLS) experiments, the presence of RI
behavior can be confirmed. The results are further discussed in view of metal
cation binding sites in nucleic acids (DNA and RNA), where Hac induced RC
phase behavior.

7.2 Introduction

Effective protein-protein interactions determine the phase behavior of proteins
in aqueous solutions, including liquid-liquid phase separation (LLPS) and crys-
tallization. Understanding as well as predicting the phase behavior of proteins
is therefore not only beneficial for X-ray structural analysis of protein crystals,
but also for a more profound understanding of diseases related to the aggrega-
tion of proteins [28, 311, 312]. Furthermore, the occurrence of metastable LLPS
in protein solutions represents an important mechanism for biological structure
formation [25, 26, 28, 31, 311, 313-317]. Diseases such as eye cataract [315, 316],
lateral sclerosis [31, 314], sickle cell anemia [25, 26], Alzheimer’s disease in line
with amyloidosis [31, 313] are related to unwanted protein fiber formation, crys-
tallization, or aggregation.

In aqueous solution, the effective interactions of proteins turn out to be rather
complex, as various environmental parameters [312, 317-319] such as the protein
concentration, concentration and valence of the salt ions, temperature and pH-
value strongly influence their interactions [47]. Moreover, protein-protein interac-
tions are determined by the protein’s surface charge pattern or by a modulation of
hydrophilic and hydrophobic interactions. In combination with Coulomb interac-
tions, hydrogen bonding, and specific or non-specific salt bridging, this interplay
of multiple interactions results in a rich phase behavior of aqueous protein solu-
tions. Further studies, focusing on the modeling of liquid-liquid phase transitions
in protein- and colloid-systems, pointed out the relevance of short-ranged attrac-
tive forces [190, 196, 275, 320, 321].

Reentrant condensation (RC) is an intriguing phenomenon which occurs in var-
ious acidic, globular proteins, given the presence of multivalent metal salts such
as YClI3 [47, 59, 62, 106, 322]. For a fixed protein concentration (c,) combined
with a salt concentration below the value of ¢*, or above a second value ¢**, with
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c* < ¢, the protein solution appears translucent. If the salt concentration is
between ¢* and ¢**, protein condensation occurs, which may include LLPS, ag-
gregation, and protein crystallization [59, 60, 62, 63, 318]. Responsible for the
reentrant condensation behavior are both the cation-mediated inversion of the
protein charge and the intermittent cation-mediated attraction [107]. Charge re-
versal and effective attraction induced by multivalent metal ions have been further
investigated not only in theoretical studies but also in experiments and simula-
tions [55, 107, 323, 324]. In order to fundamentally understand the origin of the
macroscopic phase behavior and the involved interactions, the underlying forces
need to be investigated [62].

DNA has been known to condense in aqueous solution in the presence of multi-
valent cations, such as hexamine cobalt (III) (Hac), for a long time [325]. Due
to advancing research in the field of gene therapy, interest in the phenomenon of
DNA condensation with multivalent cations increased. The goal of this research
field is to develop efficient ways of gene transfer, which requires a simple, effective,
and yet reversible method without damaging the DNA in the process [100].

The relatively inert trivalent cation hexamine cobalt (III) features six tightly
bound amino groups which inhibits the option of direct coordinate ion bonds
between the cobalt and polar groups of the DNA helix [325], therefore fulfilling
the above required conditions [100]. In order to enable DNA condensation, ap-
proximately three out of four negative charges have to be neutralized by a bound
cation [326]. In other words, approximately 90% of the total charges exhibited by
DNA have to be neutralized to allow for condensation [327, 328]. DNA neutraliza-
tion enables and facilitates the compression of DNA as it occurs in the genomes of
cells or viruses as well as the deformation of DNA mediated through proteins [326].
When trivalent ions are present in a solution with DNA, the DNA also undergoes
RC. It should be emphasized that the driving force for the condensation of DNA is
the electrostatic interaction between the cations and the DNA. Furthermore, this
leads to attractive, correlated counter-ion fluctuations. Thereby, the counterions
also screen Coulombic repulsions between DNA phosphates before the condensa-
tion takes place [326, 328]. Apart from DNA condensation, investigations were
also performed on RNA [234, 329, 330].

Moreover, Hac proved to be of use in other biological research areas. Hac has been
successfully deployed to inhibit an RNA polymerase of West Nile virus in order
to investigate the role of magnesium ions, necessary for the catalysis carried out
by this RNA polymerase [331]. Furthermore, Hac was used in transformations
with FEscherichia coli to either change the confirmation of the DNA or serve as
a counterpart of vitamin B12. Here, it either interferes with the constituents of
the vitamin or disrupts its transport system [332]. In addition, Hac has also been
proven to possess anti-bacterial and anti-viral effects [233]. The element cobalt
(Co) is a standard component of metal alloys [333] which are, among others, used
for biomedical implants (e.g. hip prothesis). Expedient wear in combination with
corrosion of implants leads to in vivo release of metal ions [334, 335]. This may
support unwanted protein aggregation, triggering associated diseases such as lat-
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eral sclerosis or Alzheimer’s [336, 337], and may as well trigger metal contact
hypersensitivity [337]. When comparing proteins with DNA or conventional col-
loid suspensions, which are governed by identical charges, it turns out that on
the surface positive as well as negative charges are present. These charges are ar-
ranged in a rather complex, unevenly distributed pattern, resulting in differences
regarding the interactions. Moreover, a DNA molecule can be approximated with
a thin extended rod-like shape whereas the proteins examined here feature a glob-
ular geometry. In addition, the complex surface charge pattern, together with
other kinds of interactions, like hydrophobic interactions or hydration, increase
the complexity of the phase behavior for proteins in solution [47, 312, 319]. This
work conducts a systematic study of the effective interactions and phase behavior
of the proteins BLG, BSA, HSA, and OVA in aqueous solution in the presence of
the trivalent salt hexamine cobalt (III) chloride. All mentioned proteins already
featured RC behavior induced by several trivalent metal salts [58].

We aim to explore how different concentrations of Hac can tune the effective in-
teractions in these protein solutions and if it is sufficient to induce RC phase
behavior. For that, the effective protein-protein interactions were evaluated based
on the analysis of the reduced second virial coefficient from SAXS measurements.
In addition, SLS and DLS experiments were carried out to explore a different
(@)-range and to investigate diffusive dynamics. The results are further discussed
in view of metal cation binding sites in nucleic acids (DNA and RNA), where Hac
induced RC phase behavior.

7.3 Experimental Section

7.3.1 Materials and Sample Preparation

The proteins BLG from bovine milk (product no. L3908, purity of > 90%), BSA
(product no. A3733, purity of > 98%), HSA (product no. A9511, purity of
> 97%) and OVA from chicken egg white (product no. A5503, purity of > 98%)
were purchased from Merck and used in the experiments without additional purifi-
cation. Fundamental biophysiochemical properties of the proteins are summarized
in Table 1. Note that the purchased protein S-lactoglobulin (BLG) is a mixture of
the two genetic variants A and B, which differ only at two locations within their
primary sequence [212]. Moreover, given physiological conditions, BLG features
predominantly a dimer configuration [204, 214].

Protein stock solutions were obtained by mixing the required amount of the re-
spective protein stock with deionized and degassed Millipore water (conductivity
is 18.2 M cm). The concentration of the protein stock solution was determined by
use of a Cary 50 UV /vis spectrophotometer (Varian Technologies) with the appro-
priate extinction coefficients (see Table 7.1) and the Cary WinUV operating soft-
ware. The protein solutions were stored in appropriate parafilm-sealed containers
to avoid de novo solution of gasses and placed in the fridge at 4°C [341]. In order
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Table 7.1: Biophysiochemical Properties of BLG, BSA, HSA, and OVA with
respective reference.
Parameters BLG | BSA | HSA | OVA
162 583 585 385
[212] | [220] | [222] | [226]
37 66.4 | 66.44 | 45
[205] | [221] | [222] | [225]
I 5.2 4.6 4.7 4.54
p [214] | [58] | [222] | [229]
-10 -11 -9 -11
Charge (pH 7) [e] [213] | 58] | [58] | [338]
0.750 | 0.735 | 0.754 | 0.745
[339] | [339] | [340] | [306]
Extinction coefficient 0.961 | 0.667 | 0.531 | 0.700
[mlmg~! - cm™!] [305] | [305] | [305] | [305]

# amino acid

Molecular weight [kDa]

Specific volume [ml/g]

to avoid unwanted bacterial or fungi growth, the protein solutions were used for a
maximum of three weeks [342]. Hexamine cobalt (III) chloride ([Co(NH3)6|Cl3)
powder was purchased from Merck (H7891, for use in transformations, X-ray crys-
tallography), dissolved in deionized and degassed Millipore water and used in the
carried out experiments without further purification. This multivalent salt fea-
tures a molecular weight of 264.48 g/mol and a density of 1.71 g/ml [231]. System-
atic deviations arising from variations in protein batches, preparative inaccuracies,
and fluctuations in protein and salt stock solutions cannot be ruled out.

7.3.2 Small-Angle X-Ray Scattering

Small-Angle X-ray Scattering (SAXS) experiments were conducted at the P12
beamline of the EMBL, DESY (Hamburg, Germany) [283]. The system employs
a highly focused X-ray beam (120 x 200 pm) with an energy of 10 keV, which
corresponds to a wavelength of (A = 1.24 A). The sample-to-detector distance
was set to 3 m. The employed 2M Pilatus (Dectris) detector covered a Q) range of
0.002 to 0.45 A~' [283]. The samples were exchanged by the use of a flow cell. For
each sample, 40 exposures of 0.04 s were averaged. Additional SAXS data was
collected using the laboratory SAXS instrument Xeuss 2.0 (Xenocs, Grenoble,
France) employing a GeniX 3D microfocus X-ray tube consisting of a copper
anode, using an X-ray energy of 8.05 keV which corresponds to a wavelength
of A = 1.54 A. With a sample-to-detector distance of 1666 mm, the employed
Pilatus 300K (Dectris) detector covered a @ range of 0.0076 up to 0.344 A=!. The
protein solutions were measured in quartz capillaries with a diameter of 1.5 to 2.0
mm (WJM-Glas Miiller GmbH, Berlin, Germany). The acquisition time for each
measurement was set to two hours. Each sample preparation was carried out right
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before the measurements. The 2D data obtained was azimuthally averaged to yield
intensity profiles. Subsequently, the solvent background was measured, treated in
a similar manner and finally subtracted from the intensity profiles. Afterward,
the background-corrected data was fitted by use of the ellipsoidal sticky hard
sphere potential (SHS), originating from Baxter [274], as implemented by the
National Institute of Standards and Technology provided add-on for IGOR PRO
6.37 and 9 [286]. The data was analyzed utilizing the same method explained in
the references [64, 65]. For a spherical particle of radius R, the SHS is defined as
follows:

00 r<o=2R
pU(r) = —50211&(2:2) c<r<o+A (7.1)
0 r>o+A

Here, [ represents ﬁ, T represents the stickiness parameter, and A denotes
B

the width of the square well. The diameter of the hard sphere is denoted by o,

and r denotes the particle spacing. In order to determine the structure factor, a

perturbative solution of the Percus-Yevick closure relation was used [273, 274]. In

the limit A — 0, the reduced second virial coefficient can be calculated based on
B, 1

As shown in equation 7.2 the reduced second virial coefficient is obtained by divid-
ing the second virial coefficient (By) by the second virial coefficient for hard spheres
(By) of radius R given by Bi® = 167R3/3. Simulations and theories have re-
sulted in a universal By/BY® value of ~ —1.56 for the liquid-gas transition in a
number of different systems, provided the application of the Percus-Yevick closure
relation [106, 198, 275]. Moreover, other potentials such as Screened Coulombic
(SC), Two Yukawa (2Y) and hard spheres (HS) were used to fit the SAXS data for
different protein systems and different salt concentrations. A detailed description
of these potentials can be found in the Supporting Information (see Chapter 7.6).
Besides the volume fraction, the axes of the ellipsoids (R, and R,) were fixed to
R, 37.6-39.0 A, R, 19.5-20.0 A for BLG, R, 17.0 A and R, 42.0-44.4 A for BSA.
Detailed information on HSA, and OVA, can be found in Table 7.2 in the Sup-
porting Information (see Chapter 7.6). Moreover, the scattering length density
(SLD) of the proteins was set to 7.33 x 10~7 [A~?] for BLG and 7.32 x 10~7 [A~?]
for BSA, HSA, and OVA respectively. The background was set to appropriate
values for each curve individually. In order to prevent artificial coupling between
the well width A and the stickiness parameter 7, A was kept at 0.01 o for all fit-
ted data. Further details on the fitting process and selected potentials for fitting
of OVA and HSA SAXS-datasets are shown in the Supporting Information (see
Chapter 7.6). We note that B, is a simplified way of quantifying the interactions,
inter alia, due to the angular average of non-spherical proteins.
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7.3.3 Static and Dynamic Light Scattering

Further structural and dynamical information was obtained by dynamic light scat-
tering (DLS) experiments, which were conducted on a pure Hac solution (50 mM),
a pure BSA (20 mg/ml) solution and several BSA (20 mg/ml) solutions containing
increasing concentrations of Hac (1 to 50 mM) [343]. Prior to the measurements,
all samples were filtered using syringe filters (Whatman Puradisc 13; Global Life
Sciences Solutions Operations Uk Ltd.) with a 0.45 pm pore size. In this work, an
ALV/CGS-3 goniometer with an ALV /LSE-5004 digital correlator (ALV-GmbH,
Langen, Germany) operated by the corresponding ALV-Correlator software V 3.0,
was used.This instrument utilizes a HeNe-Laser with a wavelength of A = 6328 A
as a light source. Quartz glass cuvettes (Pyrex; Corning, Ny, USA) were cleaned
with acetone, and after the evaporation of the acetone, filled with the sample
solution and subsequently measured. A calibration to absolute scattering inten-
sities was carried out by the use of a toluene measurement, as standard. Using
the Rayleigh ratio Ry the scattering intensity was calibrated using toluene as a
standard [289]. The intensity (Ry/K.), with K denoting the scattering contrast
(Equation 7.3) and ¢ denoting the concentration, can be equated to the inverse of
the intensity K./Ry due to the relation of Ry ~ lampie — Lsolvent- Additionally, the
measured intensity depends on P((@)) of the sample but given the case of small par-
ticles (r < A/20), P(Q) can be assumed to be unity within the observed )-range,
and therefore the scattering is independent from the scattering angle 260 [289].
Based on the aforementioned, it is sufficient to perform the measurements only
with one angle. In this work, angles between 70 and 90° were used [289].

o A ()

Vo (7.3)

Changes in the scattering signal over time are of interest in terms of dynamic
information. This can be quantified by the use of the auto correlation function
g2(t) — 1 [263, 289, 295].

~ {(to)I(to — 1))
) = L 7.4

Here (...) denotes a time average, the term () denotes the scattered intensity at
the time ¢y while ¢ denotes the time difference of the correlator. The characteristic
relaxation time 7, is obtained by use of the normalized g, —1 (Equation 7.5), shown
below [299].

92(t) — 1= {Ay exp[=2(t/m)] + Az exp[—2(t/72)]} (7.5)

Due to the presence of two-component dynamics, the fast and slow components are
denoted by subscript 1 and 2 respectively. This double exponential fit function was
used to approximate the auto-correlation function (Equation 7.4). All datasets
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were fitted utilizing Equation 7.5 to achieve consistency. The fits were carried out

by use of MATLAB.

7.4 Results and Discussion

7.4.1 Visual Inspection of the Phase Behavior

First, the phase behavior of various globular proteins was investigated in the
presence of Hac at room temperature (21 £ 2) °C. The protein concentration was
varied between 5 and 100 mg/ml, while the salt concentration was varied between
1 and 50 mM. All examined proteins showed neither crystal growth nor LLPS or
aggregation. This is exemplified for 80 mg/ml BLG in Figure 7.1. Owing to the
orange color of the dissolved salt, a stronger yellow tint can be seen at higher salt
concentrations. Apart from the yellow tint, no opacity or condensates become
apparent [47, 58, 59, 62, 65, 169, 266, 344]. A similar assessment for HSA and
OVA can be found in the Supporting Information (see Chapter 7.6).

Hexamine cobalt (111) chloride concentration

Figure 7.1: Photograph of BLG with a concentration of 80 mg/ml admixed with
increasing Hac concentrations (1 mM to 30 mM, left to right). Due to the orange
color of the dissolved salt Hac, an increasing yellow tint can be seen at higher salt
concentrations. No aggregation is to be seen.

To gain further insight, the effective protein-protein interactions of the protein

salt solutions were investigated via systematic SAXS measurements. Figure 7.2
shows representative SAXS measurements for 80 mg/ml BSA and 80 mg/ml BLG
with increasing Hac concentrations in H2O (data for OVA and HSA can be found
in Figure 7.8 and Figure 7.9, shown in the Chapters 7.6.2 and 7.6.3).
In both protein-salt systems, at low salt concentrations, the net negative charges
of the protein molecules dominate the effective protein-protein interactions, as il-
lustrated by a correlation peak at @ 0.06A~!. An increase in the salt concentration
results in an increase in low- () intensity, which indicates reducing repulsion. Con-
currently, the correlation peak fades. As the salt concentration is further increased
to 6 mM (for BLG) and 15 mM (for BSA), respectively, attractive interactions
dominate the protein salt system. The highest attractive strength is visible at
15 mM salt for BSA and at 12 mM salt for BLG. At higher salt concentrations
(20 mM to 50 mM for BSA and 15 mM to 50 mM for BLG), the attractive strength
reduces, as indicated by the decreasing low- (@ intensities (Figure 7.2 a and b).
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This pattern of increasing and subsequent decreasing low-() intensities as a func-
tion of increasing salt concentration resembles to some extent RC phase behavior
and is labeled reentrant interaction (RI). Data for HSA and OVA can be found in
the Supporting Information (see Chapter 7.6).

Qualitatively, from the provided SAXS profiles, it can be deduced that the
above characterized behavior is more pronounced for BLG than it is for the other
proteins [63-65, 344]. Previous studies showed that RC is a common phase
behavior for BLG, BSA, HSA, and OVA in the presence of either YCI3, LaCl3,
FeCl3 or AICI3 [58]. Investigations of RC by means of SAXS have shown that
RC is associated with an increasing, followed by a decreasing, intensity at low-(@)
values, given the prerequisite of a constant protein concentration combined with
a continuously increasing salt concentration [64, 65]. Additional data sets for
80 mg/ml OVA and HSA, exhibiting a similar but less pronounced behavior are
provided in the Chapter 7.6 (see Figures 7.8 and 7.9).

7.4.2 SAXS Characterization of the Effective Interactions

In order to analyze and quantify the effective protein-protein interactions, models
employing an ellipsoidal form factor paired with different interaction potentials
were fitted to the SAXS data. Figure 7.2 displays SC and SHS model fits for
BSA and 2Y followed by SHS model fits for BLG (Figure 7.2 ¢) with continuously
increasing Hac concentrations. Additional fitted SAXS data for the proteins OVA
and HSA are included in the Supporting Information (see Chapter 7.6). SC inter-
action potential fits (BSA) and 2Y interaction potential fits (BLG) were confined
to low salt concentrations (0 mM to 5 mM for BSA and 0 to 4 mM for BLG). For
these conditions, the electrostatic repulsions prevail, owing to net negative surface
charges of the respective dissolved proteins.

In order to describe the attractive potential arising for higher salt concentrations,
the SHS combined with an ellipsoidal form factor was used. In agreement with
Equation (7.2), the reduced second virial coefficient (By/By°) was determined.
The results of By/BHS for BLG and BSA are summarized in Figure 7.3 a, as a
function of the salt concentration c,. Values below By/BY® < 0 represent net
attraction, whereas in the opposite case By/BL® > 0, net repulsion prevails.

As to be seen, the curve for BLG is located below the one for BSA, implying
higher attractive strengths. BLG features a local minimum around 12 mM with
a corresponding By/BY® value of —1.48, while BSA features a minimum at 15
mM with a corresponding By/BY® value of 0.033. Hence, it can be deduced that
BSA remains within the neutral range at 15 mM Hac, while BLG exhibits a more
pronounced attraction. Moreover, these two minima hardly touch the universally
predicted By/BH® values of —1.56 [106] at the critical point, marking the theo-
retical limits for LLPS. Consequently, a phase transition (with LLPS) is absent.
Initially, the values for By/BY® decrease rapidly until the minimum is reached.
Beyond the minimum, the B,/ BES values increase again, but with a less steep
slope. This effect may be caused by screening effects of the Cl  counterions. In-
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Figure 7.2: (a, b) SAXS data with model fits (solid lines) for samples in H20
containing 80 mg/ml BSA with increasing salt concentrations (0 to 50 mM). (c,
d) SAXS data with model fits for samples in H20 containing 80 mg/ml BLG with
increasing salt concentrations (0 to 50 mM). The scattering intensity at low-Q in-
creases with increasing salt concentration (a) and (c) and decreases in (b) and (d).
In (a), the SC potential was used for 0 to 4 mM salt. The other conditions (5 to 15
mM) were fitted by use of an SHS model. In (c), conditions (0 to 4 mM salt were
fitted using a 2Y potential, the other conditions (5 to 12 mM) were fitted using an
SHS model. The dashed lines are guides to the eye. Further detailed information
on SAXS data analysis is provided in the Chapters 5.1.1, 5.1.12 and 7.6).

creasing the salt concentration goes along with increasing concentrations of the
counterion, which effectively screens the proteins surface charge.
This hypothesis is supported by similar results for divalent cations, which show
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Figure 7.3: (a) Reduced second virial coefficients and (b) 1/1(Q) — 0) behav-
ior of the BLG and BSA samples with ¢, 80 mg/ml and varying cs presented in
Figure 7.2. In (a), the black dashed line at —1.56 indicates the suggested and
theoretically determined limit of the critical point for the gas-liquid transition
(detailed information is provided in the text) [106]. The respective error values
of the fits are smaller than the markers used for illustration and are, therefore,
not plotted for clarity. (b) The inverse intensities are evaluated at ()’ = 0.03 A_l,
subsequently averaged, and normalized to the molecular weight of the protein
monomer. The respective error values are smaller than the markers used for illus-
tration and are, therefore, not plotted for clarity. The dashed lines are guides to
the eye. In Chapter 7.6, Figures 7.10, 7.11 and 7.12, show a similar evaluation for
the two other proteins OVA and HSA.
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comparable behavior of the interaction potential as a function of cation concen-
tration [323, 324]. A similar evaluation was carried out for the two proteins OVA
and HSA. The data can be found in Chapter 7.6.4 (see Figure 7.10). In addition to
the above-described model-based analysis (Figure 7.3 a), the scattering at low- ()
values (close to 0), namely 1/1(Q — 0), was analyzed as well (Figure 7.3 b). This
model-free approach can be applied to repulsive conditions without constraints,
unlike the SHS analysis, therefore, allowing to investigate low salt concentrations,
too. Importantly, this approach is connected to the reduced second virial coeffi-
cient via the following relation [64]:

1 1
100 = 0) X S(Q = 0)

=14+2Byp+ ... (7.6)

hence, the value of the structure factor near the origin can be expressed by Equa-
tion 7.6 which connects the inverse intensity value near the origin to the second
virial coefficient [28, 263, 277]. Given the absence of LLPS, the protein concentra-
tion is proportional to the protein number density (¢, o p) so the inverse intensity
is proportional to the reduced second virial coefficient (1/1(Q — 0) < By/BI) in
this approximation. Therefore, the inverse intensity (1/1(Q — 0)) can be consid-
ered as well to describe the effective protein-protein interactions. Moreover, the
inverse intensity (1/1(Q — 0)) was normalized to the respective molar protein
concentration in [Mol/l].

Overall, the inverse intensity (Figure 7.3 b) follows the trend as indicated by the
B,/BY analysis (Figure 7.3 a) for BLG and BSA respectively. The corresponding
error bars of the applied fits are smaller than the symbols used for illustration
and are therefore not plotted for clarity. Generally, we assume an uncertainty of
10% , resulting from sample preparation and data collection. In the Supporting
Information (see Chapter 7.6) Figures 7.11 and 7.12, show a similar evaluation for
the proteins OVA and HSA.

The effective structure factors S(Q) for BSA and BLG, were calculated based on
the fitting parameters (Figure 7.2), which were previously converted from oblate
ellipsoids to the respective effective radius of a sphere and subsequently depicted
in Figure 7.4 [266]. In Figure 7.4 a the evolution of Ssc (@) for BSA (80 mg/ml)
for increasing salt concentrations is shown. The structure factor at Q = 0 is
equal to the normalized osmotic compressibility. A screened Coulombic struc-
ture factor of Ssc(0) < 1 indicates the dominance of the repulsive interaction.
The first peak (~ 0.06 Afl) of Ssc(Q) represents the correlation between protein
molecules in the solution. For increasing salt concentrations, the peak becomes
broader and shifts its position towards higher @) values, which suggests a decrease
in the correlation length. Furthermore, Ssc(Q — 0) increases with increasing
salt concentrations. Therefore, an increase in salt concentration not only de-
creases the repulsive force, but also weakens the correlation between the protein
molecules in the solution. Figure 7.4 ¢ shows the evolution of Sy (¢) for BLG
(80mg/ml) for increasing salt concentrations. Starting from low-@), the first of
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Figure 7.4: Structure factors calculated from Figure 7.2 as a function of salt
concentration. (a, b) show the structure factors for 80 mg/ml BSA while (c, d)
show the structure factor for 80 mg/mL BLG. Note that the shown structure
factors were calculated using different potentials. Thus, the SC potential was
used for Figure (a), while a 2Y potential (further information is given in the
Supporting Information; see Chapter 7.6) was used for Figure (c), and an SHS
potential was used for Figures (b, ¢). For all the shown structure factors (a,
b, ¢, d) the respective effective radius of a sphere was used which was previously
calculated based on the axes of an oblate ellipsoid, used for SAXS data fitting (see
Figure 7.2) [266]. In (a), all conditions were approximated using a particle size of
67.97 A, exceptions were marked with special characters. Conditions marked with
a + were approximated using a particle size of 67.97 A, conditions marked with a
# were approximated using a particle size of 68.75 A, and conditions marked with
a * were approximated using of 69.19 A. In (c), all conditions were approximated
using a particle size of 50.41 A, exceptions were marked with a + character. The
conditions marked with a + were approximated using a particle size of 50.65 A.
In (b), all conditions were approximated using a particle size of 69.83 A, for (c) a
particle size of 51.97 A was used. For further information, consult the experimental
section on SAXS data analysis as well as the Chapter 7.6.
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the two visible peaks (~ 0.03 A_l) represents the correlation of clusters formed

whereas the second peak (~ 0.07 A_l) represents the correlation between protein
molecules [214, 345]. With increasing salt concentration, the peak shifts towards
lower @ values (~ 0.02 A_l), which suggests the formation of small clusters with
increasing size. This can be attributed to an increasing particle size, required to
properly fit the data (Figure 7.4 ¢). The second peak (~ 0.07 Afl) represents the
particle spacing. Due to the increased particle size induced by an increasing salt
concentration, this peak shifts as well to lower @ values indicating enlargement
of particle spacing. Furthermore, Soy (@ — 0) increases with increasing salt con-
centration, thus suggesting a decrease in the repulsive force.

In Figure 7.4 d Sgps(Q — 0) increases up to a salt concentration of 12 mM,
indicating a decreasing repulsive force. This finding is in line with the reduced
second virial coefficient analysis as well as the 1/1(Q — 0) analysis (Figure 7.3).
A further increase in salt yields a decay in Ssys(Q — 0) suggesting an increasing
repulsive force. Again, this observation is in line with the analysis of the reduced
second virial coefficient analysis as well as the 1/I(Q — 0) analysis (Figure 7.3).
The same is true for BSA with salt concentrations above 5mM (Figure 7.4 b); the
only difference is that the strongest observed attraction is reached at 15 mM salt.
For both proteins, the first visible peak, ~ 0.05 A™" for BSA and ~ 0.07A™" for
BLG, increases in height and shifts its position towards higher @) values, indicating
higher correlation and a diminishing particle spacing, respectively (Figure 7.4 b, ¢).
A similar analysis was carried out for the proteins OVA and HSA, which can be
found in the Supporting Information (see Chapter 7.6, Figures 7.13 and 7.14).

7.4.3 Static and Dynamic Light Scattering
Characterization of Diffusion Properties and
Interaction

In the following, results obtained by SLS (Figure 7.5) and DLS (Figure 7.6) are
discussed. Looking at the SLS analysis (Figure 7.5) of 20 mg/ml BSA with in-
creasing concentrations of Hac (0to50mM), it becomes apparent that the low- Q)
trend of the scattered intensities is comparable to the trend discussed for the
SAXS analysis (see Figure 7.3). With increasing salt concentration, the intensity
increases as well. The highest intensity is visible at 12mM. A further increase
in the salt concentration yields a low-(@) intensity decrease (Figure 7.5a). This
behavior of increasing and decreasing low-() intensities as a function of contin-
uous increasing salt concentration is labeled RI. Moreover, small clusters with a
broad range are visible for 1 mM, for higher salt concentrations (2 to 50 mM) the
low- ) intensity increase indicates the formation of bigger aggregates. Despite the
presence of aggregates, no turbidity which would indicate a phase transition, was
recognizable.

The SLS inverse intensity K./Ry (Figure 7.5b) features a comparable trend to
the 1/1(QQ — 0) SAXS data shown above (see Figure 7.3 b). The local minima
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can be seen at 12mM salt which is an indicator for attractive conditions. For
higher molarities, the intensity increases again, but with a much shallower slope.
Again, this effect may be caused by screening effects of the C1 ~ counter ion. Nev-
ertheless, differences between 1/1(Q — 0) behavior and the SLS inverse intensity
K¢/ Ry are obvious. The most significant difference between the two is seen at low
salt concentrations (0to3 mM), as the decreasing slope is much steeper for K¢/ Ry.
However, the local minimum is within the same range for both measurements. It is
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Figure 7.5: SLS intensity measurements (a) and inverse intensity Kc/Ry, mea-
sured at a scattering angle between 70° and90° (b). For (a) and (b), the mea-
sured samples contain 20 mg/ml BSA with increasing concentrations of Hac
(0 mM to50 mM). The shown lines (solid and dashed) represent guides to the eye.
Note that error bars can be smaller than the symbols used for display.

important to note that the SAXS measurements were made with denser sampling
(see Figure 7.3 b). Another deviation is observed at 30 to 50 mM. This difference
could occur due to differences in sample preparation or fluctuations. Similar to
above, we assume an uncertainty of 10% due to sample preparation and data ac-
quisition. In Figure 7.6 the results for the DLS measurements are presented. The
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autocorrelation functions (Figure 7.6 a) of 20 mg/ml BSA with increasing salt con-
centrations (0to50mM) were fitted (black lines) with a double exponential decay
(see Equation 7.5). Based on these fits the fast diffusion coefficient (D1) of the
dominant dynamic mode was obtained (see Figure 7.6 b).
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Figure 7.6: (a) Representative normalized autocorrelation functions (Equa-
tion 7.5) as a function of decorrelation time for samples containing 20 mg/ml BSA
with increasing concentrations of Hac (0 to50 mM). The scattering angle was set
to 8 > 70°. The corresponding diffusion coefficient for the first of the two decays
is depicted in (b). The dashed lines represent guides to the eye. Note that error
bars can be smaller than the symbols used for display.

However, two decays are visible (Figure 7.6 a), with the most pronounced
double-exponential character to be seen for 1mM Hac. Importantly, the second
of the two mentioned decays correspond to a slower particle diffusion, meaning
bigger particle sizes. Therefore, this decay can be assigned to aggregation, which
is not within the scope of this paper. A general trend of increasing decay times
(0to1mM) followed by decreasing decay times (1to50mM) is to be seen (Fig-
ure 7.6 a). This trend of increasing and decreasing decay times can be ascribed to
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a RI behavior. Looking at the diffusion (Figure 7.6 b), the biggest decrease in the
diffusion coefficient (D1) is to be seen within the range from 0to3 mM. Increasing
the Hac concentration yields a local minimum at 6 mM Hac. Further increase in
Hac concentration does not induce significant changes of the diffusion but results
in a constant value (20to50mM, Figure 7.6 b). The slower diffusion (decrease
in the diffusion constant) indicates dimer and trimer formation, indicating an in-
creasing particle size. Moreover, this is consistent with other data sets presented
here (see Figure 7.4). Due to variations in the supplied BLG protein quality, a
reliable DLS measurement was not possible and is therefore not shown.

7.4.4 Discussion on the Hac-induced RC Behavior of
DNA/RNA and the Absence of RC for BLG, BSA,
HSA, and OVA

The results presented above are compared to both: Studies investigating RC of
negatively charged globular proteins in the presence of multivalent metal cations
and studies examining RC of DNA or RNA in the presence of Hac.

First, looking at the phase behavior of negatively charged globular proteins in solu-
tion given the presence of multivalent cations, RC is observed [58]. The process of
RC is characterized by a phase diagram featuring a sector consisting of aggregates
(Regime II). With continuously increasing salt concentration at a fixed protein
concentration, redissolution of the formed aggregates occurs [346]. The proteins
BLG, BSA, HSA, and OVA showed RC in the presence of YCI3, LaCl3, FeCl3,
and AlCI3, respectively [58]. The driving force of the RC is ascribed to both,
the cation-mediated inversion of protein charge upon binding and the intermit-
tent cation-mediated attraction [107]. Studies investigating RC, utilizing SAXS
have shown that RC is associated with an increasing, followed by a decreasing,
intensity at low-() values, given a constant protein concentration combined with a
continuously increasing salt concentration. The SHS fits enabling the determina-
tion of the reduced second virial coefficients showed a similar behavior [64, 65]. A
high intensity at low-(@Q values (scattering profile) can be interpreted as attractive
interaction, since the corresponding reduced second virial coefficient is negative
and hence of attractive character. Therefore, the protein-salt system becomes
more and more attractive with a maximum at a given salt concentration (highest
low-() intensity in the scattering profiles with a corresponding minimum in the
reduced second virial analysis). Typically, the highest attraction is found within
the second regime as aggregates or clusters are dominating. The subsequent de-
crease in low-(@) intensity indicates a weakening of the attraction accompanied
by an increasing reduced second virial coefficients (transition from Regime II to
Regime III) [64, 65]. The investigated protein-Hac systems, however, remained
within Regime II (see Figures 7.1 and 7.3). Nevertheless, the course of the scat-
tering profiles and the reduced second virial coefficients are comparable, despite
the missing optical phase transition to the second or third regime, respectively.
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Therefore, it can be assumed that the observed attraction is not sufficiently strong
to induce the transition to the second regime.

Considering ion-induced protein interactions with regard to the different cation
radii, it can be seen that the strength of attraction decreases with increasing
cation radius [344]. Similar observations were made for HSA in the presence of
different lanthanoid cations [347]. Hac features a 420 pm ion radius, whereas the
ion radii of H03+ or Y?,jL are 4.6 times smaller. The ion radius for La3+ is four
times smaller compared to Hac [348]. A possible explanation for the decreasing
ion-induced protein attractions with increasing ion radius could be that for small
ion radii, the charge of the ion is concentrated near the protein binding site [344].
The results of the investigated proteins in the presence of Hac are in line with
other studies [344, 347], since Hac, being the largest cation among those listed,
evokes the least attraction. Hence, the ionic radius is one parameter influencing
the ion-protein interaction.

However, structural differences between Hac and the listed cations have to be
considered as well (see Figure 7.7 a). Hac features six covalently bonded ammo-
nia ligands (NH3) arranged octahedrally around the central cobalt atom that do
not exchange with the solvent, yielding a kinetically stable complex in aqueous
solution (see Figure 7.7 a) [233, 234, 330]. This structural difference may also
contribute to weaker ion-protein interactions, due to the fact that the charge of
the ion may not be concentrated near the possible protein binding site.

Yet, Hac induces reentrant condensation of DNA and RNA, as demonstrated by
several studies [100, 325-328, 330]. However, Hac does not induce RC of nega-
tively charged globular proteins as demonstrated by the experiments depicted here.
The structural differences between DNA, RNA and proteins are of importance:
proteins feature a complex surface pattern due to inhomogeneously distributed
positive and negative charges. In addition, the binding sites feature different ge-
ometries resulting in few, but strong binding sites for interactions with multivalent
cations [322]. In contrast, nucleic acids feature a more homogenous charge pattern.
Typically, the prevalence of the phosphate backbone is responsible for the overall
negative charge distribution [322]. Given these structural differences, the reason
for RC in DNA and its absence in globular negatively charged proteins might be
due to different cation binding or bridging mechanisms. Considering the mecha-
nism of ion-activated attractive patches, solvent-exposed carboxyl side chains of
negatively charged globular proteins located at the protein surface form coordina-
tive bonds with multivalent metal ions such as Y?*. This process is characterized
by an activation and subsequent occupation of a protein patch. Every protein fea-
tures only a limited number of patches on its surface. Only if an activated patch
interacts with a non-activated (unoccupied) patch of a second protein, an ionic
bridge, which connects the two protein molecules, can be established (see Fig-
ure 7.7 b) [107]. Therefore, a continuously increasing salt concentration increases
the number of occupied patches, accompanied by an increasing number of ion salt
bridges formed. Experimentally, the ionic bridge formation can be monitored by
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Figure 7.7: (a) Comparison of the two Lewis formulas of the hexamine cobalt
(I1I) cation (top; a) and of yttrium cation (bottom; a). In both cases, the chloride
counterions of were omitted to provide a simpler representation. (b) Ionic Y3+
bridging between two BLG monomers. The schematic was obtained by use of PDB
entry 3PH5, [349] and the Mol* Viewer software [350]. (c¢) Schematic illustration of
the P5b stem-loop group I intron ribozyme with the Hac binding sites highlighted.
The central cobalt atom is shown in dark pink, while its ammonia ligands (NH3)
are highlighted in blue (N) and white (H). The dashed cyan lines represent the
established hydrogen bonds. The six ammonia ligands form hydrogen bonds with
06 and N7 of the three guanines (the right strand of the shown helix) and O4 of
the two uracils (U13 and U14) located on the opposite (left) strand. The schematic
was obtained using JSmol software [351] with PDB entry 1AJF [234].

the charge inversion of the protein molecule [107]. For BLG in the presence of
Y3+, the ion-activated attractive patch model is in good agreement as shown by
crystal structure analysis. In this case, the four bound Y3 ions contribute sig-
nificantly to the bridging contacts of the unit cell (see Figure 7.7 b) [59, 349]. A
different situation can be seen for HSA in the presence of Y?*. The majority of
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contacts are formed by protein—protein interactions, whereby the influence of the
multivalent cation is noticeably weaker [60].

In comparison to the above, differences can be seen for the ion-induced DNA con-
densation. When modeling DNA condensation, given the assumption that the
negative charge is solely compensated by Hac cations, the DNA “wraps” around
the ion [326].

Additionally, the Hac molecule is kinetically stable, which implies that its six
ammonia ligands are not replaced with the solvent. This feature allows the for-
mation of hydrogen bonds between the six ammonia ligands and nucleic acids,
with Hac being a so-called hydrogen donor (attributed to the present 18 hydro-
gen atoms). The major groove of DNA represents a typical yet specific bind-
ing site for Hac, as other possible binding sites are less frequently targeted. In
the presence of a sufficiently high Hac concentration, the form of DNA is al-
tered [329, 330] from B-DNA (right-handed helices, “average” DNA confirmation
reported by Watson and Crick) to either A-DNA (slightly different confirmation
but also right-handed helices) or Z-DNA (different DNA confirmation featuring
left-handed helices) [330, 352]. Interestingly, the shape of Z-DNA offers a good fit
of the Hac complex and allows the formation of five hydrogen bonds together with
06 guanine, N7 guanine and the present oxygen atoms of the phosphate backbone.
In comparison, B-DNA does not offer these characteristics [330]. A-DNA features
an easily accessible large major and a less pronounced minor groove compared to
B-DNA. Within this major groove of A-DNA, two adjacent negatively charged
phosphate backbones can be neutralized by the trivalent Hac cation, which may
be the reason for the favoring of A-DNA [330]. Looking at an nuclear magnetic
resonance study of the P5b stem-loop of the group I intron ribozyme RNA (see
Figure 7.7 ¢) [234] the exact binding of the Hac-complex was elucidated. The
major groove features not only a negatively charged surface but also several ac-
ceptors for hydrogen bond formation with the Hac ion [234]. The hydrogen bonds
are formed between the Hac complex and O6 as well as N7 of the three guanines
(G7, G6, and G5) and the O4 of the two uracil nucleobases (U13 and Ul4; see
Figure 7.7 ¢) [234]. A similar behavior was found for NMR studies with group II
intron Sc.al5y [329]. Here, the three determined Hac binding sites featured simi-
lar conditions of additional stabilization due to hydrogen bonds [329]. Therefore,
these results suggests that the binding of Hac requires not only negative charges,
but multiple hydrogen bonds to induce condensation. These requirements are
fulfilled for DNA or RNA but are not met in the case of globular proteins.

7.5 Conclusion

The comparison of several multivalent cations with Hac shows that Hac features
by far the largest cation radius (420 pm). This is in line with an observed de-
creasing ion-induced protein interaction strength with increasing cation radius.
Furthermore, the obtained reduced second virial coefficient analysis shows that
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none of the protein-Hac systems investigated induces strong enough attraction,
resulting in the absence of LLPS due to insufficient attractions. This was also
confirmed by SLS and DLS measurements, which indicate cluster formation and
oligomerization (formation of dimers/trimers), but neither phase transition nor
LLPS was observed. Another possible aspect contributing to the RI behavior of
globular negatively charged proteins (BLG, BSA, HSA, and OVA) in the presence
of Hac could be the low charge density of Hac. This might occur due to widely
distributed charges that act as single counterions, resulting in nonspecific binding
of Hac which is sufficient to induce RI but insufficient to induce RC. Moreover,
differences in the binding mechanism of multivalent metal ions to proteins and
Hac to RNA/DNA become apparent. While the multivalent cations interact with
the solvent-exposed carboxyl side chains of negatively charged globular proteins
(e.g., BLG with Y3T), the Hac cation features additional hydrogen bonds when
binding to a DNA groove. Therefore, the binding of the Hac cation to DNA is not
only specific, but requires a precise fit, negative charges, and atoms to form hy-
drogen bonds with. This leads to the assumption that Hac mostly binds through
hydrogen bonding. So far, however, all crystal structures of negatively charged
proteins in the presence of multivalent cations resolved by our group indicate that
the binding mechanism is of electrostatic nature, implying that net negatively
charged residues complex the cation [59-61]. Hence, hydrogen bonding of Hac
with the globular, net negatively charged proteins may occur. This is in turn
supported by the herein presented experiments, such as the formation of clusters,
confirmed by SLS and DLS and, the weak RI confirmed by SAXS. Therefore,
this could be an explanation for the presence of RI and absence of the RC in the
investigated protein-Hac systems.



94

7.6 Supporting Information

This Chapter is based on the Supporting Information of the publictaion:

M. D. Senft, R. Maier, A. Hiremath, F. Zhang, and F. Schreiber, Effective in-
teractions and phase behavior of protein solutions in the presence of herxamine
cobalt(I11) chloride, The European Physical Journal E 46, 10.1140/epje/s10189-
023-00376-6 (2023).

To avoid repetition, parts of the Supporting Information, dealing with SAXS the-
ory, as well as the respective potentials used for fitting and the model free inverse
Intensity approach 1/1(Q — 0) o< 1/S(Q) = pkgTxr, are integrated in Chap-
ter 5.1.

The original version of the Supporting Information should not be withheld, and
can be accessed free of charge following the link below:
https://link.springer.com/article/10.1140/epje/s10189-023-00376-6
last checked 21.10.2024, 17:02.

7.6.1 Additional information on the used Parameters for
SAXS Data Analysis and Fitting

In the following, the two Tables 7.2 and 7.3 summarize important parameters used
for the SAXS data analysis and potential fitting. Table 7.2 gives an overview about
the potentials used to obtain information about effective protein interactions for
HSA as well as OVA protein solutions. Table 7.3 lists all the investigated proteins
with the respective corresponding calculated scattering length densities (SLD’s).

Table 7.2: Particle sizes used (in A) subdivided according to protein and the
used potential for approximation. The particles were assumed to be elliptical.

Potential | Protein | Axis (a) [A] | Axis (b) [A]

SC OVA 44.20 20.20
HS OVA 53.60 19.82
SHS OVA 57.00 19.82
SC HSA 18.00 42.50

SHS HSA 18.00 42.50
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Table 7.3: Calculated scattering length density (AfQ) listed together with the
corresponding proteins.

Protein | Calculated scattering length density [A_Q]
BLG 7.33 x 1077
BSA 7.32 x 1077
OVA 7.32 x 1077
HSA 7.32 x 107

Moreover, one important input parameter required, to fit the potentials to the
SAXS data is the protein volume fraction ¢. The protein volume fraction ¢ can
be calculated for any given protein concentration ¢, = m,/V; according to the
following equation [214]:

_ p
14 cp XV

¢ X v, (7.7)

Here, ¢, represents the protein concentration (g/ml), the protein mass is given
by m, and V; denotes the volume of added water. v corresponds to the specific
volume (ml/g) of the respective protein. Based on Equation 7.7, the respective
protein volume fractions ¢ were calculated for fitting the SAXS data obtained.

7.6.2 Fitted SAXS Data of Ovalbumin

The effective protein-protein interactions of the protein-salt solutions were investi-
gated by use of systematic SAXS measurements. Figure 7.8 shows the representa-
tive SAXS measurements for 80 mg/ml OVA with increasing Hac concentrations
(mM) in H20. Given low salt concentrations (0 to 4 mM), the net negative
charges of the protein molecules dominate the effective protein-protein interac-
tions, as illustrated by the correlation peak ) = 0.06A"". An increase in the
salt concentration results in an increasing low () intensity, which indicates reduc-
ing repulsion, while concurrently, the correlation peak fades out (4 mM). As the
salt concentration is increased further, the highest attraction becomes apparent
at 30 mM salt. Any further increase of the salt concentration reduces the at-
tractive strength. This is indicated by the decreasing low (@) intensity at 50 mM
salt (Figure 7.8 b). For Ovalbumin at low salt concentrations (0 to 4 mM) the
SC, for intermediate salt concentrations (5 to 8 mM) the HS and for high salt
concentrations (10 to 50 mM) the SHS interaction potential was used (see solid
black lines in Figure 7.8). According to table 7.2, the elliptical axes had to be
adjusted for the approximation of the data using different potentials. One reason
for this behavior could be dimerization of the Ovalbumin monomers.
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Figure 7.8: (a, b) SAXS data with model fits (solid black line) for samples in
H20 containing 80 mg/ml OVA with increasing salt concentrations (0 to 50 mM).
The scattering intensity at low q increases with increasing salt concentration (a)
and decreases in (b). In (a), for low ionic strengths (0 to 4 mM) the SC potential
was used. For intermediate ionic strengths, (5 to 8 mM) the HS potential was
consulted. The other remaining conditions (10 to 50 mM) were fitted by use of
the SHS potential (b). The respective error values are smaller than the markers
used for illustration and are therefore not plotted for clarity.

7.6.3 Fitted SAXS data of Human Serum Albumin

A similar evaluation of the SAXS data on the protein HSA with increasing salt
concentrations of Hac was carried out. Figure 7.9 shows the representative SAXS
measurements for 80 mg/ml HSA with increasing Hac concentrations (mM) in
H20. Given low salt concentrations (0 to 5 mM), the net negative charges of the
protein molecules dominate the effective protein-protein interactions, as illustrated
by a correlation peak, visible at Q) = 0.064". Increasing the salt concentration
further, results in a vanished correlation peak. The highest low () intensity is
visible at 8 mM. Increasing the salt concentration further results in a discontinuous
decrease in low () intensity. Discontinuous, because the low () intensity for 12 mM
salt is below the low () intensities for 10, 15 and 20 mM salt. For HSA, at low salt
concentrations (0 to 5 mM) the SC, for higher salt concentrations (6 to 30 mM)
the SHS interaction potential was used (see solid black lines in Figure 7.9). The
elliptical axes were fixed to the values given in Table 7.2.
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Figure 7.9: (a, b) Laboratory SAXS data with model fits (solid black line) for
samples in H20 containing 80 mg/ml HSA with increasing salt concentrations
(0 to 30 mM). The scattering intensity at low @) increases with increasing salt
concentration (a) and decreases in (b). In (a), for low ionic strengths (0 to 5 mM)
the SC potential was used. The other remaining conditions (10 to 30 mM) were
fitted by use of the SHS potential (b). Note that the data from the laboratory
SAXS device features a different ()-range. The laboratory SAXS device settings
can be found in the Experimental section of the Manuscript see Chapter 7.3.2.
Error bars are indicated by vertical lines.

7.6.4 Second Virial Coefficient Analysis of Ovalbumin and
Human Serum Albumin

In Figure 7.10, the calculated second virial coefficient (By/BI¥) for the SAXS
measurements of 80 mg/ml OVA and HSA in the presence of Hac are shown. For
OVA (red triangles, Figure 7.10) it can be seen that from 10 mM on the second
virial coefficient decreases rapidly. The minimum is reached at 30 mM salt. Taken
together, the OVA Hac system remains repellent as the reduced second virial co-
efficient is greater than zero (By/BH5 > 0).

In the case of HSA (blue diamonds, Figure 7.10), starting from a low salt con-
centration (6 mM), the second virial coefficient decreases with increasing salt
concentration.Increasing the salt concentration up to 10 mM results in weakening
of the repulsions. At 10 mM a secondary minimum can be seen. Increasing the
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salt concentration up to 12 mM results in an increase of the reduced second virial
coefficient. The primary minimum is visible at 15 mM salt. Further increase
in salt concentration leads to an increased repulsion. Overall, the investigated
HSA Hac system remains repellent as indicated by the second virial coefficient
(By/BIS > 0).

10— F——F————F T F —"—¥

08 . A .

B,/B,

0.4

an®®
mw®
e
me®
Lk
-
wn®

0.2 ’ HSAI

0.0 I i I : L . | L
0 10 20 30 40 50

C. [mM]

Figure 7.10: Reduced second virial coefficient behavior of the investigated OVA
and HSA samples with a ¢, of 80 mg/ml and varying ¢, (mM), based on the SHS
potential fits presented in Figure 7.8 and 7.9. The respective error values are
smaller than the markers used for illustration and are therefore not plotted for
clarity. The dashed lines are guides to the eye.



99

7.6.5 Inverse Intensity Analysis of Ovalbumin

In Figure 7.11 the 1/1(Q) — 0) trend for 80 mg/ml OVA admixed with increasing
concentrations of Hac is shown. The inverse intensity follows the same trend as
indicated by the reduced second virial coefficient analysis (see Figure 7.10), with
the highest attractiveness present at a concentration of 30 mM salt.
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Figure 7.11: 1/I(QQ — 0) behavior of the investigated OVA samples with
¢, 80 mg/ml and varying ¢, (0 to 50 mM Hac). The inverse intensities at
Q' =0.03 A" are normalized to the molecular weight of the protein monomer.
The error values are smaller than the markers used for illustration and are there-
fore not plotted for clarity. The dashed lines are guides to the eye.

7.6.6 Inverse Intensity Analysis of Human Serum Albumin

Looking at the fits from Figure 7.9, it can be seen that these describe the data
only partially well. Deviations are visible at the intermediate (0.04 to 0.06 A_l)
and high @ (0.2 to 0.3 A_l) regions. From this it can be deduced that there
are possible discrepancies between the virial coefficient analysis, which implies
a model-based fitting of the data, and the model free 1/1(Q) — 0) analysis (see
Figure 7.12). Note that the intensities for OVA (Figure 7.11) are different, due
to the different devices used. Therefore, the intensity is given in arbitrary units

(a.u.).
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Figure 7.12: 1/1(QQ — 0) behavior of the investigated HSA samples with c,
80 mg/ml and varying c¢; (0 to 30 mM Hac). The inverse intensities at
Q' =0.03 A™" are normalized to the molecular weight of the protein monomer.
The respective error values are smaller than the markers used for illustration and
are therefore not plotted for clarity. The dashed lines are guides to the eye. Note
that the data from the laboratory SAXS device features a different )-range. The
laboratory SAXS device settings can be found in the Experimental section of the
Manuscript see Chapter 7.3.2.

7.6.7 S(Q) Data on Ovalbumin

Figure 7.13 shows the S(@) for 80 mg/ml OVA with increasing Hac concentrations
based on the fits provided in Figure 7.8. The effective structure factors S(Q) were
calculated based on the fitting parameters (see Table 7.2 and 7.3), which were
previously converted from oblate ellipsoids to the respective effective radius of a
sphere and subsequently depicted in Figure 7.13. A structure factor of Sgc(0) < 1
(see Figure 7.13 a) indicates the dominance of repulsive interaction. The first
peak (~ 0.075 Afl) of S(Q)sc represents the correlation between a pair of protein
molecules in the solution. For increasing salt concentrations, the peak becomes
broader and shifts its position towards higher () values, suggesting a decreasing
correlation length. As to be seen in Table 7.2, the particle diameter was increased
at intermediate and high ionic strengths (see Figure 7.13 b and c¢). The peak
position shifted to lower @ values (~ 0.05 A ; see Figure 7.13 b). Looking at

the S(Q)sus, the first visible peak, (~ 0.05 A_l), increases in height and shifts its
position towards higher ) values, which is an indication for a higher correlation
and a diminishing particle spacing (Figure 7.13 c).
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Figure 7.13: Structure factors calculated from Figure 7.8, as a function of the
salt concentration. (a, b, and c) present the structure factors for 80 mg/ml OVA.
Note that the shown structure factors were calculated using different potentials.
Thus, the SC potential was used for figure (a), while a HS potential was used for
figure (b) and an SHS potential was used for figure (c). In (a), all conditions were
approximated using a particle size of 55.33 A, in (b) all conditions were approx-
imated using a particle size of 60.18 A. In (c), all conditions were approximated
using a particle size of 62.04 A. Note, that for all the shown structure factors (a, b,
c and d) the respective effective radius of a sphere was used which was previously
calculated based on the oblate ellipsoidal axes, used for SAXS data fitting [266].
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7.6.8 S(Q) Data on HSA

Figure 7.14 shows the S(Q) for 80 mg/ml HSA with increasing Hac concentra-
tions based on the fits provided in Figure 7.9. A structure factor of Sgc (0) < 1
(see Figure 7.14 a) indicates the dominance of repulsive interaction. The first
peak (~ 0.06 A_l) of Ssc(Q) represents the correlation between a pair of protein
molecules in the solution. For increasing salt concentrations, the peak becomes
broader and shifts its position towards higher @) values, suggesting a decreasing
correlation length. As Table 7.2 shows, the particle diameter was increased to-
wards higher ionic strengths. Looking at the S(Q)sus, the peak position shifted
to lower @ values (~ 0.05 A_l), and increases in height and shifts its position
towards higher () values, which is an indication for a higher correlation and a
diminishing particle spacing (Figure 7.14 b).
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Figure 7.14: Structure factors calculated from Figure 7.9 as a function of salt
concentration. (a and b) show the structure factors for 80 mg/ml HSA. Note that
the shown structure factors were calculated using different potentials. Thus, the
SC potential was used for figure (a), while an ESHS potential was used for figure
(b). In (a), all conditions were approximated using a particle size of 68.06 A, in
(b) all conditions were approximated using a particle size of 68.06 A. Note, that
for all the shown structure factors (a, b, ¢ and d) the respective effective radius of
a sphere was used which was previously calculated based on the oblate ellipsoidal
axes, used for SAXS data fitting [266].
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8.1 Abstract

The crystallization conditions of proteins are sensitive to the prevailing interac-
tions. Even the two similar proteins, bovine and human serum albumin (BSA and
HSA), exhibit different crystallization conditions despite their comparable func-
tion, biophysical properties, shape, and size (~ 60 kDa and a 75.8 % sequence
identity). In this work, we provide a comparison of specific and nonspecific in-
teractions regarding the crystallization behavior of BSA and HSA. The results
of the analysis of crystal packing interfaces indicate that HSA uses a relatively
larger part of its surface area to establish crystal contacts compared to its bovine
counterpart. Likewise, HSA utilizes more of its residues for crystal contact forma-
tion, offering a broader range of options to establish attractive interactions. Phase
diagrams of the BSA-PEG and HSA-PEG systems were established in order to
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gain more precise insights into the nonspecific depletion interactions. It turns
out that BSA crystallizes predominantly via depletion interactions, whereas HSA
does not. Subsequent systematic small-angle scattering (SAXS) measurements
of the two systems in combination with quantitative modeling provide insights
into the induced effective interactions, allowing for a better understanding of the
two protein-PEG systems. The results obtained were compared to the previously
established reentrant condensation (RC) phase behavior of BSA and HSA. The
RC phase behavior is caused by the specific interaction of proteins with added
multivalent cations. In this case, HSA crystallizes, but BSA does not. This com-
parison emphasizes the different roles of specific and nonspecific interactions for
the crystallization behavior of BSA and HSA.

8.2 Introduction

Understanding the effective interactions of proteins requires sound knowledge of
the basic thermodynamic properties of the protein solution, ranging from concen-
tration to solvent properties. Solvent properties include pH value, ionic strength,
and the properties of the additives. [170, 353, 354] The resulting effective inter-
actions between protein molecules can be tuned by the addition of salts, poly-
mers, [57, 148, 354] or small organic molecules, [354] thus influencing the phase
behavior. Protein phase diagrams enable predictions, [355] contributing to the
study of protein condensation-related [356-359] and crystallization-related dis-
eases. [360-364]

Previous work on bovine serum albumin (BSA) and human serum albumin (HSA)
in the presence of trivalent metal salts such as YCI3 or CeCl3 showed that both
proteins feature a rich and diverse phase behavior. [59, 60, 365] Moreover, the
results showed that HSA crystallized reliably under the experimental conditions
used, whereas BSA did not. [365] This approach exploits specific interactions [107]
to induce the rich phase behavior of the two proteins and the crystallization of
HSA. [60, 365]. This different crystallization behavior is particularly interesting,
as both proteins share numerous similarities and perform similar tasks in their re-
spective mammalian species. Mammalian serum albumin is not only responsible
for the binding and transportation of small molecules, such as fatty acids or amino
acids, but also for physiological functions, including the maintenance of the pH
value and the osmotic pressure of the blood plasma [217, 218, 222]. Apart from
that, they share a comparable size and 75.8 % sequence identity. [167] Despite
these similarities, upon examination of the physiochemical properties, which are
summarized in Table 8.1, subtle differences are apparent as well and are frequently
not sufficiently taken into account. The industrial production of BSA is cheaper
and more convenient than its homologous human counterpart, which is why BSA
is often examined as a reference for globular proteins, and the results are thus
assigned to HSA. [366] Further analogies, characteristics, and differences of the
two proteins BSA and HSA are discussed in detail in ref [365].
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Taking these subtle differences into account, aqueous BSA and HSA protein so-
lutions were exposed to the nonspecific, polymer-induced depletion interaction to
elucidate the role of specific and nonspecific interactions in phase and crystalliza-
tion behavior. In a colloidal context, HSA and BSA exhibit a globular structure
combined with a net negatively charged surface at neutral pH. [58] In order to
describe the present system, proteins are interpreted as spheres that exhibit (es-
sentially) hard-sphere interactions. Synthetic polymers, on the other hand, are
regarded as penetrable hard spheres that do not interact with each other. Each
protein is surrounded by a depletion layer. Once two depletion layers overlap,
a previously inaccessible volume becomes available for the polymer chains, caus-
ing an entropy gain. The overlap of depletion layers entails that no polymer
can remain nor enter this area, yielding an attractive force pushing the proteins
together. [48, 152] This attractive force results exclusively from repulsive interac-
tions originating from the entropic effect. [48, 151, 154, 367] Yet, two distinct cases
result from the size differences between proteins and polymers, referred to as the
protein limit [157, 368, 369] and colloid limit. [151, 154, 367] In the colloid limit,
the polymer chains are smaller than or similar in size to the proteins, whereas
the protein limit describes the opposite case. [151, 154, 157, 367-369] Apart from
depletion interactions, a direct interaction between polymers and proteins is pos-
tulated. [370, 371] Even though polyether [372] PEG is regarded as an unbranched,
nonionic, nonadsorbing polymer (H(OCH2CH2)nOH), [237] interactions between
polymers and proteins via hydrogen bond formation cannot be ruled out. [373]
This results in interactions that are more complicated than those exclusively re-
sponsible for depletion.

In this work, we investigated the depletion-induced effects of polymer PEG on the
phase behavior of proteins BSA and HSA. In addition to the macroscopic phase
behavior, systematic small-angle X-ray scattering (SAXS) experiments within the
colloidal limit while exceeding the overlap concentration of the polymer (¢*) pro-
vide further insight into the effective interactions. Fitting the SAXS data with
a sticky hard-sphere potential allows for the characterization of the prevailing ef-
fective interactions. The results obtained, which are attributable to nonspecific
depletion effects, were compared with the reentrant condensation (RC) [47] phase
behavior induced by specifically acting metal cations. [107] It was shown that YCI3
and CeCl3 induce RC phase behavior for both proteins, while crystallization only
occurred for HSA. [59, 60, 365] However, if the effect is changed from specific
interactions (metal cations) to nonspecific interactions (PEG-induced depletion),
only BSA crystals form. The unit cell parameters of BSA crystals were deter-
mined by X-ray diffraction analysis. A comparison of the crystal structure with
the literature [167, 168] was not only limited to BSA but also extended to HSA.
By sophisticated purification and labor-intensive protocols, HSA crystallization
was reported to occur in the presence of PEG. [218, 374] Analyzing these crystal
structures offers new insights into effective protein-protein interactions and their
tunability by selecting specific or nonspecific interactions. The experimental re-
sults underline the importance of the chosen crystallization strategy, as the subtle
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differences between the two similar proteins, BSA and HSA, are not negligible.

8.3 Results

8.3.1 Phase Behavior of BSA and HSA in the Presence of
PEG

Initially, experimental phase diagrams for both proteins, BSA (Fig. 8.1 (a)) and
HSA (Fig. 8.1 (b)), in the presence of 100 mM NaCl with increasing (w/V) % ra-
tios of PEG (0-45(w/V) %) at RT (21 + 1°C) were established by macroscopic
inspection combined with microscopy. The protein concentration was varied be-
tween 20, 50, 80 and 100mg/ml. Both proteins feature a rich phase behavior,
which includes liquid-liquid phase separation (LLPS), aggregation, and, for BSA,
crystallization (see Fig. 8.1 (a, b), respectively). Due to the admixing of 100 mM
of NaCl, the charges of the globular, negatively charged proteins BSA and HSA
are screened. The solutions appeared macroscopically clear upon visual inspection
(see Fig. 8.1 (c) for BSA and Fig. 8.1 (d) for HSA). Further increase of the PEG
concentration ((w/V) %) resulted in a visually opaque solution. This transition
from clear to opaque is named t* and highlighted by a magenta line for the two
respective plots (see Fig. 8.1 (a) for BSA and Fig. 8.1 (b) for HSA).

In addition to the visual inspection, microscopic images were taken to support
the macroscopic observations (see panels (a)-(c) in Fig. 8.2 for BSA and pan-
els (d)—(f) in Fig. 8.2 for HSA). Analysis of both phase diagrams revealed that
both proteins feature a comparable t* transition, where lower protein amounts
require higher concentrations of PEG to derive the system in a turbid state. For
BSA at 20 mg/ml, this occurs at 33 (w/V) % PEG, for 20 mg/ml HSA, it occurs
at 30 (w/V)% PEG. At 100 mg/ml, both proteins feature a similar ¢* transition
point at 25 (w/V) % PEG. For both proteins LLPS occurs just above the ¢* tran-
sition. Noteworthy, more LLPS conditions were found for HSA, resulting in a
larger area of the phase diagram being occupied by LLPS compared to BSA (see
the grayish area in Figs. 8.1 (a, b)). Generally, lower concentrations of the respec-
tive protein require higher PEG concentrations to induce LLPS.

Above the LLPS threshold (at very high PEG concentrations), aggregate for-
mation is found for both proteins. However, the phase behavior of BSA differs
significantly from that of HSA due to crystal formation (see Fig. 8.1 (a) green dia-
monds and Fig. 8.2 microscopic image (c)). Notably, crystallization was observed
under additional conditions (data not shown). A comparison of the HSA phase
diagram with the BSA phase diagram shows a shift in LLPS toward higher PEG
concentrations ((w/V) %) for BSA, while the phase boundary ¢* is also slightly
shifted upward. This indicates stronger attractions in HSA than in BSA solutions
under the same conditions, particularly below or at the transition ¢* (see Fig. 8.5).
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Figure 8.1: Phase behavior of BSA (a) and HSA (b) at protein concentrations
of 20, 50, 80 and 100 mg/ml, in the presence of 100 mM NaCl, with increasing
amounts of (w/V) % of PEG M,,3350. The phase transition t* is highlighted by a
magenta line. LLPS is to be observed within the grayish shaded area. Black solid
lines show the respective LLPS border. Aggregates are observed within the blue-
shaded area. For BSA (a) green diamonds marked crystal formation. Black stars
and black circles show the investigated samples featuring aggregates and LLPS,
respectively (a, b). In (c), a photograph shows the visual inspection of BSA at a
concentration of 50 mg/ml, admixed with increasing (w/V) % of PEG (from 29
to 44 (w/V) %), arranged from left to right. In (d) a photograph shows the visual
inspection of HSA with a concentration of 50 mg/ml, admixed with increasing
(w/V) % of PEG (from 25 to40 (w/V) %), also arranged from left to right.

Visual inspection was performed immediately after sample preparation. The
samples were prepared in one set, i.e., one protein concentration (e.g., 50 mg/ml)
with increasing PEG 3350 concentrations at a constant level of 100 mM NaCl.
Visual inspection images (see Figure 8.1 (c),(d)) were taken immediately after
sample preparation (within a minute to hour time scale). Microscopy images (see
Figure 8.2 (a—f)) were acquired after sample preparation (within 1 or 2 days).
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However, microscopy images of BSA protein crystals (see Figure 8.2 (c¢)) were
taken after growth. BSA crystallization was observed after incubating for a few
days (up to 7 days). Further incubation of crystalline samples (from 7 days up to
a month) promoted crystal growth but did not necessarily enhance the growth of
quality crystals. It was observed that after a long enough period of time (individual
for each crystalline sample), the crystals appeared enlarged and submerged in a
translucent liquid.

Incubation beyond 2 days enhanced aggregate sedimentation and promoted the
formation of a dense white sludge buildup at the bottom of the reaction vail for
samples featuring LLPS and aggregates. The small liquid phase above this dense
white sludge remained clear and translucent.

Figure 8.2: Microscopic examination of (a—c) BSA and (d-f) HSA. All micro-
scopic images share a protein concentration of 50 mg/ml mixed with 100 mM
NaCl. Panel (a) shows a snapshot of LLPS for BSA at 30 (w/V) % PEG. Repre-
sentative snapshots of (b) BSA aggregation at 40 (w/V) % PEG, (c) BSA crystal
at 34 (w/V) % PEG, (d) below t* for HSA at 26 (w/V) % PEG, (e) LLPS for HSA
at 32 (w/V) % PEG, and (f) HSA aggregation at 41 (w/V) % PEG.
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8.3.2 Size Ratio g and the Colloidal Limit

To ensure the applicability of the depletion effect, the length scales of the polymer
solutions, which were changed by increasing or decreasing the polymer concentra-
tion ((w/V) %), had to be assessed to capture the interaction between the proteins.
Given a dilute system, the radius of gyration (Eq. 8.1) of the polymer provides an
estimate of the applicable length scales [160]

R, prc = 0.0215 M, (0-5830.031) (8.1)

where M, denotes the average molecular weight. Due to shrinkage of the PEG
polymer chain with increasing concentration, [162] the radius of gyration needs to
be adjusted according to Eq. 8.2. [161]

Re pec = Rg,PEG(CPEG/C*PEG)il/S (8.2)

Upon reaching the overlap concentration ¢* of the polymer, the solution is re-
ferred to as semidilute. [158] At ¢* the polymer chains start to overlap, form-
ing an entangled polymer mesh. [164] In case of PEG 3350, ¢* can be found at
10 (w/V) %. [68] Here, the radius of gyration inadequately describes the applicable
length scales. Therefore, the length scale has to be adjusted to the polymer mesh
size (p. [160, 166] This mesh size can be calculated using Eq. 8.3 [161].

& =~ Ra prc,(cprc/cppa) " (8.3)

Based on this formula (Egs. 8.1, 8.2, 8.3), the size ratio ¢ (Eq. 8.4) [368] for both
BSA and HSA proteins at 50 and 100 mg/ml in the presence of 100 mM NaCl with
increasing PEG (w/V) % can be obtained (see Fig.8.3).

2G
q=——

g

(8.4)

Here, the diameter of the respective protein is denoted by o. This size ratio ¢
allows the classification of the colloid polymer solutions into different categories.
If the size ratio ¢ < 1 is applicable, this is referred to as the colloidal limit,
whereas in the opposite case ¢ > 1 is classified as the protein limit. [48, 157,
158, 368] The experiments shown in this work are within the colloidal limit (see
Fig. 8.3). In addition to a size ratio of ¢ < 1, the requirement of ¢ < 0.3 was met
for most conditions, which allows for an area of coexistence between a colloidal
crystal and liquid (strictly for ¢ < 0.3) as well as for some form of gas-liquid
coexistence (¢ > 0.3) within the phase diagram [48, 157, 368, 375-377]. Based
on the formalism shown above, the size ratio ¢ is the largest around the overlap
concentration ¢* The experiments reported here are in the ¢ range from ¢ ~ 0.55
to ¢ =~ 0.2. The black dashed line in Fig.8.3 indicates the aforementioned condition
of ¢ < 0.3, above which gas-liquid type coexistence can be found. This agrees with
the experimentally determined phase diagram (see Fig. 8.1 (a),(c)).
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Figure 8.3: Calculated size ratio (q) for 50 and 100 mg/ml BSA and HSA in
the presence of 100mM NaCl for different PEG concentrations ((w/V) %). The
black dashed line indicates the theoretically determined collodial limit. The green
line serves as a guide to the eye and indicates the size ratio for a colloid with a
diameter o of 66.7 A. Besides, lines serve guides to the eye.

On the other hand, below this line, crystal formation and coexistence of colloidal
crystal and liquid is possible. It was found that the crystallization conditions for
BSA are in agreement with this experimentally and theoretically determined limit
(see also Fig. 8.1 (a) and 8.2 (c)) for the reported experiments. Therefore, the rich
phase behavior observed here can be described as a consequence of the depletion
effect.

8.3.3 Depletion-Induced Effective Protein-Protein
Interactions

In order to obtain further information about the effective protein-protein interac-
tions upon the addition of PEG 3350 M,,, systematic SAXS measurements were
performed. The obtained results for protein concentrations of 50 and 100 mg/ml
BSA and HSA admixed with 100 mM NaCl are summarized in Fig.8.4. At low
PEG concentrations, all SAXS curves share a common feature: with increasing
PEG concentration, the intensity at low () increases. This initial increase can be
equated to a reduction of repulsion. A further increase in the PEG concentration
yields in attraction, with the low @ intensity reaching its maximum. For 50 mg/ml
BSA and HSA, the maximum can be observed at 30 (w/V) % PEG (see Fig. 8.4
(a),(c)). For 100 mg/ml BSA and HSA, the maximum is visible at 25 (w/V) %
PEG (see Fig. 8.4 (b),(d)).
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Figure 8.4: SAXS data for 50 mg/ml (a, ¢) and 100 mg/ml (b, d) BSA/HSA
in the presence of 100 mM NaCl. Data are background-corrected and normal-
ized to the respective protein concentration (c,). Due to phase separation and
aggregation, the SAXS measurements were performed on the dilute phase of the
respective samples. In order to ensure comparability, the resulting SAXS inten-
sity profiles were normalized to the original protein concentration using a control
sample. Further details on the normalization to the protein concentration c, can
be found in the Experimental Section 8.5. Throughout, the PEG concentration
(w/V) % varies from 15 up to 39 %. SHS model fits are featured as solid black
line. For readability, only every fifth data point is shown. Besides the black line
(SHS model fit), lines serve as guides for the eye. Notice that the error bars are
represented as opaque shadows with the corresponding color.

Further increase in the PEG concentration yields LLPS, (see Fig. 8.1 (a),(b))
and leads to a low @) decrease (see Fig. 8.4). Curves for 50 mg/ml BSA with 35 and
39 (w/V) % PEG (see Fig. 8.4 (a)) and 100 mg/ml BSA with 39 (w/V) % PEG (see
Fig. 8.4 (b)) feature a different shape for low and intermediate (), compared to the
other curves of their respective sample sets. This behavior can be traced back to
BSA condensate/aggregate formation. An ellipsoidal form factor combined with
a SHS model (solid black lines) was applied as a model to fit the data. Based
on these fits, By/Bi® values were extracted, which allow for quantifying these
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aforementioned observations. By/BN® values can be termed an intermolecular
measure of interactions. The prefixes of the By/BH® values indicate the type of
interaction; i.e., values greater than zero indicate net repulsion, whereas values
less than zero indicate net attraction. All investigated samples Fig. 8.5, regardless
of the protein system (BSA or HSA) feature an initial By/BY® value around 4-0.0
indicating neutral to attractive intermolecular interactions. With increasing PEG
concentration (w/V) %, the By/BS® curves decrease linearly before reaching a
common By /B value of ~ —1.5 at 25 (w/V) % PEG.

At a concentration of 25 (w/V) % PEG, the value of By/BY® is lower for HSA
than for BSA. This is consistent with the phase diagrams (see Fig. 8.1 (a),(b)) and
indicates stronger attractive forces in HSA than in BSA solutions under the same
conditions (25 (w/V) % PEG). However, a further increase in the PEG (w/V) %
concentration leads to a reversal of this effect, which is reflected in lower By/By®
values for BSA compared to HSA (see Fig. 8.5 (a)).

Beyond 25 (w/V) %, the curves for HSA 50 and 100 mg/ml HSA likewise decrease
linearly, albeit with a less pronounced slope. The same tendency can be seen
for 100 mg/ml BSA. Only the curve for 50 mg/ml BSA is different. This curve
decreases linearly up to 35 (w/V) % PEG. Above 35 (w/V) % PEG, the slope
changes and becomes steeper before reaching its minima at = —3.5 By/ BQHS. The
B,y/BY® curves are in good agreement with the experimentally obtained phase
diagrams (see Fig. 8.1 (a),(b)). A deeper analysis of the collected data (Figs. 8.1,
8.3 and 8.4) indicates that the observed crystallization conditions of BSA occur in
the predicted ¢ range of ¢ < 0.3, which allows the coexistence of colloidal crystal
and colloidal liquid. This behavior is in accordance with the literature. [48, 157,
368, 375-377]

Similarly, the occurrence of crystals can be characterized by a window of By /BHS
values: —10 < By/BY® < —1, [195-197] which is well consistent with the data
shown here.

Moreover, a model-free analysis of the inverse intensity 1/(I(Q’) normalized to
c,— 0 of the scattering at low @ values (@' = 0.0064 A_l), close to the origin, was
performed (Fig. 8.5 (b)). Unlike the model-based SHS analysis, this method does
not require attractive conditions within the system. This approach is connected to
the reduced second virial coefficient shown by the following relation. [28, 263, 277]

1 1
1(Q > 0) ~S(Q = 0)

If LLPS is absent, the protein concentration ¢, can be expressed to be propor-
tional to the number density p, (¢, x p), so the inverse intensity (1/1(Q — 0)
is proportional to the reduced second virial coefficient. Due to the occurrence of
LLPS, ¢, varies between the measured dilute, and the dense phase, leading to the
differences that are to be seen when comparing By with 1/1(Q — 0).

=1+2Byp+... (8.5)
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Figure 8.5: (a) Reduced second virial coefficients and (b) 1/(I(Q’) normalized
to ¢,— 0) behavior of BSA and HSA for 50 and 100 mg/ml in th presence of
100 mM NaCl as a function of PEG (w/V) % concentration. (b) Due to phase
separation and aggregation, the SAXS measurements were performed with the di-
lute phase of the respective samples. In order to ensure comparability, the result-
ing SAXS intensity profiles were normalized to the original protein concentration
using a control sample. Further details on the normalization to the protein con-
centration ¢, can be found in the Experimental Section 8.5. For BSA (50 mg/ml)
with 35 (w/V) % and 40 (w/V) % of PEG and HSA (100 mg/ml) with 39 (w/V) %
PEG, the respective fits (see Fig. 8.4) were used to extract the inverse intensities
(further details are to be found in the text). The inverse intensity was evaluated
at @' = 0.0064 A", The dashed lines in (a, b) serve as guides for the eye. The
respective error values are smaller than the used markers and are not plotted for
readability.
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Importantly, for the matching dilute and dense phase, the same reduced val-

ues of the second virial coefficient can be obtained as a result of phase equi-
librium. [64, 196, 275] The results presented for the protein interactions are in
agreement with the macroscopic observations (see Figs. 8.1 and 8.5). All sam-
ples feature LLPS and show an initial decrease in the inverse intensity followed
by an increase after reaching the respective minima. This behavior is in accor-
dance with the second virial coefficient analysis. Looking at the inverse intensity,
two different minima are observed. Curves for 100 mg/ml BSA and HSA fea-
ture a minima at 25 (w/V) % PEG, whereas for curves of 50 mg/ml BSA and
HSA this minima occurs at higher PEG concentrations (30 (w/V) %). Increas-
ing the PEG concentration further results in an LLPS, perceived as an inverse
intensity increase. Due to the low @ increase at 50 mg/ml BSA with 35 and
39 (w/V)% PEG and 100 mg/ml BSA with 39 (w/V)% PEG induced by BSA
aggregation/condensation, the corresponding SHS model fit was used for the in-
verse intensity (see Fig. 8.4 (a),(b) and Fig. 8.5 (b)). The fit does not consider
aggregation, yielding a curve following a pattern similar to one without aggrega-
tion. Note that generally we assume an uncertainty of 10 % for the SAXS results
presented here, which arise from preparatory inaccuracies and data collection.
In order to elucidate the differences between nonspecific and specific interactions
with regard to the crystallization behavior of BSA and HSA, the results obtained
on nonspecific interactions are compared to those of previous studies on BSA and
HSA in the presence of trivalent metal salts. Examining BSA and HSA in the
presence of trivalent salts yields a rich and diverse phase diagram, comparable to
that observed in the depletion interaction (see Fig. 8.1). It is known that trivalent
salts induce reentrant condensation (RC) phase behavior in HSA and BSA solu-
tions [47, 59, 60, 62, 322, 365]. The rich and diverse phase diagram of RC not only
contains aggregates but also LLPS or crystallization [47, 56, 58, 60, 107, 318, 365].
Initially, the protein molecules possess a net negative surface charge and repel each
other [47, 55, 59, 62, 169, 318]. In addition, the long-range electrostatic repulsion
stabilizes the protein molecules and the solution appears clear [47]. Upon addition
of multivalent salts, the net negative surface charges of the protein molecules are
neutralized. Crossing the first critical salt concentration, the solution turns opaque
and aggregates, LLPS or crystallization can be observed. Increasing the salt con-
centration further yields a charge inversion and the formally net negatively charged
proteins become positive. Upon crossing the second critical salt concentration, the
protein salt solution turns clear again, as now the protein molecules repel each
other. [47, 57-59, 148, 169, 318] Thus, a further increase of the salt concentration,
exceeding the second critical salt concentration, enhances the net positive surface
charge, and therefore further enhances the repulsion [47, 55, 59, 62, 169, 318]. This
experimentally observed behavior corresponds to the physical description of the
patchy particle model. [107, 109] Previous works by Maier et al. [60, 365] reveal,
that the addition of CeCl3 triggers RC phase behavior for both protein systems.
For the tested conditions, only the HSA system exhibited crystallization, whereas
BSA did not.
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A comparison of the obtained By /B values of BSA and HSA in the presence
of 100 mM NaCl and PEG with By/B3® values for BSA and HSA in the pres-
ence of CeCl3 measured by Maier et. al [365] reveals that both systems feature
similarly low second virial coefficient values (see Fig. 8.6). Since HSA and BSA
exhibit RC phase behavior in the presence of CeCl3, this behavior is also reflected
in the virial coefficient analysis. At sufficiently high concentrations of salt (csu),
a steep increase in the By/BE® values is observed, reflecting the RC behavior (see
Fig. 8.6 (a)). Generally, By/BY® values can be used as a guideline to predict pro-
tein crystallization. [195, 198] Investigation on protein crystallization showed that
virial coefficient values (By/By°) within a range of —10 < By/BiS < —1, feature
a suitable level of attraction between the individual protein molecules for crystal-
lization to occur. [195-197] In addition, ideal growth conditions for crystals were
found at two locations in the phase diagram: near but above the critical point or
slightly below the critical point. In the first case, density fluctuations are in favor
of crystallization, enhancing the nucleation rate, whereas in the second case, the
growth of a crystal is facilitated by a two step process. [190, 198]

Interestingly, only HSA crystallized in the presence of CeCl3 provided the investi-
gated conditions despite sufficiently low (attractive) By/BY® values (see Fig. 8.6 (a)).
[195-197, 365]
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Figure 8.6: Comparison of By/BI® values for HSA and BSA in the presence
of CeCl3 (data were taken from ref [365]) with (b) By/BS values of BSA and
HSA admixed with PEG. Please note that two separate X-axes are provided. The
left X-axis indicates the CeCl3 concentration (¢, mM) in logarithmic scale to the
base of two (log). The right-hand side X-axis indicates the PEG concentration
(cpec (w/V) %)) on a linear scale.
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The measurements on the BSA-and HSA-PEG systems showed that provided

the conditions investigated, only BSA was able to crystallize, again, despite the
sufficiently low (attractive) By/By® values (see Fig. 8.6 (b)). [195-197]
Moreover, the obtained crystals from the HSA-trivalent salt system (e.g., CeCl3 or
YCI3) exhibit the P2;2;2; space group. [60, 365] The BSA crystals, on the other
hand, crystallize in a C'2 space group. Despite their similarities, small differences
require different crystallization strategies, taking into account the experimental
conditions used in each study. The X-ray diffraction analysis of BSA crystals and
the analysis of the BSA and HSA crystal surfaces is described below.

8.3.4 Discussion on the Different Crystallization Behaviors
in the Presence of PEG and Multivalent Salts

The following section addresses both the similarities and differences between BSA
and HSA and derives key mechanisms that could trigger the different bulk (crys-
tallization) behaviors of BSA and HSA.

X-ray structure analysis showed that BSA crystals observed in this study are iso-
morphous to the BSA structure reported by Majorek et al. [168] with unit cell
parameters of a = 220.1A, b=44.8A, ¢ =144.4A, and B = 114.2° crystallized
in space group C2. Model coordinates were not further refined, as the crystal
packing is already reported. Next, we compared the crystallographic protein in-
terfaces of BSA and HSA. Both proteins show a sequence identity of 75.6 % and
adopt a similar protein fold, although their N-terminal domain (residues 1 — 150
for BSA) differ significantly. The C-terminal amino acids (residues 151 — 500 for
BSA) showed a Ca rmsd of 2.26 A over 344 aligned residues. It is noteworthy that
the combined total mean buried surface area of BSA is substantially lower than
that of HSA, with values of 1190 and 1960 AQ, respectively. However, a reliable
statistical analysis is hampered by the limited number of BSA structures deposited
with the protein data bank. A randomly picked data set for HSA that we have
prepared to avoid user-introduced data bias based on our preselection of reported
HSA structures resulted in a comparable total buried surface area of 1890 A® and
showed that HSA has in general utilized a larger surface area for crystal contact
formation (see Table 8.2 in the Supporting Info 8.6). We mapped all interface
areas of the proteins on the surface. Although the pattern of amino acids con-
tributing to crystal contacts looks comparable, HSA utilizes a larger number of
residues for crystal contact formation, which indicates a larger number of poten-
tial attraction sites for HSA (see Fig. 8.7).

A histogram plot showing the relative frequency of an amino acid to be part of an
interface also indicates that HSA utilizes a broader number of residues to take part
in protein-protein contact formation (SI Figure 5). A similar conclusion can be
made by grouping the interface residues by their number of contacts and plotting

their normalized frequency (by the total number of interactions) of the data set
(SI Figure 6).
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Figure 8.7: Crystal contact areas of BSA (a) and HSA (b). The proteins are
shown from both sides in similar orientations. The front view is shown on the
left, and the back view is shown on the right of each panel (180°). Green spheres
indicate the positions of Y** ions in PDB entry 7TA9C. Amino acids involved in
crystal contact formation are colored in different shades of violet to pink based
on their individual relative weighted surface area from minor impact (light violet)
to crucial residues (hot pink). The weighted surface area is calculated by the
summation of all crystal contact area contributions of an individual residue over
interfaces in all pdb entries of the chosen data set. A cut-off value of 20 A is
applied, and residues below this cutoff value are neglected from the calculation.
A detailed analysis that takes different cut-off values into account can be found in
Supporting Information 8.6 (SI Figure 8.10 and 8.11). The individual summed per
residue surface area is then divided by the largest individual per residue surface
area to obtain an individual (per residue) relative weighted surface area that is
not dependent on the number of all investigated contact interfaces.



118

This shows that HSA residues possess a wider spread in the number of contacts
compared to the BSA data set.

Next, we compared if BSA is in general capable of establishing a comparable
yttrium ion (Y3+)—mediated packing as observed for HSA by building a hypo-

thetical BSA-YS 1 lattice similar to pdb entry 7TA9C. [60] Both protomers possess
a theoretical pl of 5.6 and therefore seem to be capable of forming similar coulom-
bic interactions with positively charged ions. We found that BSA lacks at least
one glutamate residue (in BSA A367) that would be essential to form a compa-

rable chelating y3+ complex bridging two HSA protomers, as reported for pdb
entry 7TA9C. [60] In addition, the formation of salt bridges requires a structural
match (recognition) between two protein surfaces and therefore exhibits a strong
orientation dependence. [46] This does not, however, exclude a potential complex
formation with yttrium ions at a discrete position of a negatively charged patch
on the BSA surface.

8.4 Conclusion

In this work, the behavior of the two proteins BSA and HSA in the presence of the
polymer PEG 3350 M,, and 100 mM NaCl was investigated. For both protein-PEG
systems (BSA and HSA), phase diagrams were established. Both systems featured
rich and diverse phase behavior (see Figure 8.1). However, provided the applied
experimental conditions, only the BSA-PEG-salt system featured crystallization,
whereas the HSA-PEG-salt system did not. The space group of the BSA crystals
was determined by X-ray diffraction analysis. The results confirmed that the space
group found corresponds to previously published C2 space group of BSA [167, 168].
Based on the ratio of polymer to colloid size ¢, it was determined that the col-
loid limit ¢ < 1 applies. This calculated size ratio allows the experimental phase
behavior to be compared with those obtained from colloid-polymer theory within
the framework of depletion interactions. Results revealed an agreement between
the theoretical and experimental phase diagrams, [86] suggesting that the phase
behavior can be attributed to simple depletion interactions. Furthermore, it can-
not be ruled out that apart from the depletion effect, other interactions or effects
interfere and trigger the observed phase behavior. These could include hydration
effects, hydrophobic interactions, or even dispersion forces. However, the protein-
polymer solutions do not form aggregates in the following three cases: absence
of the polymer (PEG 33350 M,,) and salt (100 mM NaCl), presence of salt and
absence of the polymer, [57, 266, 378] and presence of the polymer and absence of
salt. [379] This suggests that the observed phase behavior can be attributed to de-
pletion interaction. In order to maintain this reasoning, it is necessary to consider
the structure of the colloids from a coarse-grained perspective, which allows us to
describe the proteins as hard spheres. Given the absence of salt and polymers,
BSA and HSA solutions are stable up to high concentrations, which indicates for
only minor interactions.
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In addition to the phase behavior, SAXS measurements were conducted in order to
further quantify the protein-PEG-salt systems by means of second virial coefficient
analysis (By/BY®). Tt was shown that with increasing PEG concentration By /B5°
decreases; thus, both systems increase their attractiveness. Additionally, both
systems feature By /By values corresponding to —10 < By/BiS < —1. [195-197]
This clearly indicates that both protein-polymer-salt-systems feature low enough
B,/BY® values for crystallization. However, as mentioned above, crystallization
was observed only for the BSA-PEG salt-system. Moreover, the obtained By /BH®
values were compared to By/ BI;S for BSA- and HSA-CeCl3-salt systems recorded
by Maier et. al [365] (see Figure 8.6). Interestingly, for BSA and HSA with CeCl3,
similarly low By/BYS values were recorded, indicating that both BSA and HSA
could potentially form crystals. However, utilizing CeCl3, only the HSA system
showed crystallization.

Next, a crystal surface analysis of HSA and BSA revealed that HSA utilizes a
greater number of solvent exposed-amino acids for intermolecular protein-protein
interactions, eventually resulting in crystal formation. This agrees with the large
number of reported crystal structures in the protein database where 118 HSA en-
tries are reported to form at least 13 different crystal packings. In contrast, eight
BSA entries are found in the protein data bank, all crystallized in an isomorphous
crystal packing of space group C2. Although the sequence similarity of approx-
imately 76 % and a comparable isoelectric point of 5.6 for both proteins suggest
a closely related phase behavior, their crystallization properties are fundamen-
tally different. This is also demonstrated by their different behavior with respect
to Y31 ions. Although HSA is capable to form cation-mediated intermolecular
protein-protein interfaces via positively charged y3+ ions, a comparable behav-
ior is not observed for BSA, as the crucial acidic residues are either not found
at the HSA-specific positions or adopt conformation that would not allow for a
comparable chelating effect. This clearly indicates that phase behavior of a pro-
tein is not directly accessible by the phase diagram of closely related proteins, as
minor changes in the surface landscape render it necessary to determine the phase
diagram for every protein candidate individually.

8.5 Experimental

8.5.1 Materials and Sample Preparation

Proteins BSA (A3733, purity of <98%) and HSA (A9511, purity of <97%),
sodium azide (NaN3) (S8032-25G), and poly(ethylene glycol) powder (PEG,

H(OCH2CH2)nOH, average size of M,,3350, 202444-250G) were purchased from
Sigma-Aldrich, now Merck, and used in the executed experiments without further
purification. Similarly, sodium chloride NaCl was purchased from Merck and,
without further purification, used in the experiments. In order to prevent any
contamination caused by unwanted bacterial or fungi growth, 1mM NaN3 was
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added to deionized and degassed Millipore water (a conductivity of 18.2 M cm).
This Millipore water was then used to prepare stock solutions by dissolving the
required amounts of protein powder, NaCl or PEG. The stock solutions were pre-
pared at room temperature ((RT) 21 +1°C).

After preparation, the protein stock solutions were immediately incubated for at
least 24 h at 4°C to ensure dissolution of the protein powder. The concentration
of the protein stock solution was determined by a Cray 50 UV-vis spectropho-
tometer (Varian Technologies) with the appropriate extinction coefficients (see
Table 1) and the Cary WinUV operating software. The absorbance was measured
at 280 nm. The protein solutions were stored at 4°C in air impermeable con-
tainers to avoid the re-dissolution of gases [341]. Moreover, the protein solutions
were used exclusively for a total duration of 3 weeks [380]. The PEG stock solu-
tion was prepared using a weight-to volume-ratio (w/V) % of 100% (1g PEG to
1ml of Millipore water). The PEG solution and the salt solution were stored at
RT. All samples were obtained by mixing the required amount of the previously
prepared Millipore water, protein stock solution, PEG stock solution, and NaCl
stock solution. The prepared samples showed a pH value well above the pl of the
respective protein, measured with a pH meter from Mettler Toledo (Germany).
Investigation of the samples was carried out at RT. Systematic deviations arising
from variations in protein batches, preparative inaccuracies, and fluctuations in
protein and other stock solutions cannot be ruled out.

8.5.2 BSA and HSA Phase Behavior determination

Visual inspection was performed to determine the phase diagrams for BSA and
HSA (Fig. 8.1) in the presence of PEG and NaCl. According to this, a sample
series with four different protein concentrations (20, 50, 80 and 100 mg/ml) ac-
companied by 100 mM NaCl and increasing PEG concentrations (w/V %) were
prepared for BSA and HSA, respectively. To avoid confusion, ¢t* is defined as the
transition border from a clear sample to a turbid one, as to be seen in Fig. 8.1.
Besides inspection by the eye, an optical microscope (Axio Scope.Al, Carl Zeiss
AG) was used for a more precise optical investigation of the samples. Images
were recorded by a camera (AxioCam [Cch, Carl Zeiss AG) operated with the
software ZEN Lite 2012. Microscopy samples were collected from the respective
previously prepared phase diagram sample series. This involved dispensing 25 pl
of the sample onto a Gene Frame, (1 x 1cm) with a thickness of 0.25 mm (Thermo
Scientific’ | Germany). Afterward, the Gene Frame was covered with a coverslip.
In order to investigate crystallization, appropriate samples (in tubes or microscopy
slides) were stored and observed over a longer period of time ranging from 7 days
(microscopy slide) up to one month (tubes).
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Table 8.1: Important physiochemical properties of BSA and HSA

BSA HSA
# amino acid 583 [220] 585 [222]
molecular weight
(kDa] 66.4 - 67 [221, 381] 66.4 - 69 [222, 223]
pl (pH 7) 4.6 [58] 4.7 [222]
specific volume [ml/g] 0.735 [339] 0.754 [340]
ellipsoid R(a) [A] 17 18
ellipsoid R(b) [A] 42.00 - 55.00 45.00 - 56.17
extinction coefficient 0.667 [305] 0.531 [305]

1

[ml x mg™! x cm™!]

8.5.3 SAXS and Data Analysis

In small-angle X-ray scattering (SAXS) experiments dealing with suspended parti-
cles in solution, the measured intensity profile I(()) can be described as a function
of the momentum transfer @:

1(Q) o< np Ap*VH{P(Q))S(Q), (8.6)

this relation is given for mono-disperse and spherical particles. The number den-
sity of the dissolved particles is given by n,, while the Ap denotes the cross-
sectional scattering difference between the particle and the solvent. V, repre-
sents the volume of the particle. The momentum transfer is defined as ) =
(4w /X)sin(260/2). Here, A denotes the wavelength and 26 denotes the scattering
angle. The shape and size of the scattered particle averaged over the spatial ori-
entation are given by form factor (P(Q)). S(Q) denotes the structural factor,
describing the spatial arrangement of the particles, which is governed by the in-
teraction potential. From this, it can be deduced that the structural factor S(Q)
describes the effect of positional correlations [263, 382].

SAXS data was collected at the P12 beamline of the EMBL (DESY, Hamburg,
Germany). The measurement setup utilizes a focused X-ray beam (120 x 200 pm)
with an energy of 10keV and a corresponding wavelength of A =1.24 A. The
sample-to-detector distance was set to 3.1 m. A (@ range of 0.002-0.458 " was
covered by a 2M Pilatus (Dectris) detector. Prior to the measurement, the sam-
ples were carefully centrifuged, and subsequently, the supernatant was measured.
Each sample was illuminated for 30 exposures, with a duration of 0.095s each.
Exchanging of samples was realized by use of a flow cell. The intensity profiles
were obtained by azimuthal averaging of the collected 2D data sets. Averaging
of each data set was performed only after a manual check for consistency. Incon-
sistent exposures due to, e.g., air bubbles in the flow cell were sorted out. Unlike
its behavior in neutron scattering experiments, PEG has an almost identical X-
ray scattering cross section per unit volume to H20, allowing the polymer salt
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mixture to be considered as background [383]. The background measurements
were treated likewise and then subtracted from the sample profiles. By subtrac-
tion of the defined background, SAXS scattering curves (Fig. 8.4) were obtained,
containing solely the contribution from the proteins. The avreaged background
measurements used for subtraction are given in the Supporting Information 8.6
(SI Fig. 8.9).

Data analysis was performed using an IGOR PRO 9 add-on provided by the
National Institute of Standards and Technology (NIST)[286]. The background-
corrected data sets were fitted using the sticky hard-sphere potential (SHS) [274],
utilizing an ellipsoidal form factor. A similar pipeline for SAXS data processing
can be found in the refs [64, 65, 384]. The SHS potential for a spherical particle
of radius R, is defined in Equation 8.7.

o0 r<o=2R
BU(r) = —Bozln(%) c<r<o+A (8.7)
0 r>o+ A,

Here, § indicates the inverse of the thermal energy, 1/kgT. 7 indicates the stick-
iness parameter, A indicates the width of the square well, and ¢ indicates the
diameter of the hard sphere. Based on the perturbative solution of the Percus-
Yevick closure relation, the structure factor was calculated [273, 274]. Equation 8.8
shows the calculation for the reduced second virial coefficient within the limitation

of A — 0. B .
: 2

ilinm @ =1- yy (8.8)
To obtain the reduced second virial coefficient, we divide the second virial coef-
ficient (By) with the second virial coefficient for hard spheres (BY®) of radius R.
This relation is given by BY® = 167R?/3. Combining the results from simulations
and theories has led to a universal By/BY® value of &~ —1.5 for the liquid-gas tran-
sition in a multitude of different systems, provided that the Percus-Yevick closure
relation being applied [198, 275].
The protein concentration within the supernatant (dilute phase) was determined
by averaging ten intensity values at high @) ~ 0.4 A of a non-phase separated
(control) sample at 50, and 100 mg/ml. Similarly, these intensity values were
taken from each sample individually. The protein concentration was calculated
by dividing the intensity value of the non-phase separated respective control by
the intensity value of the sample, followed by multiplying the result by 100. The
protein concentration (mg/ml) values thus obtained were then used to calculate
the protein volume fraction. This correction was necessary because only the su-
pernatant was measurable due to phase separation and aggregation, thus ensuring
comparability.
Besides the volume fraction, the axes of the ellipsoids were fixed to values shown
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in Table 8.1. Moreover, the scattering length density (SLD) of the proteins was

set to 7.32 x 107 A%, The background was set to appropriate values for each
curve individually. In order to prevent artificial coupling between the well width
A and the stickiness parameter 7, A was kept at 0.01 o for all fitted data.

8.5.4 BSA Crystal Analysis and Packing Comparison of
HSA with BSA

BSA crystals were analyzed by single crystal X-ray diffraction experiments. There-
fore, single crystals of the suspension were extracted. To cryoprotect the crystals,
the supernatant of the suspension was supplemented with glycerol (26 w/V %).
BSA crystals were transferred in the cryo solution, rapidly washed, mounted
into a loop and flash-frozen in liquid nitrogen before data collection at beam-
line X06SA (swiss light source, Villigen, Switzerland). Although several crystals
were tested, the diffraction quality was limited, with the best diffracting crystals
yielding a high resolution of approx. 3.5A. This was sufficient to unequivo-
cally determine the crystal packing using XDS [385]. The protein crystallized in
space group C2 with unit cell parameters of @ = 220.1 A, b= 44.8A, ¢ = 1444 A,
and g =114.2°. A comparison of all BSA structures deposited to the protein
data bank revealed a similar crystal packing with cell parameters of a = 215.66 A,
b=4510A, c=14241A, and 3 =114.0° as reported by Majorek et al., [168]
and therefore yield to the decision to not further refine the resulting structure
but to focus on a detailed interface analysis of available BSA and HSA structures.
As a consequence, we searched the protein data bank for structures of human
serum albumin and bovine serum albumin, yielding 113 entries for HSA and eight
entries for BSA. For BSA, all annotated structure resulted from isomorphous crys-
tal packing of space group C2 with unit cell parameters very close to a = 215.7 A,
b=451A, ¢ =1424A, and B = 114.0°. Our packing analysis of HSA excluded
all structures where HSA was determined either by Cryo-EM or NMR and those
in which HSA was complexed with a proteinogenic interaction partner, resulting
in a data set of 97 HSA structures. Next, we sorted the entries by the reported
crystallographic space group and assessed their isomorphism based on the unit
cell parameters, yielding a data set separated into 14 groups. Out of this data
set, we picked ten structures that used either PEG molecules or phosphate/salt
conditions for the crystallization experiment and analyzed the crystal packing in-
terfaces using EPPIC [386]. As the selection is user biased, we decided to include
a second analysis, utilizing the same data set but randomly picked ten structures,
chosing a single member per group from the 14 groups and avoid duplicate en-
tries. For further analysis, we annotated the size of each crystallographic interface,
the amino acids contributing to a crystallographic interface, and the frequency of
each amino acid’s contribution to packing. In addition, we performed a surface
area-based analysis, investigating the individual contribution of a residue to a
crystallographic contact by calculating its surface area using PDBePISA. [387]
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Moreover, we performed the same analysis based on the frequency with which a
residue was found in an interface. We performed the same analysis for all data
sets, including the data set chosen based on the crystallization conditions and the
randomized data set, and compared the data to the available data for BSA. We
generated surface representations of BSA and HSA using PYMOL (The PyMOL
Molecular Graphics System, Version 3.0 Schrodinger, LLC.) and colored the amino
acids contributing to interface formation based on how often these residues are
reported in an interface area (see Figure 8.7).
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8.6 Supporting Information
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https://pubs.acs.org/doi/10.1021/acs.cgd.4c01635#_i24

last checked 30.07.2025, 11:05

8.6.1 Visual inspection of samples for the Phase diagrams
of Figure 8.1 (a) and (b)

Enlarged image of the two exemplary sample sets (8.8 BSA (a) and HSA (b))
used for visual determination of ¢* borders for the phase diagrams (see Fig. 8.1
in the manuscript). The images shown here correspond to Fig. 8.1 (c¢) and (d) of
the manuscript. For both images (a) and (b) the protein concentration ((a) BSA
and (b) HSA) was fixed to 50 mg/ml while the PEG 3350 concentrations increased
from left to right. Both samples were additionally admixed with 100 mM NaCl.

H wmweusE ' P
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Polyethylene glycol concentration in % (w/V)
25 27 28 29 30 32 34 36 37 38 39 40
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Figure 8.8: Images from samples used for the visual inspection of BSA with a
concentration of 50 mg/ml admixed with increasing (w/V) % of PEG (from 29 to
44 (w/V) %) and 100 mM NaCl are shown from left to right (a). In (b) a pho-
tograph of visual inspection for HSA with a concentration of 50 mg/ml admixed
with increasing (w/V) % of PEG (from 25 to 40 (w/V) %) and 100 mM NaCl are
shown from left to right.
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8.6.2 SAXS background measurements

Averaged background measurements for Milli-Q water mixed with 100 mM NaCl
and increasing concentrations of PEG 3350 (10 to 45 (w/V) %). The Background
measurements were treated similar to the recorded protein data sets. More precise
Information on data acquisition and treatment is to be found in the Experimental
part of the manuscript. In addition, a sample (BSA 100 mg/ml with 100 mM NaCl
and 15 PEG (w/V) %) is shown before correction, to illustrate the differences in
magnitude between sample and background. Please note that this plot is provided
in a double logarithmic format.

107 .
—10 (WV)% 35 (WIV) %
—15(WV) % 40 (WV) %
20 (WIV) % 45 (wiV) %
25 (wlV) % ——BSA 100 mg/ml 15 (W/V) %
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Figure 8.9: Scattering backgrounds for 100 mM NaCl with increasing concen-
trations of PEG (w/V) % dissolved in Milli-Q H20. The provided background
scattering curves were treated similar to the scattering data provided in the
manuscript. Highlighted in orange is an uncorrected sample of BSA 100 mg/ml
with 100 mM NaCl and 15 (w/V) % PEG to illustrate the differences in magnitude
between background and the uncorrected sample. Please note that this plot is in
a double logarithmic scale.
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Table 8.2: Interface surface analysis of HSA and BSA structures deposited to
the protein data bank. Interface calculation of the annotated pdb-entries was
performed by PDBePISA. [387] The BSA crystal contact analysis is limited by
the low amount of BSA structures deposited so far. For HSA, two data sets were
generated out of the 137 available HSA crystal structures. One data set (ten non-
redundant members) is based on a preselection where PEG was used to crystallize
the protein. A second data set uses ten randomly picked pdb-entries that are not
part of the preselection.

PDB-entry # of interfaces Total surface area [Az] per protomer
BSA

3V03 10 910

4F5S 13 1476

Mean values 11.5 1193

HSA-selected

7DJN 12 2511
7TVRO 5 2616
6M4R 12 2601
6M5D 3 1873
1AO6 6 1327
1BMO 7 1379
1E78 7 871
2127 5 2179
3CX9 5 2123
70V6 8 2117
Mean values 7 1959
HSA-random
1E7G 5 1763
SEW4 5 3099
2BXE 7 840
4EMX 10 1379
TEEK 8 2255
3AT3 5 2489
TFFS 7 970
35QI 8 1866
6M5D 3 1873
Mean values 5.8 1887
HSA-Y3+
7TA9C 1751

+ 2 Yttrium bridging interfaces
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Figure 8.10: Crystal contact analysis of BSA (left, panels a-e) and HSA (right,
f-j) as surface representation in two orientations. Front view left and back view
right are shown. Amino acids are colored by a weighted surface contribution.
The calculation uses the interface analysis of PDBePISA. [387] The resulting xml-
files from the contact analysis were processed by an in-house script. The buried
surface area of each amino acid is summed up if it is above a certain threshold
(a+1f: above 10 Az, b+g: above 20 Az, c+h: above 30 AQ, d+1i, above 40 A2, e+j:
above 50 A2) and divided by the buried surface area of the amino acid possessing
the largest positional buried surface area of either BSA or HSA to obtain a relative
positional buried surface area (rpbsa) for each individual surface amino acid. This
procedure avoids effects on different numbers of interfaces of BSA and HSA. The
amino acids are than colored based on their rpbsa from light gray (not involved
in contact formations) to pink (80-100 % rpbsa) as depicted by the color scheme
in the figure.
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Figure 8.11: Crystal contact analysis of BSA (left, panels a-e) and HSA (right, f-
j) as surface representation in two orientations. Front view left and back view right
are shown. Amino acids are colored by their frequency of appearance in
crystal contacts. The calculation uses the interface analysis of PDBePISA. [387]
The resulting xml-files from the contact analysis were processed by an in-house
script. An amino acid is counted if the amino acid contributes to an interface
above a certain threshold (a+f: above 1OA2, b+g: above QOAQ, c+h: above

30 A2, d+i, above 40 A2, e+j: above 50 A2). The frequency of each amino acid
is divided by the maximum individual frequency of either BSA or HSA to obtain
a relative individual frequency (rif) for each amino acid. This procedure reduces
effects on different numbers of interfaces of BSA and HSA. The amino acids are
than colored based on their rif from light gray (not involved in contact formations)
to pink (80-100 % rif) as depicted by the color scheme in the figure.
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Figure 8.12: Histogram plot of BSA (a) compared to HSA pre-selcetion (b) and
HSA random selection (c) data sets. The relative frequency of an amino acid is
plotted against the sequence. Residues with rif equals to zero are not involved in
crystal contact formation.



131

(a)

o o o
N W 'S

2
[

normalized frequency

2.5 5.0 75 10.0 125 150 175 20.0
interface residues with x contacts

o ©
N w

normalized frequency
©
=

e
o

2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
interface residues with x contacts

(c)

o o o
N w I

normalized frequency
o
=

<
o

2.5 5.0 7.5 10.0 125 150 175 20.0
interface residues with x contacts

Figure 8.13: The interface residues are grouped by their number of contacts
within all interfaces of the data set and plotted against the normalized frequency
of data set BSA (a), data set HSA random (b) and data set HSA preselected
(c). The normalized frequency is obtained from each data set by summation of all
interface contacts and normalizing the frequency to this value. More generally, the
diagram shows how many residues were found from low to high degree interactions
within the data set. The data presented here suffers from the low amount of data
available for BSA structures.
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Results III: Specific Co-Ion
Effects of Globular Protein
Solutions with Trivalent Salts

The following chapter summarizes the progress made on the topic of Specific Co-
Ion Effects of Globular Protein Solutions with Trivalent Salts. As this Manuscript
provides a consolidated overview of this topic, data from previous theses are in-
cluded and quoted at the appropriate places. A list of the respective contributions
is to be found in the table below.

Maximilian D. Senft, Lukas Lang, Ismail S. Muhammad, Michal K. Braun, Fajun
Zhang and Frank Schreiber

Contribution:

Research design: MDS, FZ, FS
Experiments: MDS and LL, MKB, ISM
Data analysis and interpretation: MDS, FZ, LL, MKB
Writing: MDS, FZ, LL, MKB
Funding: FS, FZ

9.1 Abstract

This work investigates the effective interactions of dissolved bovine serum albumin
(BSA) protein solutions tuned with LaCl3 and different sodium co-salts (Na2S04,
NaCl, NaBr, NaNO3 and NaSCN), numerated in the Hofmeister series. These
BSA LaCl3 co-salt systems can undergo liquid liquid phase separation (LLPS)
and feature a lower critical solution temperature (LCST) behavior. This is demon-
strated by use of temperature controlled UV /vis cloud point measurements. Based
on these measurements, the co-salts exert an influence on the transition temper-
atures of the respective systems in accordance to an inverse Hofmeister series.
Moreover, the transition temperatures for the different BSA LaCl3 co-salt sys-
tems can be described by a Langmuir isotherm like function. In addition to the
UV /vis measurements, phase diagrams were recorded as a function of the differ-
ent concentrations of LaCl3 and co-salt (mM), showing a rich phase behavior. To
quantify the effective interactions between the BSA proteins more precisely, SAXS
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measurements were carried out. The model-based analysis by means of sticky hard
spheres using an ellipsoidal form factor (P(())) provides a second virial coefficient
analysis. This type of analysis serves as an indicator of whether the predominant
interactions of the proteins are of a repulsive or attractive nature. To quantify
the predominant interactions, an inverse intensity analysis was carried out which
is independent of a concrete model. These SAXS measurements were added to
capture a complete picture based on the provided phase diagrams.

9.2 Introduction

Gaining knowledge about protein phase behavior is a key aspect of research ded-
icated to proteins. This gained knowledge enables the targeted manipulation
and control, necessary for the formulation of antibody based drugs, and also to
understand diseases related to protein condensation. An understanding of pro-
teins’ phase transition provides important insights regarding protein crystalliza-
tion pathways. Therefore, a major focus of protein research is concentrated on the
study of liquid-liquid phase separation (LLPS), not least because of a number of
contributions to various diseases related to protein condensation, such as cataract
or sickle cell anemia [25, 26, 28, 315, 316, 388]. During LLPS, a protein solution
separate into a dense and a diluted phase. The metastability of LLPS can also
play an important role in the nucleation of protein solutions [28, 190, 311].

In an aqueous solution of the globular, net-negatively charged protein bovine
serum albumin (BSA), the addition of the trivalent salt LaCl3 causes reentrant
condensation (RC) [64, 65, 344]. RC means, that an initially clear BSA solution
with a fixed protein concentration (c,) will turn opaque upon the systematic addi-
tion of salt (LaCl3). Two salt concentrations (c,) t* and ¢** have to be introduced:
if the salt concentration is lower (<) than t*, the protein solution appears clear
(Regime I). If the salt concentration exceeds (>) t* but fulfills the condition of
beeing lower (<) than t**, the protein solution is opaque due to protein conden-
sation, but possibly also due to simultaneous occurrence of protein aggregates or
even LLPS (Regime II). If the salt concentration is > ¢**, the protein solution
appears clear again (Regime III) [64, 65, 344].

This behavior, known as RC, can be explained by charge inversion, whereby in
Regime II the net surface charges of the proteins are shielded by the trivalent La*
cation [55]. Therefore, the net (BSA) protein surface charges are either slightly
negative or almost neutral (close to the t* border but in Regime I), neutral to
slightly positive (deep within Regime II), almost positive (close to the ¢** border
but in Regime II) and positive (in Regime III), thus favoring the previously enu-
merated effects [55, 107].

By preparing a BSA solution (e.g. ¢, 80 mg/ml) close to the ¢*, but within
Regime II, whilst admixing it with different sodium salts (e.g. Na2SO4, NaCl,
NaBr, NaNO3 or NaSCN) of the Hofmeister series, these BSA-LaCl3 co-salt sys-
tems can undergo LLPS when increasing the temperature, and therefore feature
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a lower critical solution temperature (LCST). Consequently, the substances con-
tained in such a mixture are miscible for all possible compositions, provided that
the temperature remains below a specific transition temperature. This contrasts
the familiar behavior of upper critical solution temperature (UCST) [62, 389].
This classical UCST behavior can be found, for different aqueous protein solu-
tions like S-lactoglobulin [59], crystallin [388], or lysozyme [317, 390, 391].

Apart form cations in the BSA co-salt mixture (La’", Na+), the present anions
(e.g. Cl or NO3 ) do also exert a significant effect on the properties of the
BSA-protein solution, especially on the solubility [129, 392, 393].

The Hofmeister series [112] organizes the anions in a sequence ranging from cosmo-

torpe to chaotrope. Cosmotrope anions like SO42_ reduce the solubility of proteins
(commonly known as salting-out effect), whereas chaotrope anions like SCN  in-
crease the solubility of proteins (known as salting-in effect) [116, 124, 394]. The
Hofmeister series reads as follows [112]:

S04%2~ > HPO4?~ > CH3CO2~ > HCO3~ > Cl~ >Br > NO3 >
ClO3 >1 > SCN ,

with cosmortope anions featuring a greater charge density compared to the more
chaotrope anions [395]. The concept of the Hofmeister series is derived from the
structure “forming” (cosmotropic) and structure “breaking” (chaotropic) charac-
teristics of the investigated ions in aqueous solutions. Cosmotropic ions inter-
act stronger with water. The water molecules accumulating around the ions are
considered to be “structured”, when compared to the remainder of the water.
Chaotropic ions, on the other hand, “break” the structure of the surrounding wa-
ter molecules and thus exert a weaker interaction with the water molecules [116,
119, 120, 394]. However, the disturbance of the water caused by the addition of
salt does not adequately explain the Hofmeister effect, as the hydrogen bonding
network of water remains intact beyond the first hydration shell of the ions [396].
Beside proteins [116, 129], polymers [145, 392] and elastin like poly peptides [393,
397, 398] demonstrated to have a similar LCST behavior, emerging from the an-
ions of the Hofmeister series.

Despite the considerable progress being made by the incorporation of dispersion
forces and hydration, the molecular basis of the Hofmeister series, thus the spe-
cific ionic effects, are yet to be unraveled. Derived from the Jones-Dole viscos-
ity coefficient, better known as the enthalpy of hydration, the law of matching
water affinities emerged. This law describes the development of ion pairs from
chaotropic and cosmotropic ions as a function of their hydration enthalpy with a
higher propensity for pair formation if the respective hydration enthalpies match
or are approximately of equal magnitude. If this model is now deployed to pro-
teins in solution, chaotropic or cosmotropic side chain residues are obtained based
on the predominant charge, functional group, their respective hydration enthalpy
and resemblance to cosmotopic or chaotropic ions. [119, 120, 123, 124].
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However, this theory is not free of criticism, as it disregards interactions between
ions and neutral protein binding sites present on the protein surface [399, 400].
Owing to the limited inclusion of protein surfaces, or rather their interfacial sur-
faces in terms of their dielectric constants whilst neglecting the smeared surface
charge, the prediction made based on the law of matching water affinities appears
to be inverted [124]. From a qualitative point of view, the effects of the Hofmeister
series can, however, be adequately represented with simplified electrolyte models,
provided that appropriate attention is devoted to the present dispersion forces [57].
In this work we systematically analyzed the LCST behavior of the BSA LaCl3 co-
salt solutions. Therefore, the phase diagrams were established for two different
sodium salts of the Hofmeister series (NaCl and NaNO3). By use of temperature
controlled UV /vis measurements the LLPS transition temperatures for the inves-
tigated protein (BSA LaCl3) co-salt (Na2SO4, NaCl, NaBr, NaNOg3 and NaSCN)
systems were determined. The use of the Langmuir isotherm gives an estimate
of the transition temperature data of these systems, indicating a saturation phe-
nomenon. To complement the collected data, SAXS measurements were carried
out to quantify the effective interactions amongst the protein molecules. To ob-
tain a measure for the effective interactions, the reduced second virial coefficent
(By/BS) as well as the inverse intensity analysis (1/I(Q — 0)) were selected and
subsequently evaluated.

9.3 Experimental Section

The protein BSA (A7906), the inorganic halide LaCl3 (product No. 449830) as
well as the sodium based co-salts Na2S0O4, NaCl, NaBr, NaNO3 and NaSCN with
the respective product numbers (product No. 239313, 450014, 310506, 221341 and
467871) were purchased from Sigma Aldrich, (Merck) and used in the experiments
without additional purification or treatment.

The protein stock solutions were prepared by mixing the protein powder with
deionized and degassed Millipore water (conductivity of 18.2 MQ c¢m). These
protein solutions were then measured using a Cary 50 UV /vis spectrometer oper-
ating with the Cary WinUV software (both devices originate from Varian Tech-
nologies, USA) together with the corresponding extinction coefficient for BSA
(0.667ml - mg~' - cm™!) [305] to determine their concentration.

Initially, the phase diagrams for the BSA LaCl3 co-salt systems (NaCl and NaNO3)
were established. This was done by visual inspection of different samples with a
constant BSA concentration of 80 mg/ml, while the LaCl3 concentration as well
as the co-salt concentration were gradually increased from 0 to 100 mM. In or-
der to determine the LLPS borders more precisely, the optical microscope Axio
Scope.Al (Carl Zeiss AG, DE) was used. Therefore, samples which were prone to
undergo LLPS were transferred onto a microscopy slide, covered with a cover slip

and subsequently investigated. Images were taken in appropriate time intervals
by use of the AxioCam ICc5 (Carl Zeiss AG, DE) which was operated with the
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software ZEN Lite 2012 (Carl Zeiss AG, DE). The obtained images were revised
using the same software as well as the ZEN 2.6 blue software (Carl Zeiss AG, DE).
In order to investigate the LCST behavior of 80 mg/ml BSA solutions admixed
with 10 mM LaCl3 and with increasing concentrations (0.1 mM up to 1 M) of
sodium co-salts, enumerated by the Hofmeister series, the UV /vis spectrometer
was modified by use of a temperature controlled water bath (Haake A10B and SC
150, Thermo Fisher Scientific, USA).

The samples were prepared using the previously produced protein and salt stock
solutions at 12° C (£2° C). Subsequently, the prepared samples were centrifuged
for 2 minutes utilizing 6860 x g, in order to remove aggregates that could interfere
with the measurement. Upon installation of the sample, the pre-cooled water bath
(12° C) was heated up to 48° C applying a heating ramp (0.5° C/min). Calibration
of the temperature controlled water bath was done prior to the measurements by
measuring the temperature of a UV /vis cuvette filled with Milli-Q water utilizing
a thermocouple. The measured temperature was compared to the temperature of
the water bath and adjusted accordingly in the event of deviations.

The absorption between 500 and 800 nm was recorded every minute, in synch with
the applied heating ramp. The 20 mM sample of NaSCN was treated differently,
as this sample already showed slight turbidity at ~ 12° C. To account for this,
the temperature controlled UV /vis measurement was started a 8 C. The LCST
behavior was determined using the major peak, which is only visible when the
first derivative of the integrated absorption is plotted against the temperature.
For the investigation of the effective protein-protein interactions, the BSA LaCl3
co-salt systems were analyzed using small angle X-ray scattering SAXS. The data
was recorded at P-12 beamline, which is operated by the European Molecular
Biology Laboratory (EMBL) and located at the German Electron Synchrotron
(DESY). The applied setup involved a 10 keV highly focused X-ray beam (10'® pho-

tons per second) with the corresponding wavelength of A = 1.24 A™". The dimen-
sions of the beam were adjusted to a diameter of 120 x 200 pm? (full width at half
maximum). For all the carried out measurements, the sample to detector distance

was set to 3.1 m, yielding a @)-range of 0.003 to 0.7A7". Collection of the data
was facilitated by use of a 2 M Pilatus (Dectris) detector, placed at the end of
the evacuated flight tube [283]. Samples were prepared in advance and shipped in
chilled and appropriate containers to the EMBL facilities in Hamburg, Germany.
Loading and exchange of samples was done by use of a flow cell. The exposure
time was set to 0.004 s with each sample being illuminated for a total of 40 times.
The data obtained was first averaged azimuthally to obtain intensity profiles. The
intensity profiles were then background corrected. The correction of the obtained
data sets was performed by subtracting the corresponding salt solutions LaCl3
(10 mM) combined with the respective co-salt (NaCl and NaNO3) concentrations
5 to 500 mM. This background correction of the data sets was done utilizing a
MATLAB software.
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These background-corrected intensity profiles were then fitted by use of the

IGOR PRO 9 software together with the National Institute of Standards and
Technology (NIST) provided add-on [286]. To fit the data, a sticky hard spheres
potential (SHS) as developed by Baxter [274] was used combined with an ellip-
soidal form factor P(Q). The elliptical axes R, and R, were adjusted to 17 A and
55 A respectively.
The SHS potential, which represents a modification [273] of the square well po-
tential [401], is characterized by a hard sphere repulsion, for a spherical particle
of radius R, at a constant short-range attraction over a given distance A from the
particle surface. Provided the Percus-Yevick closure relation [273, 274], the SHS
interaction potential is given by

00 r<o=2R
pU(r) = —50:ln(}f2+4§) oc<r<o+A (9.1)
0 r>oc+A

with r denoting the particle spacing, whilst o denotes the diameter of the hard
spheres. Normalization to thermal energy is denoted as g = ﬁ The stickiness
parameter is given as 7 and the width of the square well is denoted as A. Con-
sidering the limit A — 0, this implies a limited range of attraction, causing the
hard spheres to adhere only upon direct contact. Utilizing this limit gives

B, 1

connecting the stickiness parameter 7 to the reduced second virial coefficient. Here
BY® = 167R?/3 represents the second virial coefficient for hard spheres of radius
R.

The second virial coefficient is given by

By =2m /000 drr?[1 —exp(U(r)/kgT)] (9.3)

whereby this is a simple yet efficient approach to quantify the prevailing effective
interactions. A negative value indicates attractive interactions whereas a positive
values indicates repulsive interactions [106]. However, the second virial coeffi-
cient must be treated with caution, as it only represents a simplified approach
for determining the existing effective interactions owing to the performed angular
averaging of the anisotropic proteins. The scattering length density was set to
7.32 x 1077 [A~?]. The background level was adjusted individually for each data
set. For all data, A (the width of the square well) was kept at 0.01 0.
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9.4 Results and Discussion

In order to gain a better understanding of the BSA-LaCl3 co-salt systems, phase
diagrams for both co-salts NaCl (Figure 9.1 a) and NaNO3 (Figure 9.1 b) at
RT (20 £ 3°C) were established. Therefore, the BSA concentration was fixed to
80 mg/ml, whilst the respective co-salt concentrations were varied between 1 and
100 mM. Both systems feature two transition concentrations ¢t* (highlighted by
blue diamonds) and ¢** (highlighted by magenta crosses) which enclose an LLPS
area (highlighted by black squares). The blue ¢* line identifies the transition from
a clear to an opaque solution, while the magenta ¢** line identifies the transition
from an opaque to a clear solution.

With increasing LaCl3 concentrations, the LLPS area expands towards higher co-
salt concentrations. This expansion towards higher co-salt concentrations is more
pronounced for the NaNOg3 system (see Figure 9.1 b), compared to the NaCl
system (see Figure 9.1 a). Taking a closer look at the LLPS area in the phase
diagram, a few differences can be seen. LLPS begins in the NaNO3 system (Fig-
ure 9.1 b) at 10 mM LaCl3 and 11 mM NaNQO3, whereas this co-salt concentration
is yet insufficient to cause LLPS in the NaCl system (Figure 9.1 a). In the NaCl
co-salt system, LLPS only starts at 15 mM LaCl3 and 20 mM NaCl. Continuing,
the lower LLPS limit is quite similar for both systems. In the NaNO3 system
(Figure 9.1 b), it shows a slight increase towards higher NaNO3 concentrations
and slightly higher LaCl3 concentrations (= 1 to 2 mM). For the NaCl system
(Figure 9.1 a) at 20 mM NaCl, a slightly higher concentration of LaCl3 is re-
quired to drive the system towards LLPS. This downward shift is possibly caused
by experimental deviations. Towards higher NaCl concentrations, the LaCl3 con-
centration remains around 15 mM. The upper LLPS boundary runs almost linear
in the NaNO3 system (Figure 9.1 b). It starts at 19 mM LaCl3 with 10 mM
NaNO3 and ends at 63 mM LaCl3 with 100 mM NaNO3. In the case of NaCl
(Figure 9.1 a), this linear increase is also recognizable, but not as pronounced.
Here, the upper LLPS limit starts at 20 mM LaCl3 with 20 mM NaCl and ends at
35 mM LaCl3 with 100 mM NaCl. Moreover, the t** transition for the BSA LaCl3
NaCl co-salt system has a less pronounced slope compared to the ¢t** transition
for the NaNOg3 system (see Figure 9.1 a and b). The ¢* transition on the other
hand, runs more or less similar for both diagrams (see Figure 9.1).

Following the phase diagrams, the LCST behavior of the BSA-LaCl3 co-salt sys-
tems was investigated. Therefore, the transition temperatures of the different
systems (BSA with 10 mM LaCl3 and varying co-salt concentrations) were mon-
itored, whilst simultaneously measuring the UV /vis absorbance between 500 and
800 nm. The received absorbance curves were summed and subsequently plotted
against the temperature. By fitting a ninth degree polynomial function to the re-
ceived data, the first derivative was obtained. Using this derivative, the obtained
major peak of this derivative was used to determine the transition temperature
(see Figure 9.2). The results for all samples are summarized in Figure 9.3.



139

(]
o

t* ——LLPS High
=" LLPS
 |----- LLPS Low

-~
o

(=2}
o

LaCl, (mM)
w S 3]
o o o

N
o

-
o

NaCl (mM)
100 - r T - : .

90 | t* ——LLPS High
—t* LLPS
----- LLPS Low

80
70 f
60
50
40 1
30
20 f

10} §—F——— i $
0 20 40 60 80 100
NaNO, (mM)

LaCl, (mM)

Figure 9.1: Phase diagrams for 80 mg/ml BSA with 10 mM LaCl3 admixed with
the co-salts NaCl (a) and NaNO3 (b) at RT (20°C+30C). The displayed lines
used to indicate t*, t** and LLPS are guides to the eye. Note that the co-salt
concentrations for NaCl and NaNO3 do start at 10 mM. Lower concentrations
were not considered. The data for this figure was adapted from reference [402].
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It is important to note, that a control sample which does not contain any co-
salt is shown as well (see Figure 9.3). The plotted error bars represent the full
width half maximum obtained by the first derivative of the cumulative absorbance
curves. Looking at the overall picture, all the BSA-LaCl3 co-salt systems inves-
tigated show the same trend towards a reduction in the transition temperature
(change of turbidity from an initially clear to an opaque solution), albeit to vary-
ing degrees. Apart from Na2SO4 (3.5 mM), the biggest deviation in the transition
temperature can be seen at 20 mM co-salt concentration (Figure 9.3). A further
increase in the co-salt concentration leads to an increase in the transition temper-
ature far above the initial transition temperature, determined without additional
co-salt. The initial transition temperature for the BSA-LaCl3 system without ad-
ditional co-salts was measured at a temperature of 37.9° C (see Figure 9.3). From
the observed transition temperatures for the different BSA-LaCl3 co-salt systems,
it can be deduced that the more chaotropic the ions are, the greater the reduc-
tion of the transition temperature, yielding an inverse Hofmeister series: SO427
6.92+1°C<Cl 7.14+1°C <Br 13224+08°C <NO3g 179+1.1°C<
SCN  25.56 £4°C,
with emphasize on the difference in the obtained respective transition tempera-
tures.

1000+
— 80 mg/ml BSA 1mM NaNO;
:i — " Degree polynominal
] 800+ First derivative of the fit
';' —— Transition Temperature
o .
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— .
L 400
-8 Transition Temperature:
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Figure 9.2: Representation for visualizing the UV /vis based transition temper-
ature analysis performed. Exemplary, the procedure is shown for the sample
80 mg/ml BSA with 10 mM LaCl3 mixed with 1 mM NaNO3. The light blue
squares show the summed absorbance values between 500-800 nm for increasing
temperatures (12 °C to 48 °C). Note that only every second data point is displayed,
and the light blue line is a guide to the eye. The black line indicates the polyno-
mial fit (9*" degree). The derivative of the fit is shown in magenta. The transition
temperature (35.2°C) was determined based on the peak of the derivative (red
line). The data and the corresponding fits were adapted from reference [403].
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At first, the ion-specific effects of the Hofmeister series were attributed to
the ions’ ability to affect the structure of water [116, 124, 393]. However, it
was then shown that the occurring hydrogen bonds between the individual wa-
ter molecules were not altered beyond the first hydration shell surrounding the
dissolved ions [396]. It was demonstrated that cosmotropic anions were able to
polarize water molecules engaged in hydrogen bonding to the macromolecule, thus
attenuating the hydrogen bonds between water molecules and the macromolecule.
Chaotropic anions on the other hand affect the hydrophobic hydration of non-
polar side chains by alternating the surface tension at the macromolecule-water
interface [393]. Thus, the chloride anion (Cl ) is an exception as it is known to
increase the surface tension [129)].

Previous studies investigating the Hofmeister series on lysozyme at low salt con-
centrations showed that chaotropic anions increase the cloud point transition tem-
perature due to ion pairing. Upon reaching a maximum transition temperature,
the temperature then decreased again owing to a reduction of the interfacial ten-
sion. The chloride ion (Cl ) was an exception to this behavior as the observed
transition temperature rose due to strong ion pairing. However, even at higher salt
concentrations the transition temperature continued to rise owing to an increase
of the interfacial tension. These experiments revealed that an inverse Hofmeister
series can be observed for protein salt systems [127, 129)].

Nevertheless, BSA systems involving multivalent salts (e.g. LaCl3, HoCl3 or
YCIl3) were characterized to possess a LCST behavior [144, 149] contrary to the
observed UCST behavior of lysozyme [129]. Therefore, as the data indicate (Fig-
ure 9.3), a reduction of the cloud point temperature is to be expected.

Beyond ion pairing of charged groups on the surface of macromolecules, uncharged
polar groups were also targeted as binding sites for anions [404, 405]. The com-
bination of these different competing effects yields a complex yet multifaceted
behavior of proteins when exposed to dissolved salts.

To further elucidate and possibly quantify the observed behavior of the BSA-
LaClg3 co-salt systems, a Langmuir type of binding was assumed to occur between
the dissolved anions and the proteins surface. Here, the anions are thought to act
similar to an ideal gas, which adsorbs on to an idealized protein surface having
unambiguous yet limited number of binding sites [116, 124, 129].

Therefore, the data obtained was approximated by use of Equation 9.4, which
contains besides the Langmuir binding isotherm, an additional linear term c. The
equation reads as follows:

Binag[M]e M
Ky + [M]ebM]”

T =Ty + c[M] + (9-4)

with 7Ty indicating the cloud point temperature of the BSA-LaCl3 mixture (from
clear to turbid) in pure water, without the addition of the respective sodium based
co-salts.
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Furthermore, the term c¢ represents a linear contribution to the temperature

trend obtained and correlates with the increase in surface tension of the anions.
M indicates the respective molar concentration of the salt. By deploying the term
e Ml the charge neutralization due to anion binding is taken into account. The
terms B,,., and K, indicate the affinity of the anions to the protein surface as
well as their effectiveness in changing the obtained transition temperature of the
respective BSA-LaCl3 co-salt systems [116, 124, 129].
The fits (dashed lines) to the obtained data (NaCl circles, NaNO3 triangles) are
shown in Figure 9.4. Subtraction of the linear term (7 + ¢[M]), yields Langmuir
binding isotherms with appearance similar to a saturation curve although with
different slopes and terminal values.
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Figure 9.3: UV /vis determined transition temperatures for 80 mg/ml BSA solu-
tions with 10 mM LaCl3 admixed with different co-salts (NaCl, NaNO3, Na2S0d4,
NaBr and NaSCN). The used co-salt concentrations range from 0.35 mM to 1 M.
The co-salt concentrations (mM) are displayed in a split axes format. The left
co-salt concentration axis is in linear scale (0 to 0.5 mM). The right co-salt con-
centration axis is in logarithmic scale (1 mM to 1 M). The transition temperature
(Y-axis) is shown in a linear format. The data for this figure was adapted from
reference [403].
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Based on the fitting of Langmuir shaped binding isotherms, the B,,.. values

were obtained, which can be regarded as a measure to quantify the effectiveness
of an anion to pair with the protein’s surface. In other words, this value indicates
the maximum decrease in cloud point temperature (°C) upon full ion pairing
between the anions and the charges on the protein’s surface. Comparing the
obtained B,,., values (see Table 9.1) with the observed UV /vis transition tem-
perature data (see P. 144 and corresponding Figure 9.3), this yields similar trends
of comparable magnitude. The more chaotropic anion (NO3 ) reduces the cloud
point temperature more than the Cl  anion. Hence, the NO3 anion exhibits
a stronger affinity to the protein’s surface than the Cl  anion. This observation
points to the intermediate result that the reduction of the cloud point is stronger,
as the chaortopic character of the anion is increased.
Recalling the experimentally ascertained law of matching water affinities [119,
120, 123, 124], which assesses the formation of ion pairs on the basis of hydration
enthalpies (—AH?) and charge (see Chapter 9.2) reflects the above-mentioned
trend of decreasing cloud point temperature coinciding with increasing chaotropic
character of the anions (see Table 9.1). Fundamental in this regard, however, is
the fact that weakly hydrated anions display a more pronounced affinity to the
surface of the protein molecules [116, 123, 129]. Concomitantly, this observation is
corroborated by the specific ionic surface tension (dvy/de¢;) in aqueous solution (see
Table 9.1). This metric is indicative of a change in surface tension in an aqueous
solution upon administration of an electrolyte concentration (mM).
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Figure 9.4: Langmuir isotherms, fitted to 80 mg/ml BSA samples admixed with
10 mM LaCl3 for increasing co-salt concentrations (mM) of NaCl and NaNO3.
The fitted Langmuir isotherms are shown as dashed lines in the respective color
of the co-salt. The data and the corresponding fits were adapted from reference
[403].
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A different picture emerges at higher salt concentrations beyond a concentration
of 20 mM (3.5 mM for Na2S0O4), as the cloud point temperature transitions from
a decrease to an increase (see Figure 9.3). In this regard, studies on RC of HSA
admixed with YCI3 and increasing concentrations of the co-salt NaCl revealed an
increase of the two concentrations ¢* and t** separating Regime I from Regime II
and Regime II from Regime III respectively. As a result, the entire phase diagram
has gradually moved to higher YCI3 concentrations [54].

Table 9.1: Comparison of B,,,, values to ion specific properties for the salts

NaCl and NaNO3. The data for this table was adapted from [403].

co-salt | Byax (°C) | —AH’kJ/mole] [406] | dy/dc; [mN/m - M] [407]
NaCl | 6.07 381 1.73

NaNOg | 18.48 314 1.21

The addition of the monovalent salt NaCl is suspected to alternate the binding
equilibrium of the multivalent salt YCI3 to the surface of the HSA protein, thus
resulting in an increase of the ¢* transition concentration, provided a fixed protein
concentration [54]. Transferring and applying this result now to the BSA LaCl3
co-salt systems indicates that the t* boundary is elevated, hence, the overall in-
teractions appear to be attenuated in favor of an increasing cloud point transition
temperature. Focusing now on the transition from Regime II to Regime III, the
change in t**, which is associated with an increasing NaCl concentration, is due
to a reduction in repulsion triggered by screening of charges [54].

Moving on from the UV /vis experiments, the focus will now be on the SAXS
experiments that were conducted. The SAXS measurements were performed to
obtain a better understanding of the effective protein interactions. Azimuthally
averaged intensity profiles were appropriately background corrected and subse-
quently approximated by use of a sticky hard spheres (SHS) potential [274] which
employs an ellipsoidal form factor P(Q) (for further information consult Chap-
ter 9.3 and 5.1.1). The obtained results for 80 mg/ml BSA admixed with 10 mM
LaCl3 and varying concentrations (5 to 500 mM) of either NaCl or NaNO3 at
20 £ 2°C are depicted in Figure 9.5 a and b respectively. In Figure 9.5, the SHS
fits to the data are shown as solid black lines. The By/B4® values obtained from
the fit of the data are shown in Figure 9.6 a. The analysis of the inverse intensity
at low-Q (1/1(Q" — 0)) is shown in Figure 9.6 b.

Looking at the obtained SAXS curves, it becomes apparent that with increasing
co-salt concentrations, the low-() intensities decrease. This initial intensity de-
crease can be equated to a gradually emerging repulsion which increases as the
co-salt concentration (mM) increases (see Figure 9.5). This increasing repulsion
is reflected in the obtained By/BY® analysis (see Figure 9.6 a). Nevertheless,
the effective interactions are initially attractive and then transition to repulsive
interactions for higher co-salt concentrations (see Figure 9.6 a).
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Figure 9.5: (a, b) SAXS data with SHS model fits (solid lines) for aqueous
samples, containing 80 mg/ml BSA admixed with 10 mM LaCl3 with increasing
co-salt concentrations 5 to 500 mM, measured at 20 £ 2°C. In (a) NaCl was used
as a co-salt, whereas (b) shows the obtained data using NaNO3 as a co-salt. For
clarity, only every fifth data point is displayed. The graph is shown in a double
logarithmic format.
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At intermediate @-values (Q =~ 0.4 A_l), the scattering curves overlap and
decrease further with increasing ()-values until they level off at approximately the
same intensity (a.u.). This shows across all measured samples, that the protein
concentration is accurately adjusted to 80 mg/ml and has no major fluctuations.
In general, the overall shape of the scattering curves appears to be the same for
all samples measured. However, small differences can still be recognized. For
example, an over correction of the data is particularly evident at higher NaCl
concentrations (50 to 500 mM). This can be recognized by the fact that the curve
initially rises at low-(@) values, eventually remains constant and then decreases
within the intermediate ()-range superimposed with the other scattering curves
(see Figure 9.5 a). A different picture emerges for the scattering curves of NaNO3.
Here, aggregate formation is evident at 5, 50, 100 to 500 mM co-salt concentration.
This can be identified by an initially different gradient at low-() values. The
gradient then changes and the curves in question resemble the global shape again
(see Figure 9.5). These mentioned difficulties certainly influence the fit of the
ellipsoid SHS potential and therefore the obtained By / BIQ{S values, which will be
discussed in the following.

As to be seen in Figure 9.6, the By /By curve for NaCl resembles a sigmoidal shape
whilst the curve for NaNO3 deviates more from this shape. Initially, at low co-
salt concentrations the By /BY® values indicate for attractive effective interactions
amongst the BSA protein molecules. Then the By/ BES values gradually increase
with higher co-salt concentrations and transition from a negative By/BY® value to
a positive BQ/BES value at approximately 150 mM for NaNOg3 and 200 mM for
NaCl. These co-salt concentrations mark the turnover from attractive to repulsive
interactions for both NaCl and NaNO3. Interestingly, the By/ 132HS curve of NaNO3
is quite similar to that of NaCl given lower concentrations, but shows an anomaly
at 50 mM. Here, the By/BY® value of NaNO3 remains constant between 20 and
50 mM. Moreover, the By/BY® curve of NaNO3 runs below the one of NaCl for
low concentrations (between 5 to 50 mM). At higher concentrations it is the other
way around. However, the final By/BY® value at 500 mM is comparable for both
systems, yet the By/BY® value for NaCl is higher than that of NaNO3.

As to be seen in Figure 9.6 a, the obtained By /B values between 5 and 20 mM
(for NaCl) and between 5 and 50 mM (for NaNO3), respectively, are below the
predicted By /B value of —1.56 (see Table 9.2), which marks the theoretical limit
for LLPS at the critical point [106].

To complement these results, an inverse intensity analysis is performed, which is
referred to below as 1/1(Q" — 0) and does not require the approximation of a
model to the obtained scattering data (see Figure 9.6). Here ()’ denotes the value

of @ =0.0134 Afl, used for this analysis.
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Figure 9.6: (a) Reduced second virial coefficients (By/BES) and 1/I(Q' — 0)
(inverse intensity) behavior (b) for samples containing 80 mg/ml BSA admixed
with 10 mM LaCl3 and varying co-salt concentrations ¢, (mM) of NaCl (yellow)
and NaNO3 (purple). Here ()’ corresponds to a value of 0.0134 A", Note that the
co-salt concentrations are displayed in a logarithmic format. On the contrary, the
axis indicating the reduced second virial coefficients (a) and the axis indicating the
inverse intensities (b) are displayed in a linear scale. The respective error values
are smaller than the markers and are not plotted for clarity. The lines connecting
the respective markers are guides to the eye.
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This approach can be described by the following equation:

1 1
Q= 0) ~5(Q = 0)

thus, connecting 1/1(Q" — 0) to the inverse of the structure factor near the origin
1/5(Q — 0) with the second virial coefficent By [28, 263, 277]. Further details on
this approach can be found in Chapter 5.1.8. The 1/1(Q" — 0) curves for NaCl
and NaNO3 exhibit the form of an exponential function, unlike the sigmoidal one
obtained when analyzing B,/B5°. Nevertheless, NaNO3 also shows minor devi-
ations in the curve progression, which are comparable to the ones found in the
sigmoidal curve for By/BY® (see Figure 9.6 a and b). Initially, the 1/1(Q" — 0)
values decrease from 5 to 10 mM for NaNO3, which indicates phase separation
accompanied by aggregate formation upon further increase of the co-salt concen-
tration. Beyond this minimum at 10 mM NaNO3, the curve increases step wise,
with comparable values for 20 and 50 mM, before the curve continues to increase
in an exponential function type of shape.

Connecting the results from UV /vis measurements with those from SAXS ex-
periments does not provide a clear and consistent outcome. Based on the phase
diagrams (see Figure 9.1) and the UV /vis measurements (see Figure 9.3), it would
be expected that a similar behavior can be seen in the SAXS data. This would
imply that the effective interactions initially become stronger (more attractive)
with increasing co-salt concentration, up to about 20 mM. However, the SAXS
data do not reflect this type of behavior (see Table 9.2 and Figures 9.5 and 9.6).
Increasing the co-salt concentration further would yield more and more repulsive
interactions. In accordance with an inverse Hofmeister series, it would be expected
that the effective interactions are stronger for NaNO3 than for NaCl. Thus, the
latter case is confirmed by the SAXS data, even if the difference is quite small
compared to the differences observed in the cloud point temperatures measured
in UV /vis experiments. Table 9.2 summarizes this discrepancy between UV /vis
and SAXS data quite well. The strongest reduction in cloud point measurements
was observed at 20 mM co-salt concentration with a reduction of ~ 7 +1°C
and = 18 £+ 1.1°C for NaCl and NaNO3 respectively. However, the SAXS data
do not reflect this type of behavior (see Table 9.2 and Figures 9.5 and 9.6). At
20 mM, the SAXS analysis resulted in a second virial coefficient of ~ —1.6, which
is within the theoretical limit for LLPS [106], i.e. the sample is still located within
regime II. Yet the lowest value of the second viral coefficient is found at 5 mM
co-salt concentration with ~ —1.7. Here, the reduction of the cloud point temper-
ature is less pronounced with ~ 4 £1.22°C (NaCl) and ~ 8.5 +1.55°C (NaNO3),
corresponding to a difference of approximately 4 °C for NaCl and 12 °C for NaNO3
when compared to the 20 mM values (see Table 9.2).

=1+2Byp+..., (9.5)
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Table 9.2: Comparison of the transition temperature values for samples contain-
ing 80 mg/ml BSA with 10 mM LaCl3 and a co-salt (either NaCl or NaNO3)
concentration of 20 mM (UV /vis) with the corresponding second virial coefficient
values (SAXS). The additional columns on the right indicate the lowest obtained
second virial coefficient values, the matching co-salt concentration (mM) and the
matching transition temperatures. The UV /vis data was adapted from [403].
co-salt | [mM] | Tyirans [° C] B, [mM] | Tirans [° C] B,
NaCl | 20 31+£1 —1.58 | 5 33.9+1.22 | —1.72
NaNO3 | 20 20£0.8 —1.60 | 5 29.4+£1.55 | —1.77

Furthermore, an influence of the LaST cations on the previously elaborated
effects can be ruled out. This can be deduced from an earlier study which con-
ducted investigations on BSA-LaCl3 as well as BSA-La(NO3)3 systems, revealing
a significant difference in phase behavior between the two salts [65]. The observed
difference could ultimately be attributed to a stronger affinity of NO3 to the
protein surface compared to Cl  anions, causing an increased attraction between
the protein-cation complexes. Simultaneously, the binding of LaSt
proteins surface was not impaired by ClI  and NO3  anions [65].

cations to the

9.5 Conclusion and Outlook

Nevertheless, the SAXS results show a certain tendency to support the reduction
in cloud point temperature shown by the UV /vis measurements. As expected
and also discussed in detail, the co-salt NaNOg3 shows stronger effective interac-
tions than the co-salt NaCl, thus confirming the inversion of the Hofmeister series
for the investigated systems. However, the SAXS results obtained should not be
exaggerated. The discrepancy shown between the reduction in cloud point tem-
perature at 20 mM and the values of the second virial coefficient are ambiguous.
A similar mismatch between second virial coefficient and cloud point reduction is
evident at a co-salt concentration of 5 mM (see Table 9.2).

The increase of cloud point temperature at higher co-salt cocnentrations i.e. be-
yond 20 mM is thus reflected in the SAXS data (see Figures 9.5 and 9.6). The re-
sults obtained from UV /vis cloud point temperature measurements yielded a pro-
nounced reduction upon addition of different sodium based co-salts of the Hofmeis-
ter series (Na2S04, NaCl, NaBr, NaNO3 and NaSCN) to a BSA (80 mg/ml) LaCl3
(10 mM) system. Adding these co-salts reduced the cloud point temperature in
every system without exception. The lowest temperature i.e. the strongest re-
duction was to be found at a co-salt concentration of 20 mM co-salt. At higher
co-salt concentrations, the cloud point temperature increases again. It turned out
that the chaotropic salts cause a greater reduction in the cloud point temperature
than the cosmotropic salts.
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This indicated that the reduction in cloud point temperature follows an inverse
order of the Hofmeister series: SO42_ <Cl <Br <NO3g <SCN .
In the case of low salt concentrations, the anions bind to the protein surface with
specific affinity, thus changing the effective interactions among them. Upon ex-
ceeding a critical co-salt concentration, the effective interactions gradually increase
in repulsiveness, owing to a shift of the t* border to higher salt concentrations. As
a result, the BSA LaCl3 co-salt system is forced out of regime II into regime I.
Due to the ambiguous results, further experiments are advised. Therefore, addi-
tional and systematic SAXS experiments would aid to gain more profound insights
to the effective interactions induced by co-salt addition to the BSA LaCL3 sys-
tem. Similarly, to the conducted SAXS experiments, the co-salts NaNO3 and
NaCl should be represented. However, NaSCN induced the strongest reduction of
the BSA LaCl3 system and should be included in the investigations. In line with
the systematic approach, preparation and experiment should be executed within
a reasonable temperature frame. Here, it would be ideal to measure at 10°C and
monitor the changes in effective interactions owing to co-salt addition, eliminat-
ing influence induced by temperature. With these three co-salts, the Hofmeister
series is adequately represented, which would suggest a qualitative statement.
Temperature controlled SAXS experiments would also yield interesting data, as
then the cloud point reduction over a span of 36 °C, as observed by UV /vis, could
be reproduced. However, highly focused X-ray beams as to be found at syn-
chrotron facilities yield non-negligible radiation damage to the sample [408-410].
This could be reduced if several different spots on a sample are measured. Ap-
plying a temperature ramp of 0.5°C would require plenty of samples and/or an
excessive measurement time despite the work around of having multiple spots
available. Similarly, adjusting the heating ramp to a much steeper increase would
also yield disbalances of the sample thermal equilibrium or would yield unwanted
aggregation of the protein [410]. Moreover, it is advisable to include additional
background measurements in order to be able to subtract these from the measured
data. Importantly, these circumstances should be considered in future measure-
ments.

All in all, systematic SAXS measurements of the BSA LaCl3 system with the
three different co-salts NaCl, NaNO3 and NaSCN at 10°C are advised.
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Conclusion and Outlook



Chapter 10

Conclusion

The following chapter summarizes the most important results of the research dis-
cussed in this thesis. The subsequent Chapter 11 provides an outlook on future
research projects.

The aim of this work was to gain a deeper understanding of the role of specific and
non-specific effective interactions of proteins in solution caused by the use of dif-
ferent additives, such as salts or polymer. In this case, the term salt has a broader
definition, as both cations and anions were subject to the research presented here.
Changing the salt or polymer concentration offers a simple yet efficient way to
tune the phase behavior of proteins. The predictive interactions were determined
by potential fits to SAXS measurements, which were used to evaluate the reduced
osmotic second virial coefficient By /B, This coefficient serves as a measure to
quantify the protein-protein interactions. Negative By/BYS values are indicative
for attraction whereas positive values indicate repulsion.

Chapter 7 of Part IV investigates the behavior of the globular, negatively charged
proteins [-lactoglobulin (BLG), bovine serum albumin (BSA), human serum al-
bumin (HSA) and ovalbumin (OVA) in the presence of the trivalent salt hexamine
cobalt (IIT) chloride ([Co(NH3)g]Cl3). The trivalent hexamine cobalt (III) cation
(Hac) differs from other trivalent cations due to its six covalently bonded octa-
hedrally arranged NH3 groups. Prior to this thesis, it has been reported that
trivalent salts such as YCI3 or LaCl3 induce reentrant condensation (RC) phase
behavior of these proteins. Similarly, Hac was reported to induce RC phase be-
havior of deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). RC phase be-
havior is characterized by a neutralization of the protein’s surface charge followed
by a charge reversal. Three different regimes (I, II, III) emerge, with regime II
(medium salt concentration) beeing characterized by an opaque and turbid ap-
pearance due to protein clustering and aggregation. In addition, this regime is
sometimes associated with liquid-liquid phase separation (LLPS). Within regime I,
the salt concentration is insufficient (low) to induce a phase transition, the proteins
repel each other (net negative surface charge), and the solution appears clear. In
regime IIT (high salt concentration) the cations not only screen the protein’s sur-
face charge but invert it, yielding a macroscopically clear solution. The proteins
repel each other due to same sign (positive) charges (see Figure 1.5).

RC phase behavior of proteins in small angle X-ray scattering (SAXS) experiments
is characterized by an increasing intensity at low () values, followed by decreas-
ing intensity within the same @-range, provided that the protein concentration
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remains constant whereas the salt concentration is increased continuously. The
results show that Hac is unable to induce both; a phase transition and RC phase
behavior for all proteins studied. However, a new phenomenon called reentrant
interaction (RI) was found for BLG. RI shows a similar behavior in SAXS exper-
iments (see Figure 7.2) but lacks sufficiently low reduced second virial coefficient
values (see Figure 7.3), which would be necessary for a phase transition to occur.
Importantly, a phase transition would be coupled to a transition from regime I
to regime II, which would be indicative for RC behavior. Static light scattering
(SLS) and dynamic light scattering (DLS) measurements support RI behavior of
BLG (see Figures 7.5 and 7.6). Considering the cation radius of Hac in comparison

to other cations such as Y31 or La3+, it becomes apparent that the ion radius
of Hac is about four times larger. Thus, the absence of a phase transition and
ultimately RC phase behavior for the Hac-BLG protein system is consistent with
the observation that with an increasing ion radius the strength of the ion-protein
interaction decreases. Visually, no phase transition could be observed either. The
solution appeared clear at all times apart from a yellow discoloration which inten-
sified with increasing salt concentrations. This change of color can be ascribed to
the orange color of the salt (see Figure 7.1). Comparing the interaction of BLG
with YCI3 and Hac with DNA /RNA reveals an interesting difference. It has been
reported that the solvent exposed carboxyl side chain of BLG interacts with the
Y3+ cations whereas Hac establishes additional hydrogen bonds when interacting
with DNA/RNA (see Figure 7.7).

However, weak interactions between Hac and protein might still occur, as con-
firmed by SLS and DLS measurements (see Figures 7.6 and 7.5), but the observed
oligomers (dimers/trimers) are not big enough to visually opacify the solution,
nor to promote a phase transition.

The subsequent results Chapter 8 investigated the behavior of BSA and HSA
in the presence of different polethylene glycol (PEG) concentrations w/V% and
100 mM NaCl. The two proteins BSA and HSA are similar counterparts from
two different mammalian species. However, despite their similar size, shape, func-
tion and sequence identity (=~ 76 %), their slight differences result in completely
different crystallization behaviors. This different crystallization behavior was in-
vestigated in the work presented here.

A previous study by Maier et al. [365] showed, that both proteins exhibit RC
phase behavior in the presence of CeCl3. In addition, SAXS measurements re-
vealed comparably low reduced second osmotic virial coefficient values By/BY® for
both proteins (see Figure 8.6 a). By/BY® values serve as a measure to capture and
quantify the attraction between the dissolved protein molecules. In accordance
with the literature, it has been established, that a crystallization window is to
be found in close proximity to the metastable critical point of LLPS. Typically a
range from —10 < By/B#% < —1 is ascribed to this crystallization slot. Despite
the sufficiently low By/ BQHS values, only the HSA-CeCl3 system showed crystal-
lization, whereas the BSA-CeCl3 system did not.
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Switching the interactions from specific (salt CeCl3) to non-specific (polymer) in-
verts the crystallization behavior; BSA crystallizes whereas HSA does not. Com-
parably to the study conducted by Maier et al. [365], SAXS experiments revealed
that both proteins feature similarly low By/By° values (see Figure 8.6). Again,
the obtained By/BY® values for both systems correspond to the aforementioned
crystallization range, however, only the BSA-PEG system crystallized whereas
the HSA-PEG system did not (see Figure 8.2 ¢ and Figure 8.1). Single crystal
X-ray diffraction confirmed a Cy space group in accordance to a previously re-
ported BSA structure of Majorek et al.. The conducted systematic analysis of the
crystal surfaces for BSA and HSA crystals clearly indicates that, compared to its
bovine counterpart, HSA utilizes a relatively larger fraction of its surface for the
formation of crystal contacts. In addition, HSA utilizes more of its residues and
thus offers a broader spectrum of possibilities to establish attractive interactions
(see table 8.2). BSA on the other hand, predominately crystallizes via non-specific
depletion interactions whereas HSA does not. The results obtained indicate that
the two proteins require different crystallization strategies despite their similari-
ties.

The provided phase diagrams for both proteins in the presence of PEG 3, 350 and
100 mM NaCl support this finding (see Figure 8.1). Interestingly, the observed
phase behavior can be ascribed to the depletion effect. By use of SAXS measure-
ments, a size ratio of ¢ = 0.3 could be determined (see Figure 8.3). In accordance
to literature, a ¢ value of ~ 0.3 indicates for the colloidal limit to be applied.
Moreover, the observed phase behavior is in line with colloid-polymer theory in
the picture of the depletion interaction. Results revealed an agreement between
the theoretical and experimental phase diagrams suggesting that the phase be-
havior can be attributed to simple interactions such as depletion interactions.

In Chapter 9 the effects of the monovalent salts NagSO4, NaCl, NaBr, NaNO3
and NaSCN on the BSA-LaCl3 system are investigated. The phase diagrams for
the two BSA-LaCl3 co-salt systems (NaCl or NaNO3) are provided in Figure 9.1.
In order to obtain these phase diagrams not only the co-salt concentrations were
altered but also the LaCl3 concentrations.

Adding various co-salts (Na2S04, NaCl, NaBr, NaNO3 and NaSCN), whose an-
ions belong to the Hofmeister series, to this BSA-LaCl3 system not only shows
LLPS (see Figure 9.1), but also a lower critical solution temperature (LCST) be-
havior.

The list of anions developed by Hofmeister arranges the anions in an order ranging
from cosmotrope to chaotrope. Cosmotropic anions like SO427 reduce the solu-
bility of proteins, whereas chaotropic anions such as SCN  increase the solubility
of proteins. A complete enumeration of the Hofmeister series for anions is to be
found in Chapter 9.2.

LCST describes the occurrence of LLPS induced by an increase in temperature.
Consequently, the substances contained in such a mixture are miscible as long as
the temperature remains below a certain transition temperature. UV /vis cloud
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point measurements showed, that the anions exert a significant influence on the
transition temperature, following an inverse Hofmeister series (see Figure 9.3).
This implies that the stronger the chaotropic character of an anion, the more
the transition temperature decreases. This finding is supported by the provided
Langmuir fits to the obtained UV /vis cloud point measurements (see Figure 9.4).
Moreover, this finding is in accordance with the law of matching water affinities.
This law describes the ion pair formation for chaotropic and cosmotropic ions on
the basis of their respective hydration enthalpies. Therefore, the tendency to form
pairs is greater if the hydration enthalpies are more or less equal. If this concept is
transferred to proteins in solution, chaotropic or cosmotropic side chain residues
are obtained on the surface of the proteins. It turns out that weakly hydrated
(chaotropic) anions have a greater affinity to the surface of the proteins (see ta-
ble 9.1).

Prior to this thesis M K. Braun et al. [65] reported, that LaCl3 induces RC phase
behavior in BSA solutions. Based on this information, samples for SAXS mea-
surement were kept within regime II by adjusting the LaCl3 concentration to
precisely 10 mM and only the co-salt concentration was altered. Moreover, the
measurements were carried out at RT. Although the results of the SAXS mea-
surements (see Figure 9.5) are ambiguous, they support the observation, that the
anion NO3 induces stronger effective interactions compared to the chloride anion
(C1 7). The ambiguity arises because the obtained By /B values (see Figure 9.6)
do not coincide with the observed cloud point measurements (see Figure 9.3). Es-
sentially, the By/BY® values are expected to be the lowest (attractive) exactly at
that co-salt concentration at which the UV /vis cloud point measurements deter-
mined the lowest temperature of the LCST behavior (see Figure 9.3). However,
the By /B values indicate, that a significantly lower salt concentration is much
more attractive. Increasing the co-salt concentration further decreases attraction
and increases repulsion (see Figure 9.6). Therefore, further temperature controlled
SAXS measurements are advised. This is discussed in more detail in the following
Chapter 11.

All in all, the aim of this work was to contribute to a comprehensive understand-
ing of the effective interactions of proteins. Relevant protein-protein, protein-salt
and protein-polymer interaction behaviors were investigated and characterized.
The scientific results presented show, that not only the charge is decisive for the
interaction of cations with proteins, but also the size and, in the case of Hac,
the ability to establish hydrogen bonds. Furthermore, BLG revealed a new effect
of RI. The investigation of BSA and HSA in the presence of the polymer PEG
showed that BSA requires non-specific interactions for crystal formation. HSA,
on the other hand, is more diverse and utilizes more of its residues and thus offers
a broader spectrum of possibilities to establish attractive interactions, which are
often of a specific nature. The investigation of BSA-LaCl3 under the influence of
co-salts shows that not only cations but also anions have a significant influence
on the behavior of proteins. Different concentrations of co-salts reduce the LCST
to different degrees thereby following an inverted Hofmeister series for anions.



Chapter 11

Outlook

Although various scientific questions have been answered by the work presented
in this thesis, others remain open. This section summarizes open questions and
provides an outlook on possible future research projects.

As already described in Chapter 7, the hexamine cobalt(III) cation has six cova-
lently bound ammonia ligands (NH3), which are arranged octahedrally around the
central cobalt atom. These covalent bound NH3 groups appear to be fundamental
for the interaction of Hac with DNA and RNA, as previously discussed [329]. For
the interaction of Hac with proteins, these NH3 groups may hinder a co-ordination
type of interaction. This aceptor-donor type of interaction was previously dis-
cussed on the basis of BLG interaction with Y31 [59, 349]. Therefore, conducting
similar experiments with a Hac derivative e.g. a trivalent cobalt salt with only
five bound NH3 groups could help to understand this behavior. One of the possi-
ble derivatives could be the pentaaminaquacobalt(III) ion (Co[(NH3)5(H2 O)]3+),
which, however, has to be produced experimentally. Apart from this, there is only
a limited number of alternatives, most if not all hydrolyze to divalent cations when
dissolved in water. Apart from cobalt (Co) other elements such as Ru, Rh or Ir
are reported to form comparable complexes [255], however close attention has to
be devoted to the ion radii as it has been reported that an increase in the ion
radius is accompanied by a reduction in attraction [344].

The work presented on the role of specific and non-specific interactions in the
crystallization behavior of BSA and HSA protein solutions clearly shows the dif-
ferences in the crystallization strategies (see Chapter 8). HSA crystallizes when
sufficient concentrations (mM) of CeCl3 are added, while BSA does not (Maier et
al. [365]). The HSA crystallization mediated by CeCl3 is due to specific interac-
tions in accordance with the donor-acceptor principle. BSA, on the other hand,
crystallizes in the presence of PEG supplemented with 100 mM NaCl, which is
due to the non-specific depletion effect. Under these experimental conditions,
HSA does not crystallize.

These results provide a starting point for further research on crystallization and
kinetics. In particular, whether the observed BSA crystallization occurs in a one-
step or two-step process. In addition, the BSA crystals did not always grow into
large single crystals, but occasionally into small needle-like crystals. However,
the reproducibility of these needle-like crystals proved to be complicated due to
unpredictable appearance. The characterization and identification of the precise
and exact conditions of these needle-like crystals require extensive experimental



157

investigations, which are not within the scope of this work. Nevertheless, the
information shown in this work could help to further constrain the conditions re-
quired for needle-like crystal growth in order to complement the BSA-PEG NaCl
phase diagram.

Several SAXS measurements contained Bragg reflections which originated from
these needle-like BSA crystals. Yet again, the reproducibility hindered progress
on this matter. Approximating the Bragg reflections with the GSAS-II software
suggested a potential new space group for BSA. These results could not be repro-
duced and require extensive further experiments. Further research could therefore
focus on the kinetics and the characterization of these needle-like BSA crystals in
more detail.

Continuing, the investigated BSA /HSA protein-PEG NaCl systems could be inter-
esting for X-ray photon correlation spectroscopy (XPCS) measurements. XPCS
could provide further insights to the diffusion behavior and provide new insights
on the LLPS behavior as well.

Another interesting addition to this work would be to change the solvent from
H20 to D20. This change in solvent is expected to alter the phase behavior, even
if only slightly. Moreover, this change of solvent would enable small angle neutron
scattering experiments (SANS), which could help to characterize this system even
further. Unlike X-rays, neutrons are scattered by the atomic nucleus and not by
the electrons, which is why the information obtained is different and contributes
to a better understanding.

Chapter 9 reports on the progress on the specific co-Ion effects of globular protein
solutions with trivalent Salts (BSALaCl3 admixed with co-salts). Due to the am-
biguous results arising from the disagreement between UV /Vis cloud point mea-
surements and the results of the SAXS analysis, a recommendation for additional
SAXS measurements is therefore already included in Chapter 9.5. The ambigu-
ity arises from the fact that the reduction in cloud point temperatures (UV/vis
measurements) does not correspond to the By/BS® values obtained from the ap-
proximation of the SAXS data obtained by the SHS potential. Hence, additional
SAXS measurements either at 10°C or temperature controlled, with a compara-
ble temperature range to the conducted UV /vis measurements are advised. In
addition, the salt NaSCN should be represented in future SAXS measurements,
as it induced the strongest reduction of the LCST.

Apart from further SAXS measurements, a solvent exchange from H20 to D20
could yield interesting new data. This exchange in solvent would allow not only
to compare the phase diagrams but also for SANS measurements. SANS measure-
ments could provide data regarding the hydration of the protein and the influence
on the hydration exerted by the co-ions. This idea is related to the law of match-
ing water affinities, which is argued on the basis of changes in hydration enthalpy
and has been used to explain the experimentally observed decrease in transition
temperatures. The different scattering methods could provide new, otherwise
hidden information that could contribute to the further characterization of the
BSA-LaCl3 co-salt system.
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Taken together, this work shows that proteins are highly complex molecules which
react very sensitively to their ambient medium. Even the smallest changes in vari-
ous physio-chemical values such as pH, charge, temperature or even pressure exert
major effects and influence their phase behaviour. Therefore, the understanding
of protein phase behaviour is important especially in a medical context. For ex-
ample, unwanted aggregation or crystallization represent a clinical condition. In
order to treat diseases, therapeutics such as vaccines, which involve functional
proteins in solution, are required to be stable in order to exert the desired curing
effect accordingly. Stability of the protein solution can thus be influenced by ad-
dition of salts or other additives. The proteins investigated here can therefore be
regarded as models that not only allow the knowledge acquired to be expanded,
but also to be transferred to more complicated and complex proteins.
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