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Abstract

Proteins are crucial and substantial for life. Their functions range from transporting
molecules, being responsible for muscle movement to structural functions, e.g., in
hair. Thereby, the form of the proteins strongly determines their function. Proteins
are commonly divided into four subgroups (globular, disordered, fibrous, and mem-
brane proteins) based on their structure with globular and membrane proteins being
the focus in this work. Generally, globular proteins are spherical, water-soluble pro-
teins and can show a rich phase behavior, including aggregation, liquid-liquid phase
separation (LLPS), reentrant condensation (RC), and crystallization upon adding
multivalent ions. Hence, understanding and being able to manipulate the phase be-
havior of proteins (e.g., through the addition of multivalent salts) is vital for a wide
field of research. On the one hand, protein condensation is desired, since protein
crystals are the basis of most structural resolution of proteins, giving hints toward
their function. On the other hand, for example the formation of amyloid fibrils
within the human body may result in diseases such as Alzheimer.

This dissertation aims to fulfill two main goals: As a first step, characterizing the
respective protein-multivalent ion system, including determining the interactions
and phase behavior, and as a second step, determining the respective crystallization
pathway, i.e., the kinetics. In this regard, several theories exist that attempt to de-
scribe and predict the crystallization process (classical and nonclassical). However,
these theories cannot be applied to every system, since no general crystallization
pathway exists and even similar systems can crystallize following different crystal-
lization pathways. In a classical process, the two parameters, structure and density,
change simultaneously during crystallization, whereas in nonclassical crystallization,
some kind of intermediate phase (such as the dense liquid phase after LLPS or clus-
ters) exists in between the initial solution and the final crystal. To elucidate the
protein phase behavior and crystallization pathway, different systems of negatively
charged globular proteins in the presence of multivalent cations were investigated.
Considerable parts of the present thesis are based on three own publications in peer-
reviewed scientific journals.

In the beginning, the model systems containing the protein human serum albumin
(HSA) with the salts CeCly and YCl3 were studied in detail to gain an overview of
the phase behavior. Further, conditions inside and outside the region in the phase
diagram where LLPS occurs were investigated in order to determine the role of the
dense, protein-rich phase on the (nonclassical) crystallization pathway. A proposed
nucleation within the dense phase, as suggested by simulations and theory, was
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tested for its validity by the experiments performed for this system. In contrast
to the predictions, the data led to the surprising conclusion that nucleation takes
place within the dilute, protein-poor phase, and that the dense phase only acts as
a reservoir. During crystal growth within the dilute phase, this reservoir of dense
phase dissolves and facilitates further crystal growth.

Second, the two homologous proteins HSA and bovine serum albumin (BSA) were
studied with CeCls in solution and at a net negatively charged, hydrophilic surface
to investigate their phase and adsorption behavior. These are crucial experiments
to investigate the differences and similarities between these extremely similar pro-
teins as well as to determine the driving force of crystallization, since only HSA
was reported to crystallize in the presence of multivalent ions. While both proteins
showed a similar phase behavior including RC and LLPS, the LLPS binodal was
shifted toward much higher protein concentrations (c,) in the case of BSA. These
results indicate weaker intermolecular attractions for BSA, which was further sup-
ported with small-angle X-ray scattering (SAXS) experiments. Consistent with the
literature, only HSA crystallized within the condensed regime in the respective phase
diagram. Since HSA is slightly more hydrophobic than BSA| this behavior was at-
tributed to additional hydrophobic interactions of HSA, which not only strengthen
the attractions, but also provide additional oriented protein-protein contacts due to
the hydrophobic patches, favoring crystallization. In turn, quartz-crystal microbal-
ance with dissipation (QCM-D) data show that at a hydrophilic surface, a higher
amount of the more hydrophilic BSA was adsorbed. Hence, even though the general
protein phase behavior is strongly determined by electrostatic interaction due to ion
binding and ion bridging, additional interactions such as hydrophobic interactions
cannot be neglected, in particular when it comes to crystallization.

Third, the model system [-lactoglobulin (BLG) with CdCly was studied in D,O by
real-time small-angle neutron scattering (SANS) and optical microscopy to shed light
on the role of a preordered, metastable intermediate phase (MIP) in a nonclassical
two-step crystallization process. With these techniques, it is possible to characterize
the MIP during crystallization. A broad SANS peak was visible directly after prepa-
ration, indicating a correlation of the proteins within the clusters. Since the quantity
of MIP and the characteristic length scale within these clusters evolved during crys-
tallization, it was concluded that the proteins can still rearrange /reorient within the
MIP, but that preordered domains with a length scale slightly larger than typical
protein-protein distances within the crystal lattice serve as crystal precursors. In
contrast to the dense droplets of the HSA system in the first result part, this MIP
serves as a crystal precursor and due to its preordered nature, the system follows a
completely different nonclassical crystallization pathway.

Finally, a topic that is not necessarily connected to the phase behavior and non-
classical crystallization of proteins was approached. Here, so-called nanodiscs, which
are composed of a lipid bilayer surrounded by a polymer belt, were studied. These
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nanodiscs are a promising tool to investigate membrane proteins in their native
state, including techniques amenable for soluble proteins as well as crystallization
and structural resolution of the membrane proteins. However, a complete charac-
terization of the behavior of the nanodiscs is still lacking. For this purpose, different
compositions of two polymers (styrene maleic acid (SMA) and diisobutylene maleic
acid (DIBMA)) with the same lipid dimyristoyl-phosphocholine (DMPC) were mixed
and characterized by dynamic light scattering (DLS) and SAXS. Using the two dif-
ferent polymers resulted in different structural arrangements of the nanodiscs. In
addition, structural effects due to increasing polymer concentration and decreasing
temperature were investigated. These results enable the biophysical and chemical
investigation of membrane proteins in a much more controlled way.






Zusammenfassung in deutscher
Sprache

Proteine sind ein wichtiger und substanzieller Bestandteil fiir jegliches Leben. Thre
Funktionen reichen vom Transport von Molekiilen iiber Muskelaktivitét bis hin zu
strukturellen Funktionen wie z.B. in Haaren. Dabei bestimmt die Form der Proteine
deren Funktion. Typischerweise werden Proteine in vier Gruppen entsprechend ihrer
Struktur unterteilt: globuldre, ungeordnete, faserférmige und Membranproteine. In
dieser Arbeit werden globulére Proteine und Membranproteine behandelt. Globulére
Proteine sind sphérische, wasserlosliche Proteine, die ein vielfaltiges und komple-
xes Phasenverhalten in Gegenwart von multivalenten Salzen aufweisen. Dieses kann
Aggregation, fliissig-fliissig Phasentrennung (engl.: liquid-liquid phase separation,
LLPS), “Reentrant Condensation” (RC) und Kristallisation beinhalten. Daher sind
ein breites Verstdndnis iiber das Phasenverhalten von Proteinen sowie dessen Be-
einflussung (z.B. durch die Zugabe von multivalenten Salzen) extrem wichtig in
verschiedensten Bereichen. Einerseits ermoglichen kristalline Protein-Aggregate de-
ren Strukturbestimmung mittels Rontgendiffraktometrie, wodurch Riickschliisse auf
die Funktion des Proteins gezogen werden konnen. Andererseits kann die Bildung
von Amyloidfibrillen im menschlichen Kérper zu Krankheiten wie Alzheimer fithren.

Diese Dissertation verfolgt zwei Hauptziele: Zuallererst soll die Charakterisierung
verschiedener Proteinsysteme mit multivalenten Salzen, einschliefSlich der Bestim-
mung der Interaktionen und des Phasenverhaltens, erfolgen. Darauffolgend ist die
Bestimmung des Kristallisationsweges im jeweiligen System, d.h. die Kinetik der Kri-
stallisation, geplant. In diesem Sinne existieren verschiedene Theorien zur Beschrei-
bung und Vorhersage von Kristallisationsprozessen (klassische und nichtklassische
Kristallisation). Jedoch kénnen diese Theorien nicht fiir jedes System angewendet
werden, da es keinen generellen Kristallisationsweg gibt und selbst &hnliche Systeme
einem komplett unterschiedlichen Kristallisationsweg folgen konnen. Im klassischen
Kristallisationsprozess éndern sich im Verlaufe der Kristallisation der Struktur- und
der Dichteparameter simultan, wohingegen im nichtklassischen Prozess eine Zwi-
schenphase zwischen der Losung und dem finalen Kristall gebildet wird (wie z.B.
die dichten Tropfchen nach der LLPS oder Cluster). Um diese Ziele zu erreichen,
wurden verschiedene Systeme bestehend aus negativ geladenen, globuldren Protei-
nen und multivalenten Salzen untersucht. Wesentliche Teile dieser Arbeit basieren
auf drei eigenen Publikationen in wissenschaftlichen Peer-Review-Zeitschriften.

Zuerst wurden Modellsysteme bestehend aus dem Protein Humanalbumin (engl.:
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human serum albumin, HSA) mit den Salzen CeCl3 und YCl3 im Detail analysiert,
um einen Uberblick iiber das Phasenverhalten zu erhalten. Um die Rolle der dichten,
proteinreichen Phase nach der LLPS im (nichtklassischen) Kristallisationsweg zu be-
stimmen, wurden Proben innerhalb und auflerhalb der LLPS-Region prépariert und
untersucht. Da Simulationen und theoretische Studien vorhersagen, dass Kristall-
nukleation in dieser dichten Phase stattfindet, wurde getestet, ob diese Beobach-
tungen experimentell bestatigt werden konnen. Im Gegensatz zu den Vorhersagen
resultierte aus den Daten die iiberraschende Schlussfolgerung, dass die Nukleation in
der diinnen, proteinarmen Phase stattfindet und die dichte Phase nur als Reservoir
dient. Dieses Reservoir in Form von dichter Phase 16st sich wéhrend des Kristallisa-
tionsprozesses auf, um weiteres Kristallwachstum zu erméoglichen.

Aufbauend darauf wurden die beiden homologen Proteine HSA und Rinderalbu-
min (engl.: bovine serum albumin, BSA) mit CeCly sowohl in Lésung, als auch
an einer negativ geladenen, hydrophilen Oberfldche in Bezug auf das Phasen- und
Adsorptionsverhalten untersucht. Dies sind essenzielle Experimente, um einerseits
Unterschiede und Gemeinsamkeiten zwischen den zwei &hnlichen Proteine zu finden
als auch die treibende Kraft der Kristallisation zu bestimmen, da bisher nur fiir HSA
Kristalle in der Anwesenheit von multivalenten Ionen gefunden wurden. Obwohl bei-
de Proteine ein dhnliches Phasenverhalten einschliefSlich LLPS und RC aufweisen, ist
die LLPS-Binodale von BSA zu deutlich hoheren Proteinkonzentrationen (c,) ver-
schoben, was auf schwichere Interaktionen zwischen den Proteinen deutet. Dieses
Ergebnis ist im Einklang mit Kleinwinkelrontgenstreuexperimenten (engl.: small-
angle X-ray scattering experiments, SAXS experiments). Konsistent mit der Lite-
ratur wurden nur HSA Kristalle in der kondensierten Region im jeweiligen Phasen-
diagramm gefunden. Da HSA hydrophober als BSA ist, wurde dieses Verhalten den
zusétzlichen hydrophoben Wechselwirkungen von HSA zugeschrieben, die nicht nur
die Anziehungskrifte erhohen, sondern auch zusétzliche gerichtete Protein-Protein-
Kontakte durch hydrophobe Stellen an der Proteinoberfliche kniipfen kénnen und
damit Kristallisation ermoglichen und begiinstigen. Im Gegensatz dazu belegen
Quarzkristall Mikrowaage mit Dissipationsmessungen (engl.: quartz-crystal micro-
balance with dissipation, QCM-D), dass die hydrophilen BSA-Molekiile an einer
hydrophilen Oberfliache stirker adsorbieren. Die Ergebnisse zeigen, dass die elektro-
statischen Wechselwirkungen aufgrund von Bindung und Briickenbildung der Tonen
ausschlaggebend fiir das generelle Phasenverhalten zu sein scheinen. Jedoch ist es
wichtig, alle Interaktionen in Betracht zu ziehen, vor allem, wenn es um Kristallisa-
tion geht.

Im dritten Teil der Arbeit wurde das System [-Laktoglobulin (BLG) mit CdCl, in
D50 mithilfe von Kleinwinkelneutronenstreuung (engl.: small-angle neutron scatte-
ring, SANS) und optischer Mikroskopie untersucht, um Aufschluss iiber die Rolle ei-
ner geordneten, metastabilen, intermedidren Phase (MIP) in einem nichtklassischen
Zwei-Schritt-Kristallisationsprozess zu geben. Mit diesen Techniken ist es moglich,
die MIP wéihrend der Kristallisation zu charakterisieren. Ein breiter SANS-Peak, der
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auf eine Korrelation der Proteine innerhalb der Cluster hindeutet, war direkt nach
Probenpréaparation sichtbar. Da sich die Quantitéit der MIP und die charakteristische
Langenskala innerhalb der Cluster wiahrend der Kristallisation &nderten, wurde ge-
folgert, dass die Proteine innerhalb der MIP noch beweglich sind, aber das geordnete
Doménen mit einer Langenskala, die minimal grofler als die der Einheitszelle ist, als
Vorstufe fiir die Kristalle dienen. Im Gegensatz zu den dichten Tropfchen des HSA-
Systems im ersten Ergebnisteil dient diese Zwischenphase wirklich als Vorstufe der
Kristalle und aufgrund der strukturellen Anordnung der Proteine vor der Nukleation
wird ein komplett anderer, nichtklassischer Kristallisationsweg vom System verfolgt.

Zu guter Letzt wurde ein Thema, welches nicht unbedingt mit dem Phasenverhal-
ten und der nichtklassischen Kristallisation von Proteinen verkniipft ist, genauer
beleuchtet. Dabei wurden sogenannte ,,Nanodiscs“untersucht, die aus einer Lipid-
doppelschicht bestehen. Diese ist zusdtzlich umrandet von einem stabilisierenden
Polymergiirtel. Nanodiscs sind ein vielversprechendes Werkzeug, um hydrophobe,
unlosliche Membranproteine in ihrer nativen Form untersuchen zu kénnen. Nichts-
destotrotz fehlt bisher eine komplette Charakterisierung des Verhaltens der Nan-
odiscs. Um weitere Einblicke zu erhalten, wurden verschiedene Zusammensetzungen
aus den zwei Polymeren Styrol-Maleinséure (engl.: styrene maleic acid, SMA) und
Diisobutylenmaleinséure (engl.: diisobutylene maleic acid, DIBMA) mit dem glei-
chen Lipid Dimyristoyl-Phosphocholin (engl.: dimyristoyl-phosphocholine, DMPC)
gemischt und mit dynamischer Lichtstreuung (DLS) und SAXS untersucht. Dabei
konnten strukturelle fiir die unterschiedlichen Systeme erfasst werden. Zudem wur-
den Strukturdnderungen durch eine Erhohung der Polymerkonzentration und eine
Erniedrigung der Temperatur beobachtet. Die Ergebnisse erméglichen eine besser
kontrollierbare biophysikalische und chemische Untersuchung von Membranprotei-
nen.






Part 1

Introduction
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1.1 The universal relevance of crystallization

For the last two years, our lives were tremendously affected by the corona virus
disease (COVID-19), which is caused by the corona virus variant SARS-CoV-2. 12
To fight this pandemic, multiple approaches have been exploited. Concerning this
matter, structural information are vital to obtain knowledge of how the virus can
be made innocuous. For this purpose, complexes of antibodies with the virus have
been crystallized.® Another approach was the crystallization of the main pro-
tease, which is responsible for the cleavage of the viral ribonucleic acid (RNA).™
After crystallization, structure determination by X-ray or neutron diffraction was
possible. ¥ Consequently, for the latter case, inhibitors of the main protease were de-
signed, having accurate knowledge of the required binding sites with the protease.
However, the formation of high-quality crystals (especially for proteins) is still the
main bottleneck in biological structure analysis, since several parameters such as
temperature can influence the crystal formation and many proteins are not prone
to crystallize at all. >

Nevertheless, in the past, different macromolecules have been crystallized prior to
structural analysis. Crystallization of polymers, "8 cytochrome ¢, *'% ribosomes, '
transfer (t) RNA,!!? chaperones, ¥l organic photovoltaics (OPVs),*) human anti-
bodies, %16 and many others has been exploited to obtain crucial information about
the respective system. Besides structural resolution, crystallization is vital in many
other research areas, ranging from the design of novel nanostructures for data storage
to improved climate models. [17-20)

Although crystallization is of great relevance, the underlying mechanisms and
interactions are nowadays not fully understood. Most of the time, protein crystal-
lization is achieved by a trial-and-error approach, in which proteins and different
precipitants/crystallizing agents are mixed and the presence or absence of crys-
tals is recorded. Common variables to tune crystallization are temperature, pH,
buffer, salt concentration, or polymer concentration and nature. 6223 Besides, ef-
fects like stirring, shear or different flow velocities and modes can affect crystal-
lization. 212425 Other recent approaches to successfully induce and enhance protein
crystallization comprise for example the usage of graphene quantum dots, ?% an ion-
exchange membrane,?”) utrasound,®® or seeding with, e.g., cyclic peptides. 22:29:30]
In this context, new, optimized techniques were developed in order to perform high-
throughput screens with simultaneous optimization of the protein crystallization
conditions. [2531-33]

Subsequently, different aspects regarding the phase behavior of proteins and crys-
tallization in general, but highlighting protein crystallization, are presented. In this
sense, in the beginning, a description of the phase behavior of protein solutions in
the presence of a monovalent salt is given. Further, the thesis discusses the effects
of adding multivalent ions, since the protein phase behavior is drastically changed
compared to monovalent salts. *4
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1.2 Protein-monovalent ion interactions

In order to understand and control the crystallization process, knowledge of the
underlying interactions is required. One rather simple model to describe the phase
behavior of charged particles is the DLVO theory, which is named after the scien-
tists, who contributed to its development, namely Derjaguin, Landau, Verwey, and
Overbeek.>3% Tt is based on the Poisson-Boltzmann theory, which uses a mean-
field approach to describe the ion distribution. "3 The DLVO potential contains
three contributions: hard sphere repulsion, screened Coulomb repulsion and van
der Waals (vdW) attraction. Increasing the ionic strength of the solution results in
an increased charge screening of the particles, hence, an effective attraction. This
approach is rather simplified, since, e.g., ion-ion correlations or hydration effects
are neglected. Therefore, effects like the Hofmeister series cannot be explained by
the DLVO theory. The Hofmeister series is an empirical study on protein conden-
sation. 3] Hofmeister tested different salts (cations and anions independently) with
regard to their ability to salt out (precipitate) or salt in (stabilize) different proteins
in solution and put them into order.® In the DLVO theory, ions with the same
valency are treated equally, hence, differences in the condensation behavior due to
a different ion nature cannot be explained. Besides, the DLVO theory is only valid
for monovalent salts. Thus, in the following, a proper description of the interactions
and the phase behavior of proteins in the presence of multivalent salts is presented.

1.3 Soft matter phase behavior with multivalent
salts

As mentioned above, salts are frequently used as precipitants to induce protein crys-
tallization. %2 In this dissertation, systems of net negatively charged proteins and
multivalent cations are used to investigate the protein phase behavior, highlighting
crystallization. This is based on the fact that a rich phase behavior is observed
for globular proteins in the presence of multivalent salts and the cations can even
trigger crystallization. #4245 Noteworthy, the use of multivalent salts does not only
strengthen the effects of the ions, but also qualitatively changes these effects com-
pared to monovalent ions.** In these protein systems with multivalent salts, for a
given protein concentration c,, the proteins initially repel each other due to their
negative net charge (regime I).1*%) Increasing the salt concentration c, above a cer-
tain threshold concentration c¢* results in a phase transition, where the proteins
aggregate/condense (regime II), since the cations bind to the proteins, diminishing
their charge, and are able to form intermolecular bridging contacts.***? Increas-
ing ¢, even further, above the second phase boundary c¢**, results in a clear and
stable protein solution again (regime III). This behavior is called reentrant conden-
sation (RC) and the underlying mechanism was found to be charge inversion of the
proteins. %4346 Inside the second regime, a liquid-liquid phase separation (LLPS)
region can exist, and samples prepared at conditions within this area phase separate
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into a dilute and a dense liquid phase.*7°% Depending on the system, an additional
glass line may exist, which results in an arrested state of the dense phase. 5152

This behavior is beyond the DLVO and Poisson-Boltzmann theories. In order to
describe the phase behavior properly, the ion-activated patchy-particle model was
developed based on the phase behavior and the crystal structures.*!l According to
this model, each protein features patches which the multivalent cations can occupy
and thereby activate.*! If an occupied patch finds an unoccupied one, a short-range
attraction occurs.*! In contrast, if an occupied patch collides with another occu-
pied one or two unoccupied patches meet, these patches repel each other.*!! Further
Monte Carlo simulations could confirm that proteins are well-described as patchy
particles. ¥ Interestingly, it seems that not only the number of patches, but also
their placement on the particle surface determine the phase behavior.®®*¥ An an
example for this, the critical point (the end point of a phase equilibrium curve) in the
phase diagram is strongly affected by the placement of the patches.®*%4 Moreover,
the number of patches influences the crystallization propensity. *®! Particles contain-
ing six patches crystallize much more likely than those with fewer patches. ®?

It is worth mentioning that the usage of multivalent cations is not only limited to
proteins. Actually, DNA was the first type of soft matter showing RC upon adding
cations, although the mechanism is different. ®® Besides, multivalent ions were also
reported to be able to induce nanofibril formation of cellulose and synthetic copoly-
mer systems due to their bridging effect. ?5>" Further studies indicate even reentrant
transitions in these systems upon increasing c,, i.e., swollen-collapsed-swollen tran-
sitions, translating into reentrant properties such as thermal properties, wettability,
roughness, and nano-mechanical stiffness. 8% This leads to the conclusion that
the phenomena mentioned are rather frequent in polyelectrolyte systems containing
multivalent salts. [43:47-49,55,58-66]

1.4 The crystallization pathway: classical vs
nonclassical nucleation theory

Multivalent cations can not only induce this rich phase behavior in polyelectrolytes,
but are also able to induce crystallization of globular, net negatively charged pro-
teins. #2444 However, the exact pathways and corresponding energy landscapes
resulting in the final crystal are still under debate. In this section, the classical nu-
cleation theory (CNT) is compared to nonclassical nucleation theories. All of these
theories describe different crystallization pathways. In general, the process of crys-
tallization can be divided into two separate processes, namely nucleation and crystal
growth. Changing the supersaturation of the solution enables the decoupling of the
nucleation and growth of the crystals. %8 The supersaturation of a solution describes
how much the concentration of a solute exceeds the equilibrium solubility under the
same conditions. For crystal nucleation, a high supersaturation is required, whereas
a low supersaturation is sufficient for subsequent crystal growth. (68l
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Figure 1.1: Possible nucleation and crystal growth pathways. Classical pathways
are drawn in grey, whereas nonclassical routes are colored black. Image adapted
from Ref. 67.

1.4.1 Classical crystallization

Classical nucleation theory states that a nucleus forms within a supersaturated solu-
tion. The nucleus grows further, having already the structure and the concentration
of the final (bulk) crystal (see grey pathway in Fig.1.1).16%7 In this description,
only the surface and bulk term of the free energy (Gs and Gy, respectively) are
considered (Eq.1.1).[7!

4 3]€BT1H(S)

AG = Gs + Gy = 4’y — 3™ (1.1)

v

Here, r describes the radius of the cluster/nucleus, v the interfacial free energy
between cluster and solution, kg the Boltzmann constant, T" the temperature, S
the solubility and v the molar volume of the molecules. The positive Gg results
from the energy cost to create a liquid-solid interface between solution and crystal
while Gy represents the free energy gain due to molecule binding within the crystal.
Above a critical radius 7*, the initially formed clusters become stable and are called
nuclei. These nuclei grow further by single molecule attachment, while below r*,
the clusters are unstable and dissolve again. Noteworthy, one important aspect is
that during this process, the order and density parameter change simultaneously,
meaning the clusters already have the same structure as the final crystal.

Several experimental studies demonstrated this pathway to occur in their systems.
Yau and Vekilov could show with atomic force microscopy (AFM) that the protein
apoferritin crystallizes according to the CNT pathway.[™> AFM and cryo trans-
mission electron microscopy (TEM) experiments revealed that glucose isomerase is
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able to nucleate in a classical manner as well. "7 Similarly, template-directed nu-

cleation on carboxyl self-assembled monolayers (SAMs) of calcite can be described
by purely classical nucleation. "

1.4.2 Nonclassical crystallization

In contrast to the CNT discussed above, recent studies show nonclassical features
during the crystallization process, which were first simulated by ten Wolde and
Frenkel.[™ In their study, an intermediate phase formed from the solution due to
density fluctuations and crystals nucleated within this intermediate phase.[™ De-
pending on the system and the respective sample compositions, different nonclassical
crystallization pathways can occur, as to be seen from Fig. 1.1.17 Following, sev-
eral selected nonclassical nucleation pathways and crystal growth mechanisms which
form a final bulk crystal are discussed.

1.4.2.1 Ostwald’s rule of stages

The first theoretical description of a nonclassical pathway was probably Ostwald’s
rule of stages. It states that a system transforms from an energetically less stable into
a more stable form through intermediate states.™ These intermediate states have
gradually less energy than the initial form.[™ This nonclassical pathway through
Ostwald’s rule of stages was observed in inorganic systems (metal phosphate). 5"
However, in the case of gold and copper, molecular simulations revealed that a
chemically-ordered intermediate, which is more organized than the final crystal,
serves as a precursor in solid solution crystallization.®! This ordered phase continues
to promote nucleation later on as new clusters are formed at the solid-liquid interface
during the development of the nucleus, resulting in a lower free energy barrier of
nucleation. 8! These results are in contrast to Ostwald’s step rule as the intermediate
is actually more organized than the final phase, since it is both chemically and
structurally more ordered. [#!

Another form of Ostwald’s rule of stages was reported for water crystallization. 52
There, to lower the free energy barrier of nucleation, and thus, create a species
with a lower free energy than the initial phase, a decrease of the interfacial free
energy between the crystallites and liquid water was observed.[®? This decrease of
the interfacial free energy originated from the solvation of the crystalline clusters by
bilayer hexagons and resulted in an increase of the crystallization rate.®? A similar
pathway was recently reported for insulin. *? In order to minimize the interfacial free
energy, the insulin molecules form protein-rich clusters with radii between 160 and
200 nm, which eventually crystallize in a next step, leading to a nonclassical two-step
crystallization. 83 Since minimizing the interfacial free energy directly reduces the
barrier for crystal nucleation in solution, this two-step pathway is faster and favored
compared to a classical pathway according to CNT. 83
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1.4.2.2 Phase separation/dense liquid or amorphous precursors

One possibility of how Ostwald’s rule of stages can proceed is phase separation, i.e.,
the formation of a dense liquid or amorphous phase, which acts as metastable nu-
cleation precursor. For example, scanning and photoemission electron microscopy
observations are consistent with a dense liquid-like precursor being involved in re-
generating sea urchin spines consisting of CaCOj. 54

Loh et al. showed by investigating supersaturated aqueous gold and silver solutions
via in situ TEM that first, spinodal decomposition into dense and dilute phases
occurs, second, amorphous nanoclusters nucleate within the metal-rich liquid phase,
and third, these clusters crystallize.® The authors argue that a strong gold-gold
atom coupling and water-mediated metastable gold complexes are responsible for
this behavior. ! Similarly, inside a dense liquid palladium (Pd) phase, metastable
Pd nanocrystals were found to relax, restructure, and evolve into stable crystals. (5
During this process, the nanocrystals are able to merge, potentially facilitated by a
mediation of mass transportation between particles of the dense phase. 89!

Using SANS, electron microscopy and electron tomography, a phase separation
of ovalbumin in the presence of ammonium sulfate into core-shell particels (with a
core radius of ~ 2um and a shell thickness of ~ 0.5 um) was reported.®” Inter-
estingly, the protein gel forming the shell composed a well-defined nanocrystalline
network with branches, but was not completely crystalline in the end.®” Here, a
local crystallization within the protein gel of the shell occurred, but no complete
crystallization of the shell and parts of the gel remained in the gel phase. ®”]

Zhang et al. investigated the two-dimensional crystallization kinetics of a col-
loidal model system in real space and real time.¥ Forming first a dense, amor-
phous droplet, nucleation subsequently occurred within the metastable droplets. 58!
Thermal fluctuations led to the formation and shrinkage/dissolution of subcritical
nuclei, but only after the coalescence of these subcrystalline nuclei, larger crystalline
nuclei were stable and did not dissolve again.®® The grain boundaries after nuclei
coalescence were eliminated gradually during the following growth, seemingly with-
out an energy barrier.®® Each dense droplet was only able to produce one mature
crystalline nucleus.® Both the degree of order and density in the dense droplets
decreased continuously from the crystalline core to its amorphous edge. 8% This grad-
ual decrease in order gradient, from the core toward the exterior, was also reported
for, e.g., aggregates of ferritin prior to crystallization. 5!

Combining classical density functional theory (DFT) with stochastic process the-
ory can predict nonclassical nucleation pathways based solely on the interaction
potential of the particles.!® In this combined theory approach, crystallization is
supposed to proceed in two steps: Initially, dense droplets are formed, which gradu-
ally order starting from the core of the droplet as a second step.®® Importantly, over
a wide range of supersaturations, the dense droplets are subcritical, and therefore
unstable (and not metastable as Ostwald’s rule of stages would predict).® Further
crystal growth proceeds via freezing of a dense liquid layer of proteins on the surface
of the crystal and not via single molecule attachment as compared to the CNT.[9]
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Moreover, in other biological processes, such as in the phase separation of prion-
like domains (low-complexity domain of the heterogeneous nuclear ribonucleoprotein
A1), a multi-step nucleation was observed.”! Interestingly, on the mesoscale, phase
separation resembled a classic, homogeneous, nucleation-and-growth mechanism. ']
However, on the nanoscale, monomers first had to assemble into a condensed phase
via unfavorable steps until the addition of additional monomers became energetically
favorable.®) This has a huge impact on the phase behavior: Solutions close to the
liquid-liquid binodal may remain single-phased for an indefinite time in the absence
of perturbations that facilitate nucleation.®!

1.4.2.3 Prenucleation clusters

Contradictory to Ostwald’s rule of stages is the rather recent observation of so-
called prenucleation clusters found in biomineralization processes. These are stable,
nanometer-sized clusters which are present in solution already before nucleation. ¥
For example in CaCO3 mineralization, the formation of prenucleation clusters was
reported. 3 In fact, two types of clusters were observed: Small prenucleation clus-
ters that coexisted with large clusters produced by spinodal decomposition. ¥ The
former long-lived nanometer-sized clusters acted as prenucleation clusters of CaCOs3
instead of unstable clusters as predicted by CNT.[®3 In the CNT, clusters smaller
than the critical nucleus size are unstable and dissolve again, and no stable clus-
ters exist. Both types of CaCOs clusters led to different final phases.!® For sam-
ple conditions prepared within the spinodal, growth and coalescence of the larger,
dense liquid CaCOj clusters and subsequent dehydration resulted in the formation
of amorphous calcium carbonate (ACC)."!

Another example for prenucleation cluster formation can be found in the process
of surface-induced calcium phosphate crystallization from simulated body fluid, in
which prenucleation clusters act as precursors and building blocks.[*? In detail, cryo
TEM and cryo electron tomography (ET) revealed that these prenucleation clus-
ters first densified and aggregated at the templating surface (arachidic acid mono-
layer). %2 In this step, clusters with a diameter of ~ 50 nm were formed, which fur-
ther aggregated into amorphous calcium phosphate (ACP) nanoparticles. 2] These
nanoparticles grew further and developed crystallinity facilitated by the surface of
oriented apatite crystals.®? This pathway is illustrated in Fig.1.1.

In contrast to the examples presented above, Smeets et al. stated that no stable
prenucleation clusters (larger than 0.9 nm in size) exist in CaCOs formation. ! The
authors presented experimental and computational evidence that at high supersatu-
rations, a dense liquid phase acts as a precursor for the formation of solid CaCOj3 in
the form of vaterite, which grows via a net transfer of ions from solution.** In their
opinion, the CNT can be successfully applied to describe the nucleation, although
the growth mechanism involves intermediate phases. 4
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1.4.2.4 Out-and-in relaxation process

As indicated in Fig. 1.1, crystallization can also proceed via an out-and-in relaxation
process. One example is the the transformation of poorly crystalline gold nanoparti-
cles into nanocrystals, which was followed by in situ liquid-phase scanning TEM. [°!
During this process, the crystalline core and the disordered shell around it exchanged
matter, meaning poorly crystallized domains were expelled, and monomers and nan-
oclusters were reattached in a crystalline orientation. [

1.4.2.5 Secondary nucleation

Another possibility to obtain crystals is secondary nucleation. This process is
strongly influenced by macroscopic crystals, meaning secondary nucleation occurs in
the presence of the parent crystal within the solution. %7 Since the energy barrier
for secondary nucleation is lower because of the already existing solid-liquid inter-
face (i.e., the crystal surface), crystallization can occur at lower supersaturations. 7
In this regard, crystallization can occur directly at the crystal surface or from the
solute layer on the crystal surface (and therefore in the close vicinity of the crystal
surface). 7]

1.4.2.6 Mesocrystals

So far, only the nucleation process was discussed. However, one has to consider that
not only crystal nucleation can be nonclassical, but also its growth (see Fig.1.1).
While CNT states solely monomers attach to the crystal surface as building blocks,
mesocrystals have been found to consist of distinct nuclei or nanocrystals, which
eventually merge, forming mesocrystals (Fig. 1.1).1%®! Zhu et al. investigated haematite
mesocrystals in the presence of oxalate by transmission electron microscopy (TEM). %!
The authors recorded the pathway of an interface-driven processes of nucleation and
assembly by particle attachment, i.e., nuclei nucleated in the vicinity of preexist-
ing crystals due to surface effects (but not directly on the surface itself), and then
attached to the crystal, driven by attractive interactions.”®! These mesocrystals ex-
hibited a spindle-like morphology. *® In the same system, it was possible that single
monomers attach to the crystal, resembling CNT growth and leading to a rhombo-
hedral crystal.®) In both cases, the inital precursor ferrihydrite was present as MIP,
but dissolved into single ions, which then attached to the haematite crystals after
its nucleation. 8!

1.4.2.7 Oriented attachment

Another specific pathway to result in (protein) mesocrystals was discovered by van
Driessche et al. Cryo TEM experiments revealed the initial formation of facetted glu-
cose isomerase (GI) nanocrystals in the presence of polyethylene glycol (PEG).[™!
These nanocrystals later merged lattices by means of oriented attachment (OA)
alignment prior to their conjunction (see Fig.1.1).[" Due to the symmetry of the
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space group, only three distinct crystal contacts are allowed, which makes a proper
alignment essential before the contact formation can occur.[™ Based on classical
density functional theory (cDFT) calculations of Liu et al., it was proposed that lo-
cal water structuring plays a crucial role in the OA process, resulting in an aligning
torque for the single nanocrystals.[™%] These ¢cDFT calculations showed that the
combination of electrostatic, solvation, ion correlation and vdW interactions estab-
lishes a short-raged (=~ 2nm) attractive interaction potential with little or no barrier
to attachment (< k7). As a last step, desolvation of the buried interfaces of the
separate nanocrystals is believed to occur.[™ These results highlight the crucial role
of the interaction between crystalline nuclei and lead toward a new mechanism of
OA in protein crystallization. ™ Interestingly, the authors observed an initial nucle-
ation of the GI molecules according to CNT,[™ although they have reported both
classical and nonclassical nucleation pathways for this system. 76 They concluded
that even within the same system, multiple crystallization (nucleation and growth)
pathways can occur, which are conceptually diverse. (™

1.4.2.8 Polymorphs and solid-solid-transition

Previously, only crystal nucleation of a specific crystal structure and its subsequent
growth were discussed. However, many solutes exhibit polymorphism. 190193 The
ability of a compound to crystallize in more than one distinct crystal species, i.e.,
crystal arrangements, in case of the same chemical composition is called polymor-
phism. 194105 Tn the following, it is briefly discussed, which polymorph is preferred,
i.e., how polymorph selection takes place.

According to theoretical calculations and simulations (not taking into account
kinetic effects), polymorph selection far away from the equilibrium is controlled
by surface tension.'° Given the case that the polymorph with the lowest surface
tension does not have the lowest free energy, a transformation into the most stable
phase will occur subsequently.[1%! This scenario resembles closely Ostwald’s step
rule, where rather the surface tension than the chemical potential dominates. 1% In
this case, the chemical potential of the final polymorph might even be higher than
that of the initial polymorph. %6

In this respect, lattice defects (voids) as well as proteins were found to be highly
mobile within a crystal. 1% Especially molecules located within the grain boundaries
need to be mobile and to be able to undergo rapid bond breaking as well as recombi-
nation. !9 This also explains the reduced thermodynamic cost of a solid-solid phase
transition, i.e., the sudden transformation from one polymorph to a more stable one.
During this transformation, no crystal dissolution was observed, but a solid-state
mediated transformation. *07]

In contrast, Peng et al. demonstrated with single-particle-resolution video mi-
croscopy of colloidal films that transitions between square and triangular lattices
follow a two-step diffusive nucleation pathway with an intermediate liquid nuclei. 18]
Since the energy of the solid-liquid interface was lower than that between solid
phases, this pathway took place instead of a direct solid-solid transition. % To be
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more precise, this pathway is supposed to occur when the solid-liquid interfacial
energy is lower than the solid-solid interfacial energy.!'*® The authors generalized
these findings and stated that similar kinetic pathways with an intermediate liquid
should be observed in two and three dimensions (2D, 3D) as well as in thin-film
single crystals and polycrystals. 18]

1.5 Crystallization of proteins vs small
molecules/atoms

In the previous sections, multiple nucleation and crystal growth pathways for various
systems were discussed. Nevertheless, not all pathways can be applied to proteins,
since several crucial differences between protein crystals and crystals consisting of
small molecules or atoms exist. While crystals formed by small molecules and pro-
tein crystals have comparable binding energies, proteins feature a heavier molecular
weight and the crystals contain fewer contacts, hence, the overall intermolecular
contacts are weaker.'® An additional aspect why protein crystallization is (more)
difficult to facilitate is that protein purification remains very challenging.[®! Even
with a 100 % chemical purity, proteins can exist in different conformations, which
hinders the formation of highly ordered crystals. 6! Besides the named factors, each
protein is unique in its overall physicochemical properties and differently affected by
varying the pH, ionic strength, temperature or concentration, having an effect on
the crystallization probabilities. %1% Small molecules, can potentially form crystal
contacts with every collision due to their isotropic shape. In contrast to that, the
anisotropic shape and the anisotropic distribution of charges etc. of proteins lead
to steric restrictions to form crystal contacts and the whole crystallization proceeds
substantially slower. 68110 For proteins, the formation of a crystal contact requires
not only a sufficiently close distance between the molecules, but also their proper
spatial orientation.!®® Hence, it is immensely more difficult to crystallize proteins
compared to atoms or small molecules and the crystallization pathways can dif-
fer between proteins and atoms as well as between different proteins with different
properties, [67:109.111-116

As a result, attractive interactions between the different molecules appear to be
of significance for protein crystallization."” George and Wilson could show in an
empiric study that a so-called crystallization slot exists.["'”) While too weak attrac-
tions may be insufficient for crystallization or too slow, too strong attractions can
cause arrested aggregates, but not induce crystallization.'”) Only within an area
of optimum attractive interactions, protein crystals were observed. '™ This crystal-
lization slot was found to be close to the critical point of LLPS, hence, at reduced
second osmotic virial coefficient (B,/B#) values of roughly —1.5.(%118 Tn other
words: The attraction between the proteins needs to be large enough to enable
crystallization, but not too large to provoke amorphous precipitation. %12 In this
sense, a subtle fine-tuning is required.
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1.6 Membrane proteins

Previously, the phase behavior and crystallization of globular proteins were dis-
cussed. In the following, attention will be drawn toward membrane proteins (MPs).
Out of the 30000 genes humans carry, 25-35 % encode MPs.['?!] Despite this impor-
tance, only roughly 3% of all structures deposited in the Protein Data Bank (PDB)
are MPs.[1?2 Clearly, we still know little about biological membranes and the pro-
teins connected although they exploit vital functions and are involved in a multitude
of physiological processes. 1?1122 MPs transfer chemical molecules through different
cell compartments and play an important role in localizing and organizing cells. ['2!]
Due to their exposure on the surface of the cells, 60 % of the pharmaceutical drugs
target MPs.[121123.124] Hence, they are of general interest regarding human health
as well as the preferred target of drugs. 21123124 In order to solve their structure,
several methods have come into view. One of the most popular ones is to transfer
the MPs embedded in the lipid bilayer into a cubic phase.?® Since the MPs are still
in their native environment, they are less prone to losing their activity than in an
in meso crystallization approach.[?”) The cubic phase resembles an open, porous,
and bicontinuous structure that disposes the protein for interaction and complex
formation with other membrane proteins and soluble components. 1?5 Afterward,
X-ray diffraction is used to solve the crystal structures. [12’]

Since MPs are mostly embedded in the hydrophobic part of membranes, they are
also of hydrophobic nature and thus insoluble in water.['?2125 In order to study
MPs in their native-like environment, so-called “nanodiscs” have emerged. 122126l
Originally, they consisted of a phospholipid bilayer surrounded by a belt of mem-
brane scaffold proteins (MSPs).[27128] The MPs can be extracted and embedded
in this lipid bilayer whilst remaining active in their native environment."?? These
nanodiscs exerted a disc-like shape with their diameter varying between 7.8 and
13 nm. 2% Due to their monodisperse size and composition, they enable physiochem-
ical investigations of the MPs, e.g., electron microscopy or solution nuclear magnetic
resonance (NMR) studies. 139133 Furthermore, structural resolution of the MPs is
facilitated. 12

In this dissertation, a new approach to form nanodiscs is studied. For this, poly-
mers are used instead of proteins in order to form the belt around the lipids, retaining
the disc-like shape. 134136 Yet, little is known about the effects of variables such as
polymer concentration, temperature, etc. on the nanodisc structure and with that
the possibilities and limitations to investigate MPs. [134-136]
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Protein crystallization is relevant for research fields like pharmacy and structural
biology. However, most of the time, protein crystallization is achieved by trial-
and-error, while the exact crystallization pathway is not yet fully understood and
can differ even within same system, depending on the parameters such as temper-
ature or precipitant concentrations.!® Hence, this thesis aims to first characterize
different protein-multivalent salt systems (i.e., the phase behavior and the respective
interactions), and, second, to resolve their crystallization pathways. In the following,
specific questions for each result part (Chapter [IV-VII) of this thesis are highlighted.

Chapter IV: In many of these protein-multivalent salt systems, a clearly visible
LLPS can be observed for selected conditions within the second regime. According
to theory and simulations, nucleation should occur in the dense phase.[78137:138]
Therefore, the main questions to be answered for the first part were:

e Does crystallization indeed occur within the dense phase or not?
e Are there any other precursors?
e Where exactly does the nucleation start?

e Does the exchange in solvent alter the phase behavior and/or the crystalliza-
tion pathway, i.e., are there any isotope effects due to the exchange of H,O by
D0 as the solvent?

To answer these questions, the systems HSA with CeCl; in both HyO and D,O as
well as HSA with YClz in HyO were investigated in the first part of this thesis.

Chapter V: After establishing the phase behavior and crystallization pathway of
HSA with CeCls, we focused on its homolog, BSA, in the second result part. In the
past, a similar phase behavior (including RC and LLPS) has been observed for BSA
and HSA with multivalent salts, but only HSA crystals have been reported. Thus,
in this follow-up study, the main questions focused on:

e [s it true that only HSA crystallizes with multivalent salts although both
proteins have a sequence identity of 75 %7139

e What could be the origin for the behavior observed?

e Using CeCl; as an identical precipitant can differences in the phase or adsorp-
tion behavior between the two proteins be observed that could explain the
absence of BSA crystals?

e What are the respective effective bulk and interface interactions?

e In general, what is the driving force for crystallization?
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Chapter VI: In the third result part, the system BLG with CdCl, was investi-
gated. Previous studies concluded a two-step crystallization pathway with a MIP
as precursor in HoO for specific sample compositions. #2444 In order to study the
system with non-invasive neutron experiments, using D,O as solvent is extremely
beneficial. Thus, the questions for this part focused on the solvent and the precise
crystallization behavior:

e Does the system behave similarly in the new solvent (i.e., D2O)?

e Can we obtain new insights into the crystallization pathway using neutron
scattering experiments?

e Does the system still crystallize according to a two-step crystallization process
in DQO?

e How do the crystal precursors evolve with time?

e What is their exact role during crystallization?

Chapter VII: As a last goal, fundamental steps regarding the investigation of
membrane proteins were attempted. Although nanodiscs composed of lipids and
polymers are relatively easy to produce, their precise characterization and behav-
ior upon changing several parameters (such as temperature and concentrations of
both lipid and polymer) is still unknown. Hence, nanodiscs from one common lipid
(DMPC) with two different polymers, DIBMA and SMA, acting as stabilizing belts
were solubilized. Our primary questions were:

e Are there differences between the structure of the nanodiscs using the different
polymers?

e What happens to the nanodisc structure if one increases the polymer concen-
tration?

e How does a temperature change alter the structure of the nanodiscs?
e Do lipid bilayer phase transitions also occur within the nanodiscs?

e Do additional charges (due to the addition of multivalent ions) affect the nan-
odisc architecture?

These studies lead to a more in-depth understanding of the protein phase behavior
as well as of nonclassical protein crystallization, which is not only relevant from a
fundamental point, but can also aid fields such as structural resolution. In addition,
a comprehensive picture of the behavior of different polymer-lipid nanodiscs for
subsequent membrane protein investigations can be drawn.
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To answer most of the questions asked in Chapter II, the main method used in this
thesis is small-angle scattering (SAS). SAS is usually applied to gain information
about the size and shape of particles and/or aggregates in a solution, as well as to
investigate the underlying interactions within the system studied.

Although X-rays interact with the electrons of an atom, whereas neutron interact
with the respective cores, the basic principle of the scattering processes and the
mathematical formalism are similar for both SAXS and SANS. 40 For this reason,
both SAS techniques will be treated simultaneously in this section. In particular,
this section contains its basic principles, while further information on the respective
experiments, set-ups, etc. will be given in the respective results chapters (Chapter
IV-VII). For further information about applications and theory of SAS, the reader
is referred to the literature such as Refs. 140-146.

Figure 3.1: Geometry of a scattering process. El- represents the incoming, Ef the
outgoing wave vector, ¢ the scattering vector, and 20 is the scattering angle.

In Fig. 3.1, the schematic set-up of a typical SAS measurement is illustrated. The
incoming beam is scattered by the sample and deviates from its initial trajectory.

This deviation is usually expressed by the scattering vector ¢, which can be expressed
.[140]
as:

—

7=k — ki (3.1)

In Eq. 3.1, 26 is the scattering angle, and Ef and Ei are the outgoing and incoming
wave vector, respectively. For elastic scattering, the energies and wavelengths \ of
the incoming and outgoing waves are the same, hence, their absolute values can be
characterized by |ke|= |ki|= 27/A.14% Thus, the magnitude of the scattering vector,
which is also called the momentum transfer and graphically illustrated in Fig. 3.1,
can be described by Eq. 3.2.[140]

o= li= 1~ Fl= s () 1/ (32)

Mathematically, the measured total scattering intensity of different types of non-
interacting particles can be written as a linear combination of their individual scat-
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tering intensities."*?) Thereby, the fraction of radiation that is scattered depends
on the scattering length density p,(7) from each type of particle j that scatters. [140]
Summing up each contribution results in Eq. 3.3, in which b; is the scattering length
of scatterer j, and 7 describes its position. 147

p(r) = ij(’?)bj (3.3)

As mentioned above, scattering and therefore also the scattering length result
from fundamentally different processes/origins in X-ray and in neutron scattering:
While X-rays interact with the electrons of the atom shells, neutrons interact with
the nuclei. 4% The latter interaction depends strongly on the spin of not only the
nucleus, but also the incoming neutrons. % Nevertheless, for both SAXS and SANS,
the Born approximation can be applied. It assumes that the interactions of the beam
with one scatterer are not influenced by the scattering of others. Hence, the total
scattering amplitude A(q) for the illuminated volume Vg is described by Eq. 3.4. 140

AlQ) = | p(F)e”Tdr (3.4)

Vs

Since the intensity is given by the product of the scattering amplitude with its
complex conjugate, this relation results in Eq. 3.5.147)

1(§) = @—A / / (7)p(7)e =07 i (3.5)
Vs Jve Jus

S

For systems with more than one diffusing particles that (can) interact with each
other, to access the structural information, a time-averaged intensity has to be
measured. If the particles are spherical (which is the case for globular proteins), the
total scattering intensity can be described according to Eq.3.6.111 n is the number
density of particles, P(q) is the particle form factor, giving information about the
particle shape, and S(q) is the structure factor, describing the relative position of
the particles to each other and their interactions.

@) =P@ Y3 () = nb(0)P(9)S(a) (3.6)

Here, the form factor is given by

1 SN —i(F—1) 32717
P =5 [ [ otro)e 1 37)
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with V being the volume of the particles. "7 For a sphere, the form factor can be
described by: 148!

3[sin(gr) — qr cos(qr)]

== gy o
In Eq.3.6, S(q) is the structure factor given by: 141
S(g) = 1+ 4t /OO[ (r) — 172580 4, (3.9)
q V. J, g ar .

with g¢(r) being the pair correlation function of the particles.™!l Note that in
several fitting procedures, an effective structure factor is introduced, considering
polydisperse and nonspherical particles.*? Please also note that further models
and procedures to analyze scattering data are described in the respective result
chapters (Chapter IV-VII).
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4.1 Abstract

We study protein crystallization in solutions of human serum albumin (HSA) ex-
hibiting a metastable liquid-liquid phase separation (LLPS) in the presence of triva-
lent salts. Specifically, we focus on the effects of dense liquid phases (DLPs) on
the crystallization pathways. Based on the phase diagram, we choose two condi-
tions around the LLPS binodal: one condition is located close to, but outside the
LLPS region, resulting in protein clusters, but no macroscopic LLPS. Yet, a surface-
enhanced unstable DLP layer is observed at the surface of the cuvette (wetting).
The second condition, inside the LLPS binodal, leads to a macroscopic metastable
DLP. The crystallization is followed by optical microscopy and small-angle X-ray
and neutron scattering (SAXS/SANS) as well as by ultraviolet-visible absorption
spectroscopy to explore the role of LLPS. In no case, evidence of nucleation inside
the DLP is observed. SAXS and SANS show a monotonous growth of the crystals
and a decrease of the remaining overall material in the sample. We thus conclude
that the existence of a metastable LLPS is not a sufficient condition for a two-step
nucleation process. The DLP serves as a reservoir and crystal growth can be de-
scribed by the Bergeron process, i.e., crystals grow directly into the dilute phase at
the expense of the DLP. Furthermore, the crystallographic analysis of the resulting
crystals shows that crystals with different morphology grown under different condi-
tions share a similar crystal structure and that the metal ions create two bridging
contacts within the unit cell and stabilize it.



44

4.2 Introduction

Knowledge of protein structures is essential for the mechanistic understanding of
their functions. Crystallography remains the most powerful tool in this context,
but crystal structure determination of macromolecules is often hampered by a lack
of high-quality crystals suitable for diffraction. One of the main challenges in the
process of crystallization is the quantitative understanding and control of protein-
protein interactions under various conditions and at different length scales and how
these translate ultimately into crystallization. Since multiple parameters such as
temperature, concentration of both protein and potential precipitants, the nature
of the precipitants, solvent, etc. are involved in protein crystallization, predictions
about the process are difficult to make.

For many years, classical nucleation theory (CNT) has been used to describe
crystallization. 69701500 Tt states that a nucleus forms directly from a supersatu-
rated solution. Nevertheless, recent theoretical, experimental and simulation stud-
ies have revealed nonclassical features in the early stage of nucleation for several
systems. [76:138:151-156] " Tpy particular, the decoupling of the order parameters involved
during a fluid-to-solid transition leads to the so-called two-step nucleation mech-
anism, in which a metastable intermediate phase (MIP) exists between the initial
supersaturated solution and the final crystals. Depending on the exact free energy
landscapes, the MIP can be a high density liquid phase, mesoscopic clusters, or a
preordered state. [78:137,157,158]

For colloid and protein systems, dominating short-ranged attractive interactions
lead to a metastable liquid-liquid phase separation (LLPS) with respect to the fluid-
to-solid transition. '™ As illustrated in Fig.4.1a, the LLPS coexistence line is lo-
cated below the solubility line, indicating the metastability with respect to the
crystalline phase. LLPS may be interrupted by glass formation of the dense phase
and result in an arrested state. 2

In terms of protein crystallization, the existence of a metastable LLPS region
may be the main reason underlying the formation of MIPs, as indicated by three
possible pathways of two-step nucleation associated with LLPS (paths 1-3) which
can be identified in Fig.4.1. The exact pathways depend on the respective quench
depths and their resulting locations in the phase diagram.%? Starting point for the
respective paths is always the single-phase region with higher reduced second virial
coefficients, B) = B,/BS, thus, a stable fluid solution. B is a measure of the inter-
action strength between two proteins and BE® is the second virial coefficient of hard
spheres with a radius R. Lower negative Bj-values indicate an increased attraction
between the proteins. B can be tuned by, for example, varying the temperature or
the solvent. "+169-1641 Path 1 (quench down to I in Fig. 4.1 a representing the region
near the critical point of LLPS where density fluctuations occur) leads to a two-step
nucleation as initially proposed by ten Wolde and Frenkel™!. Path 2, quenching
down to 2 in Fig.4.1a, representing conditions inside the LLPS binodal, suggests
that LLPS occurs before nucleation and both dilute and dense phase are liquid-like.
The two-step theory predicts crystal nucleation inside the macroscopically dense
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liquid. 7137138 Path 3, quench down to 3, suggests that for a deeper quench the
binodal of the high density branch is intercepted by the glass line (black), resulting
in an arrested non-equilibrium state of the dense phase.%52 In this case, nucle-
ation within the dense phase is hindered by dynamical arrest.? Compared to the
CNT, the respective free energy landscapes of these nonclassical pathways thus show
an additional free energy minimum (Fig.4.1b), corresponding to the intermediate
phase. If the free energy of the intermediate phase is higher than that of the initial
solution (top curve in Fig.4.1b), it is unstable with respect to the initial solution
(but still in a local free energy minimum) and the MIP exists as mesoscopic clusters.
If the free energy of the intermediate phase is lower than that of the initial solution
(bottom curve in Fig.4.1b), then the MIP can be a metastable dense liquid phase
(DLP).!'%] In both cases the MIPs have a higher free energy than the crystals and
thus are not stable with respect to crystallization.

Figure 4.1: a) Typical phase diagram for colloidal systems with short-range at-
tractions including protein solutions. Three possible nucleation paths associated
with LLPS are indicated (see text for details). b) Free energy landscapes for the
nucleation paths 1 and 2 labeled in Fig. 4.1 a.

In our previous work, we have demonstrated that multivalent salts can be used
to induce a phase behavior similar to that described in Fig.4.1a as well as crystal-
lization of globular proteins.[*>#4%648] Transition metals, including especially lan-
thanides and yttrium, have recently become more and more popular since they are
used for the structure determination of hundreds of proteins by X-ray diffraction and
nuclear magnetic resonance (NMR) and are found in lanthanide-dependent metal-
loenzymes in bacteria. 341661671 One example is their presence in the active site of
methanol dehydrogenase, which is involved in the metabolism of multicarbon sub-
strates.[1671%8] We have shown that negatively charged globular proteins at neutral
pH undergo a reentrant condensation (RC) phase behavior in the presence of triva-
lent salts. RC has been originally observed for DNA %) and has also been described
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in systems of globular proteins in the presence of multivalent ions. [41:43:46-48,152,170,171]

Since HSA is initially net negatively charged at neutral pH, the proteins repel each
other at a given protein concentration and form a clear and stable solution (regime I,
see also Fig. 4.2 further below).3 By increasing the salt concentration (c,) above a
well-defined salt concentration (¢*), the proteins aggregate or condense due to bind-
ing the multivalent ions, diminishing their negative charge (regime II). The solution
thereby turns turbid. Increasing c, even further, above the second well-defined salt
concentration ¢**, leads to an effective charge inversion of the proteins. 146! Thereby,
the attraction between the proteins becomes weaker and a stable and clear solution
is observed again (regime III). This charge inversion of proteins can also be obtained
vice versa, i.e., by adding negatively charged polyoxometalates (POMs) to positively
charged proteins in sufficient concentrations.['™ For details, see Refs. 40, 43 and
48.

Having illustrated the phase behavior of aqueous solutions of globular proteins
in the presence of multivalent salts, we proceed to explain its implications for crys-
tallization. In our system, a metastable LLPS region exists inside regime II (see
Flg 42) [41,47,48,50]

According to literature, crystallization from the condensed regime may follow
different pathways. Near ¢, crystals grow directly from the supersaturated solu-
tions; near or inside the LLPS binodal, metastable LLPS occurs first and is fol-
lowed by crystal growth.[#244-48152173.174 Ay jmportant theoretical prediction for
the two-step theory is that nucleation is favored inside the dense liquid intermediate
phase compared to the dilute phase, since the surface energy of the dense phase is
closer to the final crystalline state, and thus the free energy barrier for nucleation is
lower. 81371381 However, experimental observations in several protein systems sug-
gest that crystals nucleate mainly from the dilute phase or at the interface of the
dense liquid droplets and grow outside of it into the dilute phase.'"™77 These
observations are often ascribed to the high viscosity or even gel state of the DLP. %%

In spite of significant progress, many questions are still open regarding the role
of this metastable LLPS for nucleation and the subsequent crystal growth. In this
study, we use the protein HSA with yttrium chloride (YCl3) and cerium chloride
(CeCly) as a model system to study the effect of metastable LLPS on crystalliza-
tion. For HSA with CeCl;s, we use both H,O and D,O as solvents since one can
tune protein-protein interactions by exchanging hydrogen with deuterium. 6164 In
particular, we focus on whether crystals can nucleate and grow inside the DLP after
LLPS. For this purpose, conditions inside and near the LLPS binodal, correspond-
ing to metastable and unstable LLPS, respectively, are chosen for the crystallization
study. We note that, in the present article, the term “unstable LLPS” implies that
the LLPS is unstable with respect to both the initial solution and the crystalline
phase (see I in Fig.4.1b). In contrast, metastable dense phases are more stable
than the inital solution, but have a higher free energy than that of crystals (see 2
in Fig.4.1b).

The results presented here provide insights into the role of LLPS in crystallization
processes. Importantly, in addition to the kinetic insights, we further report a
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new crystal structure of HSA with metal ions incorporated in the crystal lattice,
highlighting the crucial role of the multivalent ions in the crystallization process by
forming intermolecular contacts.

4.3 Experiments and methods

4.3.1 Materials and sample preparation

Protein, salts and D,O were purchased from Sigma-Aldrich, now Merck, and used
as received. The guaranteed purities were 97 % for HSA (A9511), 99.99 % for CeClj
(429406) and YCl3 (451363), and 99.9 % for DO (151882).

All samples were prepared by mixing the required amount of salt stock solution,
deionized (18.2 MS?) degassed Millipore water or DO (for neutron scattering exper-
iments) and protein stock solution. Stock solutions were prepared by dissolving the
protein and salt powders in deionized degassed Millipore water or D,O, respectively.
The concentration of HSA solutions was determined by ultraviolet (UV) absorption
measurements using an extinction coefficient of 0.531L-g™!-cm™! at a wavelength
of 278 nm. '™l A Seven Easy pH instrument from Mettler Toledo was used to mon-
itor the pH of the protein solutions. All samples had a pH (between 6.2 and 6.9)
above the pI of HSA. No additional buffer was used to avoid the effect of co-ions.

4.3.2 Methods
4.3.2.1 Optical microscopy

An optical microscope (Axio Scope.Al, Carl Zeiss AG) was used for optical inves-
tigations of the samples. Images were recorded by a camera (AxioCam ICc5, Carl
Zeiss AG) in combination with the software ZEN Lite 2012. The samples were pre-
pared in two different ways. In the first case, ~ 50 pl of solution were pipetted into
a silicone ring on a glass slide and covered with a cover slide. Alternatively, ~ 350 ul
were filled into a type 120 quartz glass cuvette (Hellma GmbH, Miillheim, Germany)
with a path length of 1 mm. After mixing the samples in a separate tube, they were
filled into the quartz cuvettes which were subsequently sealed by Parafilm®. The
software ZEN Lite 2012 was used to conduct the imaging as well as to measure the
crystal lengths.

4.3.2.2 UV-visible spectroscopy (UV-vis)

UV-vis was used to follow the change in protein concentration of the dilute phase
during crystal growth in the presence of a metastable DLP. The experiments were
performed with a UV-vis spectrophotometer (Cary 50 UV-vis spectrometer, Varian
Technologies, USA). The solutions were probed in a quartz cuvette with a path
length of 1 mm. UV-vis spectra were collected every 10 min over a period of several
days.
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4.3.3 Determination of the phase diagram

The phase diagram of Fig.4.2 was determined following the procedure established
in our group as reported in previous work.*7?%) The respective ¢* and ¢** phase
transition boundaries (with ¢* < ¢**) were determined by visual inspection of 200 ul
samples at ¢, = 10, 15, 20, 22.5, 25, 30 35, 40 and 50 mg/ml HSA in H,O and
¢, = 10, 20, 35 and 50 mg/ml HSA in D,O and varying c¢,. The mean of the ¢
of the last clear and first turbid or last turbid and fist clear sample is referred to
as ¢* or ¢**, respectively. The LLPS binodals in the phase diagram (Fig.4.2) were
determined using UV-vis spectroscopy. Samples were prepared at 35 and 45 mg/ml
HSA and varying ¢, for both solvents H,O and D5O. The macroscopically liquid-
liquid phase-separated state of these samples was verified by visual inspection. The
sample tubes were centrifuged for 2 min with 21030 x g to separate the dilute and the
dense phase. The concentration of the dilute phase was determined by the UV-vis
spectrophotometer.

4.3.3.1 Small-angle X-ray scattering (SAXS)

SAXS measurements were performed at the European Synchrotron Radiation Fa-
cility (ESRF), Grenoble, France, at beamline ID02.'™ The sample-to-detector dis-
tance was set to 2m. The photon energy of the incoming X-rays was 12 keV, covering
a ¢g-range from 0.25 to 3.2nm!. The exposure time was 0.1 s for each measurement.
The crystals were collected and filled into a quartz capillary with a wall thickness
of about 10 um and a diameter of 2mm. The sample capillary was inserted into the
beam vertically. Between the measurements, the capillary was shifted up and down
to measure the scattering pattern at different positions. The 2D intensity pattern
was calibrated to absolute intensity and azimuthally averaged to obtain the intensity
profiles. The averaged profiles from different positions were used to index the Bragg
peaks. More detailed information on data reduction and g-resolution calibration can
be found in the literature. 180181

Additional SAXS data were collected on a laboratory instrument (Xeuss 2.0,
Xenocs, Grenoble, France) employing a GeniX 3D microfocus X-ray tube with a
copper anode, using an X-ray wavelength of 1.54 A. With a sample-to-detector dis-
tance of 1850 mm, the employed Pilatus 300K detector covered a g-range from 0.055
to 2.25nm*. Quartz capillaries with a diameter of 2mm were used. The acquisition
time per run was 10 min.

4.3.3.2 Small-angle neutron scattering (SANS)

SANS measurements were carried out at beamline D11 at the Institut Laue-Langevin
(ILL), Grenoble, France.'®? The sample-to-detector distance was 2m which covers
a g-range from 0.03 A~ t0 0.33 A~! at a wavelength of 6 A (AX/X = 10 %). Protein-
salt solutions in D5O were filled into rectangular quartz cells with a path length of
2mm. The beam size on the sample was 7mm x 10mm. The acquisition time
per run was 240s. Runs were repeated in appropriate time intervals in order to
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follow the crystallization process over a period up to several days. H,O was used as
secondary calibration standard to calibrate the absolute scattering intensity. Data
were stored in NEXUS data format.!'®3 The data correction and absolute intensity
calibration were performed using the software LAMP.['%4 Data can be accessed via

the DOI: 10.5291/ILL-DATA .9-13-672. 1%

4.3.3.3 Protein crystallization and crystal structure analysis

High-quality protein single crystals were obtained for a sample containing 31.0 mg/ml
HSA and 2mM YCIl; at 293 K by batch crystallization in small glass vials.

Single crystals were pipetted onto a siliconized glass plate and subsequently sub-
jected to a stepwise cryo-protection using the mother liquor, i.e., HoO with the
respective ¢, supplemented with 26 % (v/v) glycerol. Crystals were mounted into a
loop prior to flash-freezing in liquid nitrogen. X-ray diffraction data were recorded
at beamline X06SA at the Swiss Light Source (SLS), Villigen, Switzerland. A
highly redundant data set was recorded at a wavelength of 1.7 A to maximize the
anomalous signal of the yttrium ions (Tab. A.1). The data were reduced using the
XDS package. '%¢] Phases were obtained by the molecular replacement procedure of
PHASER!'7 using HSA as template structure (PDB code: 2BXI) followed by a
simulated annealing approach as implemented in PHENIX '8 to reduce the model
bias. The following refinement was done in several cycles of reciprocal space refine-
ment as implemented in REFMAC5!89 followed by real space model corrections
using COOT. ") Positions of the metal ions were determined on the basis of a |F*-
F~|-electron density map. The structure was validated using MOLPROBITY, 11
visualized with PYMOL!"2 and deposited to the Protein Data Bank with accession
code 7TA9C.

4.4 Results and discussion

4.4.1 Experimental phase diagram of the HSA-CeCl;
system at room temperature

First, we present the phase diagram and the crystallization conditions of our sys-
tems. Fig. 4.2 summarizes the phase behavior including reentrant condensation and
LLPS of HSA-CeCl; in H,O and in D5O. For this system, the second regime and the
LLPS region in DyO are significantly broadened in comparison to HoO. In essence,
the ¢ boundary is shifted to higher salt concentrations, whereas ¢* remains ap-
proximately at the same location. The LLPS binodal is also shifted to much lower
protein concentrations in DyO. The shift of the phase boundaries results from en-
hanced attractive interactions in D5O as reported in our previous work on a similar
system. 164 This solvent isotope effect has been observed for several other proteins,
such as lysozyme and yB-crystallin solutions. 617163 In contrast to its bovine variant
bovine serum albumin (BSA), which we have also investigated in detail (see Refs.
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Figure 4.2: Experimental phase diagram of HSA with CeCl; in HyO (blue) and
in D;O (red) at room temperature. Both RC and LLPS exist in both solvents,
but replacing HoO by DO significantly broadens the phase boundaries due to an
enhanced interprotein attraction.'4 The crystallization conditions examined in this
paper are labeled as (a): outside the LLPS area in HyO, and (b): inside the LLPS
area for both solvents. The dotted binodal ellipses are guides to the eye. The solid
lines represent fits for ¢* and ¢ in the respective system, determined by visual
inspection as described in the text.

40,43,160,164,170,193-195) and which also shows RC, LLPS and a tunable phase
behavior using a deuterated vs. protonated solvent,!'64 HSA is able to crystallize
in the presence of multivalent salts. We have investigated HSA with YCl3 before
as well, ) but the HSA-CeCl; system crystallizes more controllable and is therefore
used as model system. Another advantage for the purpose of this work is the clear
LLPS binodal, which is mostly not the case for B-lactoglobulin systems.

The experimental phase diagram provides a guide for optimal conditions of protein
crystallization. Slightly below ¢*, macroscopic needle-like crystals are formed and
no visible intermediate phase is observed. Crystals appear directly in the clear su-
persaturated solution.*>* For HSA with CeCls, the crystals feature predominantly
lenticular shapes (see Fig. 4.3 and Fig.4.5). Different morphologies of crystals grown
in the presence of YCl; are shown in Fig. A.1. We found that near ¢* and at the
lower boundary of the LLPS binodal, proteins crystallize reproducibly.*” In the
present work, we choose two typical conditions around the LLPS binodal as labeled
with (a) and (b) in Fig.4.2. The first condition (a) is located outside of the binodal.
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Under this condition, protein clusters exist, but macroscopic LLPS is impossible.
However, at the liquid/solid interface, a surface-enhanced wetting layer of dense
phase may form, meaning the DLP can only exist at a surface stabilizing it due to
its location outside the binodal in the phase diagram.”% Thus, the free energy of
the dense phase is even higher than that of the initial supersaturated solution and
corresponds to path 1 shown in Fig. 4.1. The second condition ((b) in Fig. 4.2) is lo-
cated inside the LLPS region, where macroscopic LLPS leads to a protein-rich and a
protein-poor phase. Both are metastable with respect to the crystalline phase. This
condition corresponds to path 2 in Fig.4.1. These crystallization areas at constant
temperatures in the phase diagram are consistent with theoretical predictions. 711!

4.4.2 Crystal growth with unstable LLPS — Path 1

a) b)

Figure 4.3: Bright ficld optical microscopy observations of crystallization of a sam-
ple containing 20 mg/ml HSA and 2.5 mM CeCl; at different times after preparation.
The sample was briefly centrifuged in the cuvette before examination under the mi-
croscope in order to concentrate the protein aggregates on one site. a) 4.3 h, a small
crystal appears at the wetting layer; b) 5.7h, a second crystal appears; ¢) 7h and
d) 7.7 h, crystal growth and consumption of the DLP lead to the formation of a de-
pletion zone around the crystals. The scale bar corresponds to 50 um for all panels.

We will first discuss the crystallization experiments for the samples located at
position (a) in Fig. 4.2. Fig. 4.3 shows the crystallization process of a sample which
is located outside the lower part of the LLPS region (20 mg/ml HSA and 2.5mM
CeClz in HyO). A depletion zone appears around the crystals. The formation of
a depletion zone for a different salt concentration is shown in Fig. A.2, indicating
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reproducibility. In the phase diagram (Fig.4.2), condition (a) is located outside
the LLPS binodal for H,O. Nevertheless, it is visible that the unstable microscopic
dense droplets sediment to the bottom, where they are able to form a layer on
the glass surface. Since the dense droplets are visible only for several minutes by
microscopy (in contrast to path 2), we expect them to be unstable with respect
to the initial solution (see Fig.4.1b) and to completely dissolve again without an
interface to sediment onto. Hence, this layer of dense phase is presumed to be a
surface-enhanced phenomenon. %%

Crystal growth kinetics for the same conditions was further studied using real-
time SAXS and SANS. Real-time SAXS data of a sample containing 20 mg/ml HSA
and 2mM CeCls are shown in Fig.4.4a. The SAXS profiles are initially smooth
and the scattering intensity mainly stems from the protein form factor in the high
q (> 0.1A~") region. In the intermediate g-range, the overall attraction leads to
an intensity increase with decreasing ¢. The low ¢ (< 0.01A‘1) upturn indicates
the formation of protein clusters. No additional structural features from the pro-
tein clusters were seen, which is in contrast to the f-lactoglobulin (BLG)-CdCly
system we studied previously where an additional protein-protein correlation peak
reflects the presence of an intermediate phase.**% Over time, the overall intensity
decreases in the g-range measured, and after 10h the first Bragg peak appears at
g =0.069 A~1.

For a quantitative analysis of the growth kinetics, we have integrated the intensi-
ties in the range from 0.03 to 0.06 A1 and plotted the resulting values as a function
of time in Fig. 4.4 b to follow the process of protein consumption from solution. This
range was chosen for several reasons. First, since no additional structural feature is
visible in the raw data indicating scattering from a different phase, one cannot dis-
tinguish contributions in the scattering signal from the wetting layer observed under
the microscope and the dilute phase. Importantly, the structure factor dominates
the signal in this g-region. The decrease in intensity is therefore attributed to the
overall material consumption during crystallization. Second, it is accessible with
both SAXS and SANS, and therefore the data can be easily compared. Third, it
does not overlap with the Bragg peaks, so these different contributions can be well
separated. We have also integrated the ¢-range between the first and the second
Bragg peak for all samples, leading to the same results. Last but not least, the
statistical data quality is higher for lower ¢-values.

The values for the area of the Gaussian fit of the Bragg peak at ¢ = 0.069 A~! after
subtracting a linear background are also plotted in order to follow crystal growth.
One can see that the scattering intensity from the solution begins to decrease after
~8h. At the same time, the Bragg peak starts to grow. Both changes proceed
monotonously and no stepwise change is visible. After ~20h, the Bragg peak in-
tensity reaches a maximum value which remains nearly constant. In Fig.4.4b, data
points of the Bragg peak fit were binned in groups of three to improve the statis-
tics. The error bars represent the respective standard deviation. This procedure
was not necessary for the SANS data, because the R2-values of the Gaussian fits are
all higher than 0.92. The error of the integrated scattering intensity of the overall
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material is always much smaller than the symbols, and thus not plotted for clarity.
For all data sets (SAXS and SANS), both the intensity of the Bragg peak and of the
proteins inside dense and dilute phase were fitted by a logistic function (Eq.4.1),
where A is the maximum of the curve, k its logistic growth rate or steepness and t;
the time of its midpoint. 197

A
O =1 %am (4.1)

According to Arrhenius’ law, the initial exponential increase in the intensity of
the Bragg peak is caused by nucleation, '8 which is the rate-limiting step at this
time. Later, the growth of the crystals is linear until it eventually reaches a plateau
due to limited material in solution. Depending on how far away the solubility line
is located from the LLPS binodal, crystals can still grow after all dense phase is
consumed, since the dilute phase is then consumed (see also later). The midpoints
for both curves in Fig. 4.4 b are t1 prage = 15.09h and #; so1ution = 16.04h. The time of
the midpoint, ¢, is also the time of the turning point of the curves and can be seen
equal to the respective time of the extremum of the first time derivatives. Since the
t-values are similar, indicating that proteins are consumed the fastest when crystals
grow the fastest, this result suggests again a one-step process. All fit parameters
are listed in Tab. A.2.

A similar condition (inside the second regime, but outside the LLPS binodal)
for the system in DO (10mg/ml HSA with 2mM CeCl; in DyO) was studied by
SANS. The results are shown in Fig. A.3. Both SAXS and SANS measurements show
a similar growth behavior: first, around the Bragg peaks, no additional structural
feature is visible, which could be used to identify the intermediate phase. Due to
the crystal size, the crystals sediment to the bottom of the container once they
are big enough. SANS has the advantage of a large scattering volume with a large
number of crystals contributing to the intensity. The results shown above indicate
that given the current conditions, crystal growth can be described by a one-step
crystallization. Combining with results from microscopy and UV-vis, we conclude
that after nucleation in the dilute phase or at its interface with the dense phase or
the container, the crystals grow into the dilute phase while they first consume the
dense phase/wetting layer, followed by the dilute phase.



54

q [A]

b)

w (¥ 1w 1w =\J

time [h]

et

Figure 4.4: SAXS data of a sample containing 20 mg/ml HSA and 2mM CeCls. a)
Scattering intensity curves between 0 and 25 h after sample preparation as functions
of q, and b) analysis of the kinetics based on the integrated area covered by Bragg

peaks and the low g-intensity between 0.03 and 0.06 A=*. The solid lines represent
the corresponding fits (Eq.4.1).
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4.4.3 Crystal growth with a metastable LLPS — Path 2

We now present the results of crystal growth at position (b) in Fig.4.2, i.e., inside
the LLPS binodal. We prepared one set of samples containing 50 mg/ml HSA and
3.5mM CeCls, located at the lower binodal boundary of LLPS in the phase diagram.
In this case, the amount of dense phase is small and it appears rather liquid-like
than gel-like.

a) b)

Figure 4.5: Crystal growth of a sample containing 50 mg/ml HSA and 3.5 mM
CeCls at different times after sample preparation: a) 10min; b) 6h; ¢) 8h and d)
17h. The scale bar corresponds to 50 pm.

The crystal growth of this sample followed by optical microscopy is shown in
Fig.4.5. Tiny droplets of DLP are visible right after preparation. Some of them
sediment to the bottom surface while some stay in solution. The latter merge
and disappear with time. In contrast to path 1 described previously, the droplets
appear stable with respect to the initial solution (see Fig.4.1b), evidenced by their
increased lifetimes. Crystals appear ~ 2h after preparation. While nucleation is not
observed in the dense phase, it is seen in the dilute phase or at its interface with the
container, which suggests a one-step crystallization. The latter two scenarios cannot
be distinguished due to the limited resolution of the optical microscope. After 17h,
the system is crystallized and no further changes can be observed on a reasonable
timescale. Crystal growth first consumes the material (dense phase) around the
crystals, leading to a depletion region or “buffer zone”. Similar observations have
been reported for crystal growth in lysozyme solutions undergoing LLPS. 177

An interesting observation concerns the consumption of the dense phase upon
crystal growth. Under the microscope, one can see that the droplets are shrinking,
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Figure 4.6: Crystal length as a function of time for the sample shown in Fig. 4.5.
After 11.7h, no dense droplets can be observed anymore.

but neither do crystals grow into the droplets nor do droplets incorporate into the
crystals. This suggests crystal growth via the deposition of proteins from the dilute
phase. While the dilute phase feeds crystal growth, the droplets dissolve, i.e., the
crystal growth does not consume the droplets directly.

In Fig. 4.6, size measurements for three different crystals of the sample containing
50mg/ml HSA and 3.5mM CeCl; are shown. In every case, the initial crystal
growth follows a linear relationship. The fits are further extrapolated to obtain the
induction times ty = 3.5,4.8 and 5.1 h for crystals 1-3, respectively. Note that these
measurements are performed for crystals in the focal area, which are not necessarily
the ones that grew first. In addition to the growth rates and the induction times,
the final sizes of the crystals (250 to 300 wum) are similar. The disappearance of
the dense droplets seems to have no direct impact on their growth rate. The late
stage saturation of the size can be explained by the limited amount of material
in the solution. This linear growth behavior would be consistent with a one-step
nucleation process.

The crystal growth kinetics was further characterized using SANS. Fig. 4.7 shows
SANS data and the corresponding analysis of a sample containing 50 mg/ml HSA
with 3.5mM CeCl3 in D,O. The corresponding optical microscopy images of the
crystal growth in D,O are presented in Fig. A.4. Although the appearance of the
DLP is different in DoO (network) than in HyO (droplets) because of enhanced
interprotein attractions in D50, crystal growth in H,O and D50 is comparable.
Again, the overall smooth SANS curves show a decrease in intensity in the low
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g-region as shown in Fig.4.7a. With time, Bragg peaks appear and their areas
increase. In addition to the overall material consumption, the area of the Gaussian
fit of the first Bragg peak at ¢ = 0.07 A~!, representing the crystalline phase, is
plotted in Fig.4.7b. It increases with time, indicating crystal growth. Similarly to
Fig. 4.4 Db, both changes are monotonous and no stepwise change is visible.

a)

b)

time [h]

Figure 4.7: a) SANS profiles of crystal growth of a sample containing 50 mg/ml
HSA and 3.5mM CeCl; in DyO between 0 and 48h. b) Analysis of the kinetics
based on the areas of the Bragg peak at ¢ = 0.07A~" and the normalized integral of
intensity in the g-range from 0.03 to 0.06 A=" for the crystalline phase and the overall
material, respectively. The solid lines represent the corresponding fits (Eq.4.1).

The slight decrease in intensity in the beginning may be due to the temperature
difference between sample preparation and the measurement (Fig.4.7b). Therefore,
these data points were not taken into account for the fit. Afterward, an initially
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exponential increase followed by a linear part of the Bragg peak area is visible
again. The increase at later stages is more pronounced compared to the samples
discussed before (Fig.4.4b). The solubility line may be located further away from
the LLPS binodal or some crystals may have sedimented from the top of the cuvette
into the beam region, causing this increase. However, the respective t;-values are
similar again. This result is also consistent with a one-step crystallization where the
metastable dense phase serves as a reservoir for the crystal growth and is consumed
during the process. We would expect a stepwise growth for a two-step nucleation as
it can be, for example, observed for BLG with CdCl,. 444

To further clarify the role of the DLP in crystallization, we have determined the
protein concentration of the dilute phase during crystal growth. After preparation,
the samples were briefly centrifuged in order to deposit the dense phase at the bot-
tom of the cuvette. The protein concentration of the dilute phase was followed by
UV-vis as shown in Fig.4.8a. The protein concentration in the dilute phase as a
function of time is plotted in Fig.4.8b and can be divided into three stages: first
(from the beginning to about 15h) the protein concentration is almost constant and
corresponds to the dilute phase resulting from LLPS. During this time, crystals are
already formed, but crystal growth consumes the dense phase, and thus, the dilute
phase has an almost constant concentration. The minor increase in protein con-
centration can be caused by a slight temperature difference between the centrifuge
and the UV-vis spectrophotometer. In the second stage, the concentration decreases
quickly with time, corresponding to a growth procedure of the crystals while con-
suming the dilute phase. In the third stage, the protein concentration of the dilute
phase is low, corresponding to the gas-solid (solution-crystal) equilibrium, i.e., the
solubility line.
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Figure 4.8: Protein concentration of the dilute phase during crystal growth of a
sample containing 50 mg/ml HSA and 3.5 mM CeCl; monitored by UV-vis. a) Real-
time UV-vis spectra, and b) protein concentration as a function of time. Based on
microscopy data (exemplarily shown in Fig.4.5), we distinguish three sections. In
section 1, no crystals are formed yet, while they nucleate and consume the dense
droplets in section 2 and grow further without visible dense phase in section 3.
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4.4.4 Discussion of the role of metastable LLPS for protein
crystallization

In summary, our growth kinetics studies by optical microscopy for individual crystals
as well as by real-time SANS/SAXS and UV-vis for the overall growth kinetics
lead to the consistent conclusion that the crystal nucleation for the present system
follows a one-step process and the intermediates (dense liquid droplets/wetting layer
or protein clusters) serve as a reservoir. Such a growth pathway is illustrated in
Fig.4.9.

Two-step nucleation theory predicts that a metastable high density liquid phase
is favored for crystal nucleation because of the lower free energy barrier. However,
any experimental studies indicate that crystals form either inside the dilute phase or
at the interface between the dense and dilute phase and grow into the dilute phase.
This has been attributed to the arrested state of the dense phase. '™ 177 This may
indeed be the case for lysozyme.? The fact that the dense phases studied in the
present work are always able to merge as well as dissolve again, similar to the study
by Ray and Bracker, 7 indicates, however, that they are liquid-like. Thus, the slow
dynamics cannot be used to explain the absence of nucleation inside the dense phase.
We expect that a combination of heterogeneous and homogeneous nucleation may be
the alternative. Due to the low resolution limit of the optical microscope, one cannot
unambiguously determine if nucleation takes place at impurities, at interfaces of the
dilute phase with the dense phase or with the sample container, or directly in the
dilute phase. Nevertheless, nucleation inside the dense phases was not visible in any
of our experimental conditions, even with extremely long lifetimes of the metastable
ones. We speculate that to some extent the mechanism of enhanced adsorption (and
possibly crystal nucleation) at the interface of the glass container may play a role,
but a detailed study of this is beyond the scope of the present work and can be
found in Refs. 194 and 195.

We note that observations of two-step processes involving manifold kinds of pre-
cursors have been made for several proteins.[42:4445:137,151,152,158,199-202) e do not
completely rule out the possibility that different precursors with a short lifetime in
solution may initiate crystal nucleation (which is beyond the resolution limitation of
the microscope and which we also do not observe with SAXS/SANS). In our work,
we aim to investigate the role of macroscopic LLPS on nucleation. The macroscopic
dense droplets are clearly visible under the microscope and their lifetime is extremely
long (hours). Under our experimental conditions, we can demonstrate that no nu-
cleation occurs inside the macroscopic DLP after LLPS. We also note that protein
crystallization pathways depend strongly on the specific systems and the respective
conditions. This work provides evidence of a scenario where an MIP forms, but does
not initiate interior nucleation. This scenario is not described in Fig. 4.1 a.

Furthermore, we note that the crystallization behavior discussed here (Fig.4.9)
is very similar to the “Bergeron process”, i.e., crystal growth via vapor deposition
at the expense of the metastable DLP. The Bergeron process has been used to
describe the water condensation process at high altitudes and the fluid-solid phase
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Figure 4.9: Schematic of the nucleation pathway of protein crystallization in the
presence of a metastable LLPS as revealed from this study.

transition in colloidal systems. 23 Once crystals are formed, crystal growth via vapor
deposition (here: from the dilute phase) is more favored than growth through the
supercooled water droplets (here: DLP) due to different saturation vapor pressures
of the crystals and the metastable droplets. We can easily compare these two cases
because of the existence of a metastable LLPS, resulting in a gas (dilute) and a
liquid (dense) phase. This can also explain why crystals are observed to grow into
the dilute phase instead of into the dense phase after nucleation.

4.4.5 Crystal structure of HSA-Y?" crystals by single
crystal X-ray diffraction and the role of multivalent
metal ions

Optimizing crystallization conditions of HSA with YCl3 led to high-quality crys-
tals, the structure of which is presented in the following. Before we introduce the
crystal structure analysis, we first compare the overall crystal structure of crystals
grown with different salts under various conditions. Crystals grown under differ-
ent conditions and with different morphologies were collected and filled into quartz
capillaries for SAXS measurements. As shown in Fig.4.10, the SAXS profiles of all
crystals have Bragg peaks at very similar positions and with similar intensities. The
corresponding Miller indices for the first Bragg peaks are also shown. From this
agreement, it can be concluded that the crystals of different shape and of different
salts have a similar crystal structure. This result is in good agreement with the
fact that yttrium and cerium are chemically similar to each other'%7) and the phase
behavior of HSA solutions in the presence of the two cations is also similar. Never-
theless, for growing high-quality single crystals suitable for X-ray diffraction, HSA
with YCl3 turned out to be the more reliable system. Hence, the crystal structure
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Figure 4.10: Comparison of SAXS profiles of HSA crystals grown under different
conditions with different morphologies and different salts measured at different po-
sitions in the capillary. Top: 150 mg/ml HSA with 10 mM CeCls; bottom: 30 mg/ml
HSA with 3mM YClI; resulting in different morphologies, which are shifted for clar-
ity (top: needle-like crystals, bottom: compact crystals). The Bragg peaks can be
assigned to the corresponding Miller indices using the HSA crystal structure deter-
mined in this article (PDB code: 7TA9C).

analysis was performed with HSA-YCI;3 crystals.

Yttrium causes HSA to crystallize in a so-far not-described crystal form with
spacegroup P2,2;2; and unit cell dimensions of ¢ =55.27 A, b=71.93 A, c=180.13 A,
respectively. Nonetheless, the overall fold of the protein is not influenced by the
metal ions and is virtually identical to the HSA structures deposited in the PDB
data base possessing a Ca-rms deviation of 0.84 A for 579 out of 581 aligned amino
acids. The model quality is reasonable for the given resolution of 2.75 A and al-
lowed to clearly identify the yttrium ions on the basis of an anomalous difference
map (coefficient: |[F*-F~|) in combination with the chemical environment. Y Two
chemically different metal ions were identified that interconnect the HSA protomers
in the crystal (Fig. 4.11b and c), resulting in an overall stoichiometry of HSA to Y3*
of 1:2. Each HSA protomer is in contact with ten symmetry-related HSA molecules,
but only four protomers out of these are mediated by yttrium interactions. The
coordination of the yttrium ions is comparable to the interactions observed for BLG
(PDB code: 3PH5, 3PH6) and shows that each yttrium ion is coordinated by three
negatively charged glutamate side chains, thereby compensating the positive charge
of the metal ion.
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We performed an interface calculation, i.e., the ratio between the surface of the
binding sites and the total surface of the protein, using PISA %! to analyze the metal
ion contribution for the crystallization of HSA and BLG (PDB code: 3PH5) in the
presence of yttrium. The total interface area in the HSA:Y3" crystals is calculated
to be 2052 A% out of which 316 A (15.4 %) is mediated by Y>*-protein interactions.
This is in good agreement with the observation that most of the contacts of the
585 amino acid long protomers are formed by protein-protein interactions and the
influence of the metal ion is less pronounced for HSA. This is different for BLG-Y3"
crystals where the yttrium ions contribute more substantially to the crystal contact
formation. Here, the four yttrium ions of the dimeric protein make up 30.2 % of the
total crystal contact area (577 A2 out of 1907 A?).

In summary, we show that the high valency metal ions bridge the proteins and
develop two new protein contacts, which stabilize the crystal lattice for both metal
salts used. This is in contrast to the crystal structure of BLG in the presence
of YCl3 where all four binding sites contribute to the bridging contacts between
the unit cell.*S) In addition to their crucial role in inducing crystallization, the
trivalent cations can be used to solve the phase problem using anomalous dispersion
methods, since they are an integral part of the crystal lattice. Both yttrium ions are
coordinated by three glutamate side chains. In addition, a carbonyl coordination
of the peptide backbone is found for one yttrium ion (Fig.4.11b). A stable crystal
lattice is formed due to the cation-based contacts interconnecting the proteins. This
bridging effect has resulted in the development of an ion-activated patchy colloidal
model, which describes theoretically the phase behavior observed experimentally. [!]
The significant improvement of both crystal yield and quality using multivalent
metal ions and the physical mechanisms revealed in our study provide not only
a practical guide for protein crystallization, but also an efficient way to tune the
effective interactions, phase behavior and even the exact nucleation pathways of
protein crystallization. Furthermore, the ion-activated patchy particle model[*!
provides a theoretical framework for future developments in this field.
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Figure 4.11: Crystal structure of HSA crystallized in the presence of yttrium ions.
The crystal packing is shown for a single protomer. All protomers which contact the
central protomer (orange) by metal (pink) coordination are colored (green, blue).
All attached protomers interacting exclusively by protein-protein interactions are
not visualized. A similar figure showing all crystal contacts of a single protomer can
be found in Fig. A.5. Four of the ten protomers contact the central protomer by two
chemically different metal sites (hot pink) (b, ¢). The metal sites were placed on
the basis of an anomalous electron density map (yellow, contour level 6.0) using the
Bijvoet pairs as map coefficients.
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4.5 Conclusions

In summary, we have studied protein crystallization in solutions exhibiting a me-
tastable LLPS. We focus on the effects of unstable and metastable DLPs on the
crystallization pathways of HSA. Based on the phase diagram, for the first condition
outside the LLPS region, but still inside the condensed regime, the DLP is unstable
with respect to crystals and the solution. However, the surface of the quartz cuvette
containing the sample may lead to a wetting layer of surface-enhanced dense phase.
The second condition is located inside the LLPS binodal, leading to a small amount
of metastable DLP. Optical microscopy and SAXS/SANS measurements solely show
a monotonous crystal growth. We note that no evidence of nucleation inside the
DLPs has been found. Thus, the existence of a metastable LLPS seems not to be a
sufficient condition for two-step nucleation. In our systems, the crystallization pro-
cess can be better described as a Bergeron process, i.e., crystal growth via vapor de-
position (here: from the dilute phase) at the expense of the metastable (or unstable)
phase (see Fig.4.9). The Bergeron process also explains the fact that experimental
observations often reveal that the crystals grow inside the dilute phase instead of the
dense phase. Furthermore, all crystals grown under different conditions and with
different trivalent salts share the same crystal structure. Crystallographic analysis
shows that two metal ions are coordinated by negatively charged acidic residues
to form intermolecular crystal contacts, hence contributing to the formation of the
crystal lattice and supporting the ion-activated patchy particle model. [*!
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5.1 Abstract

The protein human serum albumin (HSA) is able to readily crystallize in the presence
of trivalent cations, whereas this is not the case for the homologous protein in cat-
tle, bovine serum albumin (BSA), although both have analogous functions as well
as similar physicochemical properties. To understand the underlying interactions
and mechanisms, we investigated their bulk phase behavior with CeCls by visual in-
spection, optical microscopy, and small-angle X-ray scattering (SAXS). The results
reveal that both proteins undergo reentrant condensation and liquid-liquid phase
separation (LLPS). However, the LLPS binodal for HSA shifts toward lower protein
concentrations than that for BSA, indicating a stronger intermolecular attraction
in HSA solutions at the same compositions, consistent with SAXS measurements.
Moreover, crystallization occurs within the condensed regime of HSA, but no crys-
tallization was observed for BSA. Adsorption studies at a hydrophilic SiO, surface
demonstrate that both systems show reentrant adsorption with a higher amount
of adsorbed BSA, likely due to enhanced cation-mediated interactions and/or hy-
drogen bonds. We conclude that the higher surface hydrophobicity of HSA could
explain the experimental observations. These additional hydrophobic interactions
not only strengthen the attraction between the proteins but also provide directional
and specific protein—protein contacts, which are favored for protein crystallization.
This work further demonstrates the sensitivity and complexity of protein interac-
tions in solution: Subtle differences in molecular structure lead to a dramatic change
in their phase behavior. Generalization of these findings can pave the way toward,
e.g., better drug design and improve medical treatment.
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5.2 Introduction

Crystallization of macromolecules, e.g., proteins, is relevant in many fields such as
pharmacology or structural biology. Although much effort is put into this research,
the underlying mechanisms and interactions triggering crystallization are until now
not fully understood. In order to elucidate the question which intermolecular inter-
actions are required for crystallization, we performed systematic investigations on
the interactions in aqueous HSA as well as in BSA solutions in the presence of solely
multivalent cations as additives since only the former were reported to crystallize.

Serum albumin is the most abundant protein in the blood stream with a physi-
ological concentration of roughly 40 mg/ml.[?°6l In general, albumins have two key
physiological functions: maintaining the fluid balance by virtue of their colloid os-
motic pressure and serving as carriers of small molecules. " Each mammal has its
own albumin version (e.g., human serum albumin (HSA) for humans and bovine
serum albumin (BSA) for cattle) since the respective primary and tertiary struc-
tures underwent a different evolution within the respective species. % Universally,
however, the heart-shaped serum albumin molecules are formed by three homolo-
gous domains (I, IT and IIT), which consist themselves of two subdomains of similar
structural motifs. 1392081 The subdomains ITA and ITIA contain hydrophobic cavities,
which are mainly responsible for ligand binding. ['3%2%8] Several structural features
are conserved in all mammalian serum albumins such as the highly helical tertiary
structure and the characteristic pattern of the 17 disulfide bridges, indicating a
canonical structure.” Due to their important role in the body, the binding to
different ligands and the phase behavior of serum albumin were and still are inves-
tigated in great detail.(50:194.206,208-218] Ty pymerous scientific studies, however, BSA
is used instead of HSA because of its easier accessibility, and the subsequent results
are transferred to HSA. '3 While the two homologs do indeed share multiple similar
properties, there are also vital differences, since HSA is for example thermally more
stable than BSA as well as more hydrophobic. (21%:220]

Several of the different properties between the homologs can be explained with
their structural differences and the resulting interactions. Regarding the primary
structure, mature HSA contains 585 amino acids whereas BSA contains only 583
amino acids.™? In combination with slight differences in their sequence, this results
in the fact that HSA and BSA only have 75.8% sequence identity."* Therefore,
changes in the primary structure can be found, which are highly correlated with the
evolution of the respective species.[1*) Although there is a large degree of similarity
between BSA, HSA, ESA (equine serum albumin) and LSA (leporine serum albu-
min), a number of differences in the binding pockets, and especially variations in
the respective surface structures and charge distributions were found. '3

From a colloidal point of view, HSA and BSA are both globular proteins with a net
negative charge at neutral pH.*¥ They are not only of physiological interest, but also
considered as model proteins and used for studies investigating protein adsorption,
protein-protein interaction, gelation or crystallization. [50,170:194,195,214,215,221,222]

In previous work, it was established that trivalent salts induce a rich phase be-
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havior, similar to that shown in Fig. 5.1, and possibly even crystallization of globu-
lar proteins. [34:40:46,50,170,194,195,214,215,.222] Tpy thig context, crystallization of HSA with
YCl; and CeClz was observed, but no crystallization of BSA in the presence of multi-
valent salts was reported. [40:43:47,194,195,214,215.222] Ty order to investigate this dissimilar
crystallization behavior and the underlying interactions, in this work, we systemat-
ically studied the bulk phase behavior of HSA and BSA in the presence of CeCl; by
visual investigation, optical microscopy, and small-angle X-ray scattering (SAXS).
In addition, we studied the adsorption behavior of these two systems at a solid-liquid
interface to further evaluate the interactions of these two homologous proteins to
obtain a better understanding about why HSA crystallizes in the presence of multi-
valent cations, whereas BSA does not.

5.3 Experiments and Methods

5.3.1 Materials and sample preparation

The proteins and the salt used were purchased from Sigma-Aldrich, now Merck, and
used as received. The purities were 97 % for HSA (product no. A9511), 98 % for BSA
(product no. A7906) and 99.99 % for CeCl; (product no. 429406). Stock solutions
were prepared by dissolving the protein and salt in deionized (18.2 M), degassed
Millipore water. The concentration of the protein solutions was determined with
an ultraviolet-visible (UV-vis) spectrophotometer (Cary 50 UV-vis spectrometer,
Varian Technologies, USA) using an extinction coefficient of 0.531 mlmg~!cm™" at
a wavelength of 278 nm for HSA and 0.667 mlmg ' cm™" for BSA.[178 All samples
were prepared by mixing the required amount of deionized, degassed Millipore water,
protein stock solution and salt stock solution. All samples had a pH (between 6.2
and 6.9) above the respective pl of the proteins, measured with a pH meter from
Mettler Toledo (Germany). No additional buffer was used to avoid the effect of
co-ions. All samples were prepared and investigated at 21 +1°C.

5.3.2 Determination of the phase diagram

The phase diagrams of BSA and HSA with CeCl; were determined by visual inspec-
tion. Samples of protein concentrations (c,) at 5, 20, 50, 80 and 100 mg/ml were
prepared for HSA and ¢, = 5, 20, 50, 60, 80, 100, 150 and 160 mg/ml for BSA at
varying salt concentrations (c¢;). The mean ¢, of the last clear and first turbid or last
turbid and first clear sample is referred to as ¢* or ¢**, respectively. The respective
¢* and ¢ phase boundaries (with ¢* < ¢**) are plotted in Fig.5.1.

The dilute branches of the LLPS binodals (triangle markers in Fig.5.1) were
determined by UV-vis spectroscopy. Samples were prepared with two different c,,
i.e., with ¢, = 150 and 160 mg/ml for BSA, and with ¢, = 80 and 100 mg/ml for
HSA, and varying ¢, to ensure reproducibility. Since the binodals thus obtained
for different protein/salt conditions are nearly identical within one protein, only
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one data set is shown for better clarity. The macroscopic phase separation was
ensured by visual inspection (see exemplarily Fig.B.1 for BSA). For the binodal
determination, the samples tubes were centrifuged for 8 min with 5000 x g to separate
the dilute and the dense phase. Afterward, the concentration of the dilute phase
was determined with a the UV-vis spectrophotometer. Note that the complete LLPS
binodal needs to consider both protein and salt partitioning in the two liquid phases,
which leads to an ellipsoidal-shaped closed loop in regime II (see Refs. 47,50,222).
In this work, we focus on the minimum protein concentration needed for LLPS in
BSA and HSA solutions in the presence of trivalent salt; thus, only the protein
concentrations in the dilute phases were determined.

5.3.3 Optical microscopy

An optical microscope (Axio Scope.Al, Carl Zeiss AG) was used for optical investi-
gations of the samples. Images were recorded with a camera (Axio-Cam ICch, Carl
Zeiss AG) using the software ZEN Lite 2012. Samples were prepared in a separate
tube. Afterward, 25 ul were transferred into a Gene Frame (1 x 1 cm with a thickness
of 0.25 mm from Thermo Scientific™, Germany) on a glass slide and subsequently
covered with a cover slide.

For crystallization experiments, multiple conditions were investigated to check for
the optimal crystallization conditions. Samples were directly transferred into the
Gene Frame and after 14 days, the presence or absence of crystals was recorded.
This study was carried out for samples containing 20, 35, 50, and 80 mg/ml HSA
with varying CeCls concentrations. For BSA solutions, the samples used for the
determination of the phase diagram were kept for several weeks to monitor the
crystallization behavior.

5.3.4 Small-angle X-ray scattering (SAXS)

SAXS measurements were performed at the Petra III beamline P12 (Hamburg, Ger-
many). ??3 With a sample-to-detector distance of 3m and an X-ray energy of 10keV,
a g-range from 0.03-7.3nm ! was achieved. The sample was exchanged using a flow
cell. For each sample, 40 exposures of 0.045s were checked for radiation damage
and averaged. The 2D intensity pattern was azimuthally averaged to obtain the
intensity profiles. Afterward, the solvent background was measured the same way
and subtracted.

Additional SAXS data were collected with a Xeuss 2.0 instrument (Xenocs, Greno-
ble, France) employing a GeniX 3D microfocus X-ray tube with a copper anode,
using an X-ray wavelength of 0.154nm. With a sample-to-detector distance of
1850 mm, the employed Pilatus 300K detector covered a g¢-range from 0.055 to
2.25nm™!. Quartz capillaries with a diameter of 2mm were used for this setup.
Each acquisition time was 30 min.

In order to determine the reduced second osmotic virial coefficient By = By/BA'®
with B4 = 16w R?/3 being the second virial coefficient of hard spheres, the data
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were fitted with a sticky hard sphere (SHS) model??! using IGOR PRO 6.37 in
combination with macros provided by NIST.[??l The potential for particles with
radius R is described as

00 r<oc=2R
BU(r)=q-BUs=In(BR) o<r<o+A (5.1)
0 r>o+ A

with 8 = 1/kgT. 7 stands for the stickiness parameter and A for the width of the
square well. A pertubative solution of the Percus-Yevick closure relation was used
to calculate the structure factor. 193226

Prior to their investigation, the samples were briefly centrifuged and only the
clear supernatant was examined. The protein concentration of the HSA samples
was determined with the help of the binodal in the phase diagram (Fig.5.1) in a
10 mg/ml range and for the BSA samples, a concentration range between 40 and
50 mg/ml was assumed since the initial concentration was 50 mg/ml and no LLPS
occured for these conditions. With the specific volumes of 0.735ml/g for BSA [27)
and 0.754ml/g for HSA, 2?8 the respective volume fractions were calculated. Similar
to Refs. 229 and 193, A was set to 0.01 ¢ to avoid artificial coupling with 7, the axes
of the ellipsoid were fixed to r, = 1.8 nm and r, = 6.1 nm and the scattering length
density (SLD) of the ellipsoid was set to 1.24-107"nm™2. Since HSA and BSA are
similar in size and shape (see Tab.5.1), the same values are used for both proteins.

In the limit A — 0, which is used here, the reduced second virial coefficient can
then be calculated by:

lim —2 =1 — — (5.2)

Due to aggregation or further LLLPS within the samples indicated by a strong increase
of intensity at low g-values (< 0.1nm™!) (see Fig.5.3), the model was only applied
for g-values > 0.1nm~'. Representative fits are plotted in Fig. B.2.

For protein solutions with a ¢, of 1 mM, a screened Coulomb (SC) potentiall
was used to describe the effective interactions. According to Ref. 232, the axes of
re = L.7nm and r, = 4.2nm for low ¢, were used. The SLD of the ellipsoid
was again set to 1.24-10~"nm~2, the temperature to 293 K, the monovalent salt to
0.006 M (having the same Debye length as 1mM CeCl3) and the volume fraction
was calculated similarly to the SHS fits. Similar to the procedure above, the model
was applied only for ¢g-values > 0.1nm™!. The respective fits can be seen in Fig. B.3.

230,231]
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5.3.5 Quartz-crystal microbalance with dissipation

(QCM-D)

Protein adsorption measurements were performed with a Q-Sense Analyzer (Biolin
Scientific, Sweden). [174233.234] The samples were mixed and 5ml of the protein/salt
mixtures was pumped into a previously degassed-MilliQ-water-calibrated QCM-D
cell. The signal of the adsorption process was recorded for approximately one hour
and the cell was subsequently rinsed by MilliQQ water in order to detect irreversibly
bound proteins. Native silica-coated quartz sensors (product no. QS-QSX303 from
Quantum Design, Germany) were used as substrates for this setup. The flow cell
was inverted during the complete measurement and cleaning, i.e., with the sub-
strate on top of the solution, in order to avoid sedimentation effects. After each
measurement, the flow cell was cleaned in situ in three steps with 2 % Hellmanex,
ethanol and water. The QSoft software was used for data collection while Dfind and
QTools (Biolin Scientific) were used for data analysis and figure generation. Since
the dissipation (D) was > 0, a viscoelastic (Voigt) model was applied for the data
collected. 235:236] More details regarding data analysis and fitting parameters can be
found in Refs. 194, 195, and 215. Each adsorbed protein layer thickness d at the
solid-liquid interface is the mean of at least three individual measurements to check
for reproducibility and to estimate the error of the measurement. Thus, the error
bars indicate the respective standard deviations.

5.4 Results and discussion

5.4.1 Phase diagram

As a first step, the respective phase diagrams were established. Fig.5.1 shows ex-
perimental phase diagrams of HSA and BSA in the presence of CeCl;z. While parts
of the phase diagram of HSA-CeCl; were already discussed in a previous work, >4
the BSA system was newly established in the context of this study. One can see
that HSA and BSA both show a rich phase behavior including reentrant conden-
sation (RC) and liquid-liquid phase separation (LLPS) in the presence of CeCl;
(see Fig.5.1). This rich phase behavior has been established for net negatively
charged, globular proteins in the presence of multivalent salts, but can also be
found in solutions of positively charged proteins and negatively charged polyoxomet-
alates, [41:46,170,172,194,195,214,215,.222] The proteins initially repel each other by virtue of
their negative charge, forming a clear and stable solution (regime I). By increasing
cs and crossing ¢*, the proteins macroscopically aggregate/condense, which leads
to an optically turbid solution. In this turbid solution, the multivalent cations
bind to the carboxyl groups at the protein surface, therefore weaken the repulsive
forces between the initially negatively charged proteins, and the effective attraction
is strong enough to cause protein condensation (regime II).[*146] By further increas-
ing c¢,, above ¢**, the attractive interactions between the proteins become weaker
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and the solution becomes clear and stable again (regime III), which is defined as
RC.[40:41:4346] The driving force for this behavior was found to be an effective charge
inversion of the proteins.[*5% In regime II, a metastable LLPS regime can occur,
if the effective attractive protein-protein interactions are sufficiently strong. %118l
Samples prepared at conditions inside this LLPS regime phase separate into a dense
and a dilute liquid phase.

Figure 5.1: Phase diagram of HSA-CeCl; (red) and BSA-CeCly (blue). Both phase
diagrams were determined at 21°C. The straight lines corresponding to ¢* and c**
are fits to the respective values determined by visual inspection. Note that the
experimental data for LLPS (triangles) include only the determination of protein
concentration within the dilute phase at different c, since we focus on the minimum
protein concentration needed for LLPS (onset) in BSA and HSA solutions in the
presence of CeCly. The determination of the complete LLPS loop would require
the determination of the salt and protein partitioning within the respective liquid
phases. A hypothetical complete LLPS loop for BSA is drawn as black dotted ellipse
based on Refs. 47,50,222 (which used other conditions).

The comparison of the HSA with the BSA phase diagram shows a shift of the LLPS
binodal about three-fold higher protein concentrations for BSA (72 vs 22 mg/ml),
indicating stronger attractions in HSA than BSA solutions under the same condition.
The slight shift of ¢* and ¢** can be explained by the fact that BSA has two acidic
residues more than HSA, meaning is more negatively charged (see Tab. 5.1), 143l and
thus more cations are required to balance the electrostatic repulsion and induce the
phase transitions.
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5.4.2 Crystallization

After establishing the phase boundaries and the LLPS binodal, we focused on pro-
tein crystallization and the crystallization conditions within the phase diagram.
Crystallization of HSA in the presence of multivalent salt has been reported in the
literature, but so far not for BSA.[40:43:47,194,195214,.215.222] The conditions of HSA-
CeCl; crystals or their absence after 14 days for numerous conditions are plotted in
Fig.5.2. Representative images of HSA crystals grown under different conditions are
shown in Fig. B.4. It is clearly visible that crystallization mainly occurs in regime II,
especially in the lower half, including both conditions outside and inside the LLPS
area. A detailed study of the role of LLPS on nucleation has been performed for
this system and the reader is referred to Ref. 214 for more information. The absence
of crystallization in the upper part of regime II will be discussed in the Discussion
Section.

cp [mg/ml]

Figure 5.2: Conditions of HSA-CeCls crystallization recorded after 14 days. 20, 35,
50 and 80 mg/ml HSA samples were investigated at varying cs. Conditions which
showed crystals are shaded grey within the HSA-CeCly phase diagram.

In contrast to HSA, none of the BSA samples crystallized. In fact, no BSA crystals
were observed for any set of conditions studied in our work. This is also true for BSA
with other multivalent salts, namely YCls, HoCls, LaCls, Lals, Y13 (see exemplarily
SAXS data of BSA-Lals in Fig. B.5), and thus apparently a rather general effect.

5.4.3 Effective bulk interaction characterized by SAXS

As a next step, the effective intermolecular bulk interactions resulting in the differ-
ent crystallization behavior were characterized by SAXS. Fig. 5.3 a shows raw SAXS
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data of a set of samples containing 50 mg/ml HSA and varying ¢; and Fig.5.3b
shows the corresponding data for 50 mg/ml BSA. In both figures, first an increase
in the low ¢-intensity can be observed upon increasing cs, indicating increasing at-
tractive interactions. Simultaneously, the correlation peak at ¢ ~ 0.5nm™!, which
denotes a dominant electrostatic repulsion between the particles in solution, van-
ishes. At moderate c¢s, a maximum of the low g-intensity is visible, and for high cs, it
decreases again. This behavior corresponds well with the phase diagrams shown in
Fig. 5.1, in which the three different regimes are observed. In the condensed regime
(regime II), the interparticle attraction is strong enough to induce protein aggrega-
tion/condensation. The trend of SAXS profiles observed in Fig. 5.3 is consistent with
previous works investigating intermolecular interactions of RC systems, [170:193,194,229]

Figure 5.3: SAXS intensity curves of samples containing a) 50 mg/ml HSA and b)
50mg/ml BSA and varying CeCls concentrations of 1-50 mM.

In order to quantify these observations, B! values from the model fit are plotted
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in Fig.5.4. Bj is a measure of the intermolecular interactions of a system. Bj < 0
implies a net attraction, whereas Bj > 0 represents a net repulsion. The B)-values
slightly decrease for both proteins upon increasing cg, reach a minimum (which is
negative, hence attractive) in regime II and increase again in regime III. Unfortu-
nately, the model is physically limited to attractive interactions, hence, the B)-values
of regime I, approaching ¢*, could not be determined by this procedure. However,
the results are in good agreement with the phase diagrams shown in Fig. 5.1, showing
a reentrant strength of attraction with the strongest attractions in regime II. Com-
paring HSA with BSA shows that HSA has lower Bj-values and therefore stronger
attractions in regime II while this trend is opposite when crossing c¢**.

For further understanding of the effective interactions, a model-free analysis was
applied. 1/I(¢ — 0), i.e., the inverse intensity at low g-values (close to 0), is also
a measure of the intermolecular interactions of a sample, since it is proportional to
the isothermal compressibility of the system investigated and the respective second
osmotic virial coefficient B,.!'*!) The respective curves can be found in Fig.5.4b.
Since it is a model-free analysis, it is not limited to attractive conditions like the
SHS analysis, but also low ¢, can be investigated. Here, the sharp decrease from
repulsive forces to attractive forces is visible when crossing c¢*. Otherwise, they
exhibit the same trend as the respective Bj-curves with the only difference being
the additional bump in the second regime for HSA. This additional increase and
decrease was found to be caused by LLPS. In the virial expansion of the structure
factor (Eq.5.3), p is proportional to c¢,, hence, a change in ¢, of the measured
dilute phase due to LLPS affects the 1/1(¢ — 0)-behavior and causes this bump at
¢s = 8mM. 193237 These results are consistent with the phase diagrams which show
LLPS for HSA at 50 mg/ml, but not for BSA (see Fig.5.1).

1/S(q—0)=1+2Byp+ ... (5.3)

As a last step of the SAXS analysis, an SC potential was fitted to the protein
samples with the lowest ¢y, i.e., with 1 mM CeCl; (see Fig. B.3), in order to compare
the pure proteins (without or with little salt). The curves and fits are nearly identical
with the only difference being a decrease at very low ¢-values for BSA compared
to an increase for HSA, which might stem from HSA aggregation. The net charges
resulting from the fits are —14 e and —13 e for BSA and HSA, respectively. Similar to
Ref. 43, a slightly more negative charge is obtained for BSA. These results indicate
that the proteins behave similarly without (or with little) salt added, but BSA is
slightly more negatively charged.
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Figure 5.4: a) Reduced second virial coefficients By/B® and b) 1/I(q — 0)-
behavior of the raw SAXS data of HSA and BSA samples with ¢, = 50 mg/ml and
varying cs presented in Fig.5.3. The respective phase boundaries are plotted, as
well. ¢**(both) represents the ¢** boundary, which is identical for HSA and BSA.
For all images, the errors are typically at least one order of magnitude smaller than
the respective data values and therefore not plotted for clarity.
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5.4.4 Adsorption studied by QCM-D

In this section, the adsorption behavior of HSA and BSA solutions at a hydrophilic,
negatively charged SiO, surface is presented to further elucidate the strength and na-
ture of the interactions of these two proteins. Fig. 5.5 shows the raw data of samples
containing a protein concentration of 20mg/ml and different salt concentrations
(0, 1, 2, 5 and 20mM). Similar frequency decreases (roughly proportional to the
amount of adsorbed protein) can be seen for both BSA and HSA samples, whereas
the dissipation increases are more pronounced for BSA. In Fig. 5.6, the respective
calculated thicknesses based on a full fit following Ref. 194 are shown. A complex
adsorption behavior is recorded for both HSA and BSA. Initially, an increase in ad-
sorbed protein layer thickness d can be observed until a maximum value is reached.
Increasing ¢, further results for both proteins in a decrease in d until the adsorption
layer saturates in regime III, known as reentrant adsorption (RA).[194195:215] Thig
result is in line with previous work on similar systems.[19419%:215.238] The observa-
tion of a maximum adsorbed amount is also consistent with the bulk data, which
show a maximum of attraction in the second regime. Fig.5.6b presents the irre-
versibly adsorbed protein layer after rinsing for both systems. The overall thickness
is significantly reduced, but the similar trends remain.

Figure 5.5: Raw QCM-D data of samples containing (a) 20 mg/ml BSA or (b)
20mg/ml HSA with different c¢,. The frequency of the 9th overtone is plotted in
blue, whereas the dissipation is plotted in red. For clarity, only one condition of
each regime is plotted. The different c, represent all individual regimes in the phase
diagram.
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With no or low ¢, the adsorption thickness d is slightly higher for HSA than
that for BSA, which is expected as HSA is more hydrophobic and has less surface
charge. This observation is consistent with the literature: Kurrat et al. reported
that in HEPES and PBS buffer, HSA has a thicker adsorption layer than BSA. [23]
The interesting observation is that in regime II and III, more BSA adsorbs at the
surface than HSA. If we only consider the bulk behavior, it may seem surprisingly
at first glance that more BSA are adsorbed at the surface than HSA including the
irreversible bound proteins (see Fig. 5.6) since weaker intermolecular interactions are
observed in bulk for BSA. This can be explained, though, by the fact that BSA is
more hydrophilic than HSA,??% hence, more BSA proteins adsorb at the hydrophilic
surface. In addition, BSA is more negatively charged than HSA (see Tab.5.1),43]
In our previous work on protein adsorption in the presence of multivalent cations
(see Refs. 194,195,215,238), we have demonstrated that indeed the cation-mediated
interactions lead to an enhanced adsorption at hydrophilic interfaces, i.e., the triva-
lent cations preferentially adsorb to the natively negatively charged silicon wafer.
Further, the specific interactions between these adsorbed cations and the carboxyl
groups on the protein surface enhance the protein adsorption. Therefore, as BSA
has two acidic residues more than HSA,*3l BSA provides more possible binding sites
for the cations, thus induces stronger binding to the surface and the cation-mediated
adsorption leads to a thicker layer for BSA compared to HSA in regime II and III.

Note that all samples used in the QCM-D were below the LLPS binodal, and were
thus not phase separated. In a recent publication, we have shown that the adsorption
is enhanced inside or close to the LLPS binodal.["*®! Since the HSA conditions are
located just outside the binodal compared to the BSA conditions, which are far away
from the binodal, one would expect a higher d for the HSA samples. Since actually
the opposite is the case, we attribute this to strong cation-mediated adsorption
and /or hydrogen bonds of BSA with the substrate. Another aspect one has to take
into account is that QCM-D also detects water in the adsorbed layer. Since BSA
is more hydrophilic,??°) more water molecules should be coupled to the protein and
hence an increased thickness should be observed compared to HSA.

As shown in Fig. 5.5, QCM-D provides also the dissipation parameter D, which is
a measure for the viscoelastic properties of the media investigated. In regime II, D
is roughly twice as high for BSA as for HSA (see Fig.5.5), suggesting a denser and
stiffer (i.e., more “solid-like”) layer for HSA. In accordance with this, the viscosity
of the HSA layer is approximately twice of the BSA layer. A high viscosity may
be due to strong protein-protein interactions and may correspond to binding and
cluster formation, 4% which is consistent with the SAXS measurements in Fig. 5.4.
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b)

Figure 5.6: a) Adsorbed protein layer thickness (d) of 20mg/ml BSA (blue di-
amonds) and HSA (red circles) on a SiOy quartz calculated from the raw data
exemplarily shown in Fig. 5.5 with the Kelvin-Voigt model and b) data after subse-
quent rinsing with water. Fach data point is the mean of at least three individual
measurements. The error bars indicate the respective standard deviation. Note that
20mg/ml is outside and just at the border of the LLPS region for BSA and HSA,
respectively (see text for details).
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5.4.5 Discussion

Due to the highly complex structure of globular proteins, different properties and
parameters simultaneously influence their bulk and interface behavior. In order to
provide a comprehensive discussion, the following section highlights similarities as
well as differences of HSA and BSA deducing key mechanism triggering the differ-
ent bulk (crystallization) and adsorption behavior of BSA versus HSA. Here, the
main focus lies on their secondary structure, the binding behavior of various ligands
and the respective behavior at interfaces as well as in bulk. Some physicochemical
parameters are listed in Tab. 5.1.

HSA was found to bind lanthanides in blood serum. >**! The ions of cerium and the
transition metal ions of yttrium were found to bind at negatively charged glutamate
residues of HSA, forming intermolecular crystal contact sites.?'¥ Since each HSA
molecule binds four ions, 15.4 % of its surface area is responsible for cation binding
within a crystal.?'¥ We note that the role of the multivalent cations on protein
crystallization is similar to the one of anionic calixarene scaffolds, which are used
to mold to cationic proteins, and induce oligomerization and crystallization. >4l
Further studies on BSA show that the lanthanide metal ions Yb?** and Gd** bind
to BSA with four equivalent affinity sites in a pH range of 6-7 (with association
constants Yb3*-BSA > Gd*T-BSA).[?*7] The authors conclude that the Yb-ions
bind to histidine while the binding site of the Gd-ions is not fully clear.*”) Hence,
both proteins easily bind lanthanide cations, which is also revealed in the RC phase
diagrams due to ion binding and bridging. [40:43:248]

Regarding their secondary structure, Blaber et al. report that the helix propen-
sity depends strongly on the hydrophobic effect of the respective amino acids, which
stabilizes the helical structure.?* Since HSA has a higher fraction of a-helices, it is
reasonable to conclude that more or stronger hydrophobic interactions are present
compared to BSA. Akdogan et al. actually report that the differences in hydropho-
bicity between the albumins often occur at surface-exposed residues, which is crucial
for the consideration that HSA is less hydrophilic than BSA as evidenced by their
hydropathy € (see Tab.5.1).22% In terms of intermolecular interactions, HSA is

Table 5.1: Physicochemical properties of BSA and HSA.

| BSA | HSA
Molecular weight [kDa] 241242 67 66.5 — 69
Hydrodynamic radius Ry [nm] 24! 33-43 | 3.3-4.1
4 Amino acids [13%243] 583 585
# Positive/negative residues!*’! 80/91 80/89
pl 4l 4.6 4.6
Charge (pH 7) [e]*°! -11 -9
Overall hydropathy €[22 -279.2 -230.8
Secondary structure [%] 216244 (qa-helix/S-sheet/B-turn) | (53/14/4) | (66/4/22)
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supposed to be better at attracting and binding hydrophobic and amphiphilic lig-
ands. 219220 In contrast, interactions with water and hydrogen bonding are hindered
compared to BSA. These findings are consistent with the adsorption data presented
(see Fig.5.6).

In addition to the LLPS binodal shift, the biggest difference in the respective bulk
behavior is that HSA crystallizes in the presence of multivalent cations and BSA does
not. George and Wilson stated in an empirical study that the intermolecular attrac-
tions have to be in a relatively narrow range for crystal nucleation. ™ According to
this study, the optimum crystallization conditions are around or slightly below the
critical point of LLPS. Vliegenthart and Lekkerkerker calculated the Bj-value at the
critical point to be approximately —1.5.[1'8 This empirical study was rationalized
by a kinetic model for the growth rates of protein crystals. Schmit and Dill assume
that the protein can bind to the crystal surface in two ways: productively (in the
correct crystal orientation and alignment), or nonproductively (in a noncrystalline
orientation).!'?) Crystal growth only occurs when proteins bind productively. 2
They propose that too strong attractions lead to nonproductive attachment of pro-
teins to the crystals.['2%) Since LLPS can be observed for both HSA and BSA in the
presence of multivalent salts (see Fig.5.1) and both proteins show Bj-values < —1.5
(see Fig.5.4), both proteins should theoretically have attractions strong enough to
induce crystallization. However, we only monitor HSA crystals in our systems. This
indicates clearly that some differences between HSA and BSA (most likely at the
protein surface) do have to exist, which are responsible for this dissimilar behavior.

It is also known that an interplay between anisotropic and isotropic interactions
is crucial for protein crystallization. 29251 Tt seems that only ion bridging is not
sufficient for serum albumin to crystallize. It is able to induce an RC bulk behav-
ior and LLPS, but for crystallization additional forces are required. This can also
be seen from the fact that some crystal contacts of HSA-Y3' crystals are formed
by solely protein-protein interactions,?'¥ which are assumed to be of hydrophobic
nature. These additional intermolecular contacts are believed to aid in orienting
and aligning proteins, resulting in a productive binding in order to promote crystal-
lization. 2"} The absence of HSA crystallization at high ¢, may be due to the high
occupation of binding sites by metal ions, which could block the protein-protein con-
tacts, or change the crystallization pathway (or crystals simply need a much longer
induction time, beyond the observation time). We note in another system (BLG
with YCls), crystallization near ¢* and ¢** shows different pathways. 4%

The hypothesis that the additional hydrophobic interactions of HSA drive crys-
tallization is supported by the fact that either highly hydrophobic or highly polar
surface regions were reported to have an increased probability of establishing crystal
lattice contacts.!'' By increasing the hydrophobicity at the protein surface, pro-
teins can assemble in new crystal packings."¥ Approximately 68 % of the contact
area in cutinase crystals is hydrophobic while around 30 % of the total hydrophobic
area of the protein is involved in contact formation, indicating the crucial role of the
hydrophobic interactions for protein crystallization.™# The hydrophobic patches
favor protein-protein interactions and counteract the repulsive forces arising from
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charged functional groups, hence contributing significantly to the formation of pro-
tein crystals. 2@ Further support is obtained by recent models indicating that the
fraction of exposed residues in combination with their hydrophobicity plays a vital
role in protein crystallization propensity. %]

We note that, while we have not observed BSA crystallization in the presence
of multivalent cations, BSA was crystallized in specific systems using polyethylene
glycol (PEG) as precipitant or at gas-liquid interfaces.['3%:253:2%4 In Refs. 253 and
139, however, BSA was further purified by removing fatty acids bound to the pro-
tein and/or eliminating dimers.[?>®l In Ref. 254, the protein was purchased from a
different company, which gives no information about its purification methods, and
acidic solutions (pH 4.3) were used. Hence, the degree of purification of the proteins
and the aqueous environment differ compared to our system, which seemingly af-
fects the phase behavior substantially. In our work, we have observed a variation of
phase boundaries (such as ¢* and ¢**) due to the usage of different batches, but in all
batches HSA, crystallizes under certain conditions. BSA, however, never crystallizes
under any experimental conditions employed by us.

5.5 Conclusions

In summary, we have studied the protein bulk phase behavior and the adsorption at
an interface for HSA and BSA solutions in the presence of the trivalent salt CeCls.
Both systems exhibit a rich phase behavior including RC and LLPS, however, only
HSA crystallizes in regime II, but BSA does not. SAXS measurements confirm
stronger intermolecular attractions for HSA compared to BSA solutions in regime II.
Protein adsorption experiments at a hydrophilic, negatively charged SiO, substrate
show a thicker layer for BSA in regime I and III, which is in good agreement with the
cation-mediated protein adsorption,194195:215.238] where the more hydrophilic BSA
shows an enhanced adsorption behavior.

Although many physicochemical properties are similar (see Tab.5.1), both bulk
and adsorption results show that crucial differences between HSA and BSA exist.
Especially for crystallization, an interplay of isotropic and anisotropic interactions
is essential. While the multivalent cation binding and bridging induce RC and RA,
hydrophobic interactions and hydrogen bonding fine-tune this behavior. Hence, the
more hydrophilic BSA seems to bind stronger to water and to negatively charged,
hydrophilic surfaces, whereas the additional hydrophobic forces of HSA are able to
induce crystallization. In conclusion, depending on the favorable or unfavorable
binding to ligands or surfaces, the whole range of interaction types needs to be con-
sidered and accurately chosen for the desired application. These findings are of vital
importance in many research areas, ranging from drug design to food processing.
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6.1 Abstract

We present a systematic study using real-time small-angle neutron scattering (SANS)
and optical microscopy to follow the protein crystallization process in the presence
of a metastable intermediate phase (MIP). Using bovine f-lactoglobulin (BLG) in
the presence of the divalent salt CdCl; as a model system, we first determine the
experimental phase behavior in Dy;O. The protein solutions become turbid after
crossing the first threshold salt concentration ¢*, and upon further increasing the
salt concentration, the solutions become less turbid but not completely clear again.
Thus, the second border is called pseudo — ¢**. Near pseudo — ¢**, crystallization
follows a nonclassical process with a MIP, which is further explored with a focus
on the structural evolution and the growth kinetics of the MIP prior to crystal
nucleation. Real-time SANS measurements show that a correlation peak develops
inside the MIP, and its peak position shifts to higher g-values with time, finally
stabilizing at a characteristic length scale of dy;;p ~ 84 A. The area of this peak
(proportional to the amount of MIP in the sample) increases with time first, reaches
a maximum, and then decreases quickly upon crystallization due to consumption
by crystal growth. The evolution of the correlation peak indicates a “preordering”
nature of the MIP as precursors of crystal nucleation, which lowers the nucleation
barrier for subsequent crystallization. These results of structural evolution and the
role of MIPs during a nonclassical crystallization process may be relevant for other
fields ranging from structural biology to pharmacy.
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6.2 Introduction

Crystallization, especially of proteins, is important not only for structural biology,
where high-quality crystals are required for structure determination, but also in
research areas like pharmacological drug delivery, where protein crystals are used
for stability reasons while simultaneously allowing for a controlled drug release in
the body.?°6:257 However, the molecular interactions in protein solutions and their
connections to the crystallization process are not fully understood and crystal growth
is typically performed by screening several conditions and optimizing those which
result in protein crystals. %!

The early stage of crystallization, i.e., the nucleation process, is often interpreted
following the classical nucleation theory (CNT).[25%2%9 One of the main assumptions
of CNT is that molecules form nuclei in a supersaturated solution with the exact
density and structure of the crystals in the final stage. 20262 Recent studies in
protein and colloid crystallization as well as biomineralization have shown nonclas-
sical features in the early stage of nucleation. [#2:4445.78,93,137,138,157,165,175,201,260,263-273]
Hence, according to the nonclassical nucleation theory, a metastable intermediate
phase (MIP) (clusters or dense liquid phases) exists in between the initial solution
and the final crystalline state. [78:137:138,152.260 The free energy landscapes of nonclas-
sical pathways show an additional local free energy minimum corresponding to this
intermediate phase. %%

In the nonclassical nucleation theory, the order parameters, i.e., density and struc-
ture, are decoupled. In most studies, the liquid precursors gain higher density prior
to reaching their final structure. [78:88:137:156,263,274.275] Nevertheless, also the scenario
of preordered MIPs serving as a nucleation precursor was reported.16%276:277 One
example is the solid-solid transformation from an initially formed polymorph toward
a more stable crystal structure, where the less stable crystals serve as preordered
precursors. 802782800 Another example is the so-called “oriented attachment” in crys-
tallization, in which building blocks (which might be crystalline or not) form inde-
pendently and then attach to the crystal surface in the required orientation, forming
mesocrystals in the case of crystalline precursors. [76:281-285]

In solution crystallization, preordered precursors have been observed for small
molecules, colloids as well as for protein systems. [273275:277:282,286-289 Eor minerals
such as calcium carbonate (CaCQOj), a partial dehydration of the prenucleation
clusters was found to be crucial for liquid-liquid phase separation (LLPS) and fur-
ther solidification.?™>?7™] A different nature of additives (such as polyaspartic acid
or magnesium) can lead to different types of short-range order within the amorphous
precursors. 2% In a second step, water is expelled from these precursors, resulting
in long-range order.!?%6l In simple aromatics (perylene diimides), cryogenic electron
microscopy revealed an initial densification of the precursors, which is followed by a
gradual evolution, involving further densification parallel to optimizing molecular or-
der and morphology.?®” Using cryo-cryo-scanning transmission electron microscope
(STEM) tomography, also for protein such as ferritin, a gradual increase in both or-
der and density from the surface of the precursor toward their interior was recently
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reported. 8 Despite the progress in two-step nucleation theory, its application and
our understanding of the preordered precursors in terms of their structural develop-
ment as well as the exact role in crystal nucleation are still elusive. [74272:276,285]

We have previously shown that trivalent salts such as YCl3 or CeCls can in-
duce a reentrant condensation (RC) phase behavior in many acidic proteins like
B-lactoglobulin (BLG) or human serum albumin (HSA). [34:40,41,43,46,48,50,214,248,290] Tp,_
terestingly, depending on the position in the phase diagram, classical crystallization
or a nonclassical crystallization process have been observed.[*>*46 In a previous
study, [**] the two-step nucleation process of protein crystallization in solutions was
investigated by following the overall crystallization kinetics using real-time optical
microscopy and small-angle X-ray scattering (SAXS).#44] For BLG-salt (CdCly)
solutions in HyO at the transition zone of pseudo — c¢**, small aggregates formed
after sample preparation. These protein aggregates were identified as a MIP during
crystallization. The experimental results together with a consistent rate equation
model provided solid evidence of two-step nucleation in the early stage of crystal-
lization. *4%5) However, a detailed characterization of the MIP as a key ingredient in
the crystallization and its evolution during crystallization is still missing.

In this work, we study BLG-CdCl,, which was previously studied in HyO only,
in heavy water (D20). Establishing D,O as a solvent responds to the fundamental
interest in associating the physical differences of DoO and H,O with differences
in the resulting biological assembly. Moreover, it permits subsequent small-angle
neutron scattering (SANS) experiments to investigate the structural evolution of
the MIP during a two-step crystallization process, as well as subsequent neutron
spectroscopy investigations to explore the diffusive protein dynamics in situ during
the crystallization. In addition, NMR studies may be aided as well by establishing
D,0 as a solvent.?!) In general, real-time scattering techniques provide information
on the ensemble average and structural information with good statistics, 42:4445:292]
which is in contrast to the real-space real-time techniques where details of the local
domains of the system can be probed.[7%151:293 SANS has the advantage of being
a noninvasive method with a large scattering volume. These are crucial aspects
regarding the crystallization of (biological) protein solutions in which the crystal
number density may be very small. Hence, this real-time study not only provides
direct evidence for a two-step nucleation process, but also elucidates the role and the
structural signature of the MIP in the nonclassical process of protein crystallization.

6.3 Experimental section

6.3.1 Materials and sample preparation

The protein -lactoglobulin (BLG) from bovine milk, D;O and the divalent salt
CdCl, were purchased from Sigma-Aldrich (now Merck). For BLG (product no.
L3908) a purity of >90 %, for D,O (product no. 151882) a purity of >99.9 % and for
CdCly (product no. 202908) a purity of >99 % were guaranteed. In all experiments
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of this study, D,O was used as a solvent to obtain a good contrast in the neutron
scattering experiments.

Stock solutions were prepared by dissolving the salt and protein powder, re-
spectively, in D5O. The protein concentration of the protein stock solutions was
determined by UV-vis absorption measurements with an extinction coefficient of
0.961ml-mg~'-cm™" at a wavelength of 278 nm. 'l For sample preparation, appro-
priate amounts of D50, protein stock solution and salt stock solution were mixed.
In this work, the samples were prepared without additional buffer since buffers can
affect the phase behavior of proteins and the solubility of salts. The pH values de-
termined in H,O were all in a range between 6 and 7. Using the relation pHp,o =
pHp,o + 0.4,29429] the pH values were well above the isoelectric point of BLG of
5.2.1291 A1l experiments were performed at 20 £1 °C.

6.3.2 Optical microscopy

Protein crystallization in real time was followed with an optical microscope (Axio
Scope.

A1, Carl Zeiss AG) in the bright-field mode. The samples were mixed in 1.5 ml plas-
tic tubes (Sarstedt, Germany), directly transferred into a Gene Frame (1 x 1 cm with
a thickness of 0.25mm and a volume of 25 ul from Thermo Scientific™, Germany)
on a glass slide and subsequently covered with a cover slide to prevent evaporation.
Images were taken by the microscope-included camera Axio-Cam ICc5 (Carl Zeiss
AG) in time intervals according to the time scale of the investigated crystallization
process. Since we are interested in the evolution of the sample, the focus area was
kept constant to monitor the same spot for a few days. The software ZEN Lite 2012
was used to conduct the imaging as well as to measure the crystal lengths.

6.3.3 Small-angle neutron scattering (SANS)

SANS measurements were carried out at beamline D11 at the ILL, Grenoble, France. [152

The advantages of SANS are the negligible radiation damage and the large scattering
volume containing a large amount of sample material, which ensure a good statisti-
cal average. The sample-to-detector distance was set to 2m, which covers a g-range
from 0.03 to 0.33 A~! at a wavelength of 6 A (AX/A = 10%). Protein-salt solutions
in DoO were filled in rectangular quartz cells with a path length of 2mm. The
beam size on the sample was 7mm x 10 mm and the acquisition time per run was
240s. Runs were repeated in appropriate time intervals to follow the crystallization
process over a period of 3 days. HyO was used as a secondary standard to calibrate
the absolute scattering intensity. Data were stored in NEXUS data format. 83 The
data correction and absolute intensity calibration were obtained using the software
LAMP.2 A detailed data analysis was performed by MATLAB and will be de-
scribed in more detail in the results section. Data can be accessed via Refs. 185 and
298.
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6.4 Results and discussion

6.4.1 Experimental phase diagram of BLG with CdCl; in
D>O

_ ¢, (mg/ml)

Figure 6.1: Experimental phase diagram of BLG with CdCly in DO at 21°C.
In regime I, the negatively charged proteins repel each other and the protein-salt
solutions are clear. At c, > c¢*, they turn turbid due to the formation of aggregates
(regime II). By further increasing ¢, above pseudo—c**, the turbidity decreases again,
but does not vanish completely (regime III). In addition to the phase boundaries in
D,0O, the phase boundaries in HyO determined in our previous work are included
as dashed lines.[*?l The yellow star indicates the region selected for real-time SANS
and optical microscopy experiments.

We first present the phase diagram established in this context for the completely
new system BLG with CdCly in DyO (see Fig.6.1) to obtain an overview of the
phase behavior, which will be compared with the phase diagram in HyO in previous
work. 4441 Samples of different protein concentrations (c,) and salt concentrations
(cs) were systematically prepared and probed for optical transmission. Depending
on their grade of turbidity, they are assigned to regime I, II, or III. In regime I, the
protein-salt solutions are clear, since the initially negatively charged proteins repel
each other and are stable in solution.*?l Upon increasing ¢, above c¢*, a first sharp
transition occurs from a clear to a turbid solution and one enters a condensed regime,
referred to as regime II. By increasing ¢, even further, a second phase boundary re-
ferred to as pseudo — ¢** is observed, above which the solutions become gradually
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Figure 6.2: Different crystal morphologies depending on the location in the phase
diagram as indicated in Fig. 6.1. a) 15mg/ml BLG with 13mM CdCl,, b) 40 mg/ml
BLG with 25mM CdCl, ¢) 15mg/ml BLG with 1.5mM CdCly and d) 40 mg/ml
BLG with 3mM CdCl,. All samples were prepared in Dy O.

less turbid (regime III).[*"+43l This phase behavior is denoted reentrant condensation
(RC). 10431 In contrast to what is observed in the presence of trivalent ions, the tran-
sition from regime II to III is not sharp and the solutions do not become completely
clear again in regime III. Therefore, the mean ¢ of the last clear and first turbid or
last turbid and first clearer sample is referred to as ¢* or pseudo — ¢**, respectively.
If not smaller than the symbols, the blue error bars indicate the standard deviations
(see Fig.6.1).

For comparison, the phase boundaries in HyO determined in our previous work are
included (Fig. 6.1, dashed lines).*? Using D,O instead of HyO, ¢* is slightly shifted
toward lower salt concentrations. This deviation becomes stronger for higher protein
concentrations and indicates that protein-protein interactions are stronger and the
system is more attractive.!'4 However, a substantial broadening of regime II when
H;0 is replaced by D50, as reported recently for bovine and human serum albumin
solutions in the presence of trivalent ions, is not observed for BLG. 164214

Crystallization was observed for samples in regime II. In agreement with our pre-
vious work, the resulting crystal morphology and growth kinetics depend strongly
on the sample location in the phase diagram.[*>*0 Fig 6.2 shows representative
crystal morphologies for the sample conditions labeled in the phase diagram (a—d).
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Crystals grown close to ¢* show elongated, bicapped prism morphologies whereas
crystals grown at the pseudo — ¢** boundary are more roundish and compact. Re-
garding crystallization kinetics in H5O, close to ¢*, crystallization follows a classical
one-step pathway. [*244%] Below pseudo — ¢**, in regime II, an intermediate phase is
observed before the crystals start to grow. *4° Note that Cd?* ions were previously
found to improve protein crystal size, morphology, and diffraction quality. 299300
For this system, however, all crystals are twin crystals and therefore the structural
elucidation is more challenging.

In the following, we focus on the characterization of crystal growth within a MIP.
Thus, samples in the region just below pseudo — ¢** are selected as indicated by a
yellow star in Fig. 6.1.

6.4.2 Crystallization followed by optical microscopy

We now present the kinetics of nonclassical protein crystallization using optical mi-
croscopy. Samples containing 30 mg/ml BLG with 16, 17, and 18 mM CdCl, in D,O
(indicated by a yellow star in Fig.6.1) were prepared and followed by optical mi-
croscopy for several days. Directly after preparation, the solutions appear turbid due
to the formation of aggregates developing a transient gel-like structure. The exact
microscopic structure of the aggregates could not be resolved by optical microscopy
due to the limited resolution. After roughly 1-2h, the first crystals become visi-
ble and continue to grow for approximately 20h. Simultaneously, the transient gel
dissolves. Fig. 6.3 shows representative snapshots of a sample containing 30 mg/ml
BLG and 17mM CdCl; after 2.5 and 23h. Furthermore, it shows the transient gel
formed directly after preparation and the sedimented crystals in the final state (af-
ter the transient gel has apparently been consumed by crystal growth) within the
quartz cuvettes, which were used for SANS measurements.

In Fig. 6.4, representative microscopy images of the real-time data of the crystal-
lization process of 30 mg/ml BLG with 16 mM, 17mM and 18 mM CdCl, in D,O
are presented. As expected, the final crystal morphology is highly similar for all
conditions studied in this region in the phase diagram (close to pseudo — ¢**), i.e.,
roundish and compact (see Figs. 6.2, 6.3 and 6.4).

Crystal growth kinetics were determined from the real-time microscopy images
by measuring the crystal side-to-side lengths at each time interval. Note that the
isotropic shape implies that the crystal volume scales approximately with the cube
of this length. The respective lengths are plotted in Fig. 6.5 as a function of time.
The linear portion of the data sets was fitted to obtain the growth rates and the
induction times ty. For all samples, an initial linear growth followed by a saturation
of the length can be observed. The crystals for the 17 mM sample grew the largest
with a final size of roughly 20 pm and had the fastest induction time (¢, = 1.3h).
The induction times for 16 and 18 mM were 4.6 and 2.5 h, respectively, indicating
that nucleation occurred in all samples within 5h. The respective growth rates are
also shown in Fig.6.5. They denote that the samples containing 16 and 17mM
CdCly grew approximately at the same speed, whereas the growth rate for the
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Figure 6.3: Nonclassical crystallization of BLG close to pseudo — ¢**. A represen-
tative sample containing 30 mg/ml BLG and 17mM CdCl, in D,O at 21°C. In the
early stage, a transient gel-like structure forms, which collapses due to consumption
by crystal growth in the later stage, as can be seen in a quartz cuvette used for
SANS experiments. Snapshots of the same sample are shown 2.5 and 23 h after
preparation (left).

18 mM sample was reduced. A clear trend as it can be observed for the system in
H,O that the crystal size increases with ¢, is absent (see Fig. C.3). In comparison
to HyO, the induction time is longer, and the growth rate and the final crystal size
are significantly reduced.
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Figure 6.4: Optical microscopy images of 30 mg/ml BLG with CdClL,. (a—) 16 mM
CdCly, (d-f) 17mM CdCly and (g-i) 18 mM CdCl, in DO different times after
preparation. a) Directly, b) 9.5h, ¢) 23h after preparation; d) directly, e) 11h , f)
3 days after preparation; g) directly, h) 7h, i) 1 day after preparation.

Figure 6.5: Crystal length as function of time for 30 mg/ml BLG with 16, 17 and
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6.4.3 Crystallization followed by real-time SANS

a) d)

b) e)

Figure 6.6: Nonclassical crystallization of BLG close to pseudo — ¢** followed
by real-time SANS: a,d) 30mg/ml BLG with 16 mM, b,e) 17mM and c,f) 18 mM
CdCly, in DO at 20°C. For each sample, SANS intensities I(q,t) are plotted in
two-dimensional (2D) and three-dimensional (3D) perspective. Note that the color
code in 3D corresponds to the intensity, the color code in 2D illustrates the temporal
evolution.

The same sample conditions (30 mg/ml BLG with 16, 17, and 18 mM CdCl, in
D,0) were studied by real-time SANS to obtain further kinetic information of the
crystallization process. Since the neutron beam is much larger than an X-ray beam
or the field of view in optical microscopy, we could ensure an excellent statistical
average of the sample. Fig. 6.6 shows the SANS intensities I as a function of scatter-
ing vector ¢ and time ¢ for each sample, respectively. Directly after preparation, the
scattering intensity at very low g-values (< 0.05A~1) is strongly increased due to
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the formation of amorphous aggregates. A broad correlation peak at ¢ ~ 0.175 A1
is visible, corresponding to a particle-particle distance of 36 A, which is the width
of a BLG dimer.? An intermediate structural feature at ¢ ~ 0.075A~' starts
to develop from the beginning, corresponding to a particle-particle correlation dis-
tance of dy;;p ~ 84 A. We identify this as the characteristic structural feature of the
MIP, i.e., a local ordering of the proteins within the MIP. The MIP signal reaches
a maximum in intensity after roughly 5h and then decreases. Simultaneously to
the decrease of MIP scattering, Bragg peaks appear at ¢ =~ 0.1, 0.12, and 0.2 A!
and the intensity at very low ¢-values decreases again. The positions of the Bragg
peaks are consistent with our previous SAXS measurements of the system in HO,
suggesting a similar unit cell.

To identify possible correlations between the structural changes at different g-
values and to clarify their role regarding crystallization, a two-phase analysis, orig-
inally known from the concept of crystallinity from semicrystalline polymer sys-
tems, 32 was applied. In the first step, all curves I(q, t) were normalized by the
first curve I(gq, t = 0), which reveals the newly developing structures more clearly
(see Fig.6.7a). In the second step, the overall background signal was considered
by subtracting an appropriate linear background from the normalized data. The
background was determined for each single curve separately by a linear fit through
I(qg=0.05A"" ¢)/I(g = 0.05A", ¢t = 0) and I(¢ = 0.11A~", #)/I(qg = 0.11 A1,
t = 0), respectively (indicated in Fig. 6.7 a by purple arrows). This interval enclosed
by two local minima contains both the signal of the MIP and a Bragg peak and
can therefore be used to determine the amount of the respective phases (MIP and
crystals) within the samples at a given time. Since the g-region of the MIP overlaps
with the first Bragg peak, we fitted the interval enclosed by a sum of two Gaussians,
fixed in center and width. One Gaussian is fitted to the broad correlation peak
apparently corresponding to the MIP and the second Gaussian is fitted to the first
Bragg peak representing the crystals in the sample. To clarify this step of analysis,
the normalized background-corrected data with fits at selected points of time are
shown for 30 mg/ml BLG with 17mM CdCl; in Fig.6.7b. Note that we did not per-
form any data analysis of particle shape or size employing form factors, but instead
we focus on the distinct scattering features of correlation and Bragg peaks. Using
this method, we can minimize the effect of sedimentation on the results, because
sedimentation only causes an overall shift of the scattering curves toward higher
intensities due to the increase of the amount of material irradiated by the beam,
which illuminates the bottom part of the cuvette. Since the analysis uses the area
of well-defined peaks (correlation and Bragg peak) with an appropriate linear back-
ground correction, an overall upward shift of scattering profiles will not influence the
analysis outcome. In addition, the illuminated area is big enough, and the medium
viscosity is high enough that such sedimentation effects are minor.
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Figure 6.7: a) Normalized SANS intensities I(q,t) /I(q,t = 0) of 30mg/ml BLG
with 17mM CdCl,. Normalization of the data reveals the newly developing struc-
tures more clearly. The interval for subsequent analysis is indicated by purple arrows.
b) Fits of background-corrected normalized SANS data in the low g-region: a sum

of two Gaussians (red) with fixed center and width is used to separate the signal of
the MIP (blue) and the first Bragg peak (green).
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Furthermore, the signal of the Bragg peak feature at ¢ ~ 0.2 A~ was evaluated in
a model-free way. As a first step, a linear background through the intensity minima
at ¢ = 0.176 A= and ¢, = 0.217 A~! was subtracted from all normalized curves. In
the second step, the normalized subtracted intensities were summed in the interval
between the local minima for each time point. In the last step, the calculated sums
were normalized by the maximum sum to obtain A, -1 (¢). The temporal evolution
of the Bragg peak feature obtained by this method was similar to the ones presented
(see Fig. C.1).

With the method discussed above, we derive a measure A of the signal of the
MIP (Aprp) and the first Bragg peak (Apyqq9) by calculating the area under the
respective Gaussian functions as a function of time. A(t) thus provides information
on crystal growth and the evolution of the MIP. Subsequently, we calculated the
first time derivative of the Bragg peak signal (d/dt)Apg,qg, from the green guide to
the eye in Fig. 6.8 to compare the crystal growth rate with the evolution of the MIP.
The results are presented in Fig. 6.8 for 16, 17, and 18 mM CdCl,.

In Fig.6.8 one can see that the MIP starts to form directly after preparation,
and 1-2h later, the Bragg peaks start to grow, indicating the formation of crystals.
The MIP passes a maximum after roughly 5h and levels off again within the next
20h. Simultaneously, crystal growth saturates. Both saturations are a clear sign
against sedimentation of material into the beam. The analysis reveals that the
crystal growth rates are at their respective maxima when a large amount of the
MIP is available. It also reveals that the maximum of A,/ ;p is slightly delayed
(= 1-2h) with respect to the maximum of (d/dt)Ap,q.4, suggesting that crystals
already start to form as soon as some amount of MIP is developed. We note that
for the sample with the longest measurement time, we observed a second growth
stage of the Bragg signal after 35h, being consistent with our previous studies in
H,O using SAXS.*%! However, similar to the data in H,O, no second growth step
can be seen in the microscopy data either (see Figs. 6.5 and S3).

We note that the rate of crystallization strongly depends on the respective batch of
protein since BLG has a purity of only 90 %. While the general phase behavior (RC)
is observed for every batch, the phase transition boundaries and the crystallization
speed vary. Investigating a similar condition (33 mg/ml BLG and 17mM CdCl, in
D50), measured with a different batch of protein on a different beamtime, resulted
in a fast crystallization that was completed within 2h (see Fig. C.2). In this case,
the data analysis shows also a clear two-step crystal growth. In combination with
Fig.6.8 and the previous studies in H,O,***] we conclude that the second growth
stage is a relevant feature and is caused by crystal growth within the dilute phase
after all MIP is consumed and not only by crystals sedimenting into the beam. It is
worth noting that the second growth stage (of the SANS signal) may only improve
the crystal quality but not its size,?* which would explain the absence of this
growth stage in the microscopy data.

Finally, we analyze the structure of the MIP as a function of time. For this
purpose, a Gaussian was fitted to the MIP correlation peak of the SANS data
shown in Fig.6.6. The g-values of the respective maxima (¢*) were transformed
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Figure 6.8: Normalized kinetic analysis of 30mg/ml BLG close to pseudo — ¢**:
correlations between the evolution of the MIP and the Bragg peaks for 30 mg BLG
with a) 16 mM CdCl, b) 17mM CdCly and ¢) 18mM CdCly. The MIP starts to
grow directly after preparation and passes a maximum. Bragg peaks start to grow
slightly later. At the same time, as the amount of MIP decreases again, the growth
of the Bragg peaks reaches saturation. A second growth stage of the Bragg peaks is
observed after roughly 35h. The colored lines are a guide to the eye.
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into real space distances by d* = 27/¢*. These values are plotted in Fig.6.9a. It
is clearly visible that the proteins within the MIP are initially correlated within a
range of 105-110 A. With time, the average distance between the particles in the
MIP decreases to 84 A, where it saturates for all ¢, investigated. Note that d* is
the average distance, but the correlation peak has a certain width, hence, shorter
and longer distances are also present within the MIP and fully evolved domains
may already serve as crystal precursors. Similarly, in a Lennard-Jones system at
moderate supercooling, a local order parameter distribution was found.?™ Since
d* changes with time, the MIP is assumed to be protein aggregates with a certain
flexibility. To compare the development of the MIP with the overall amount of MIP
and crystals, all three parameters are plotted for 30 mg/ml BLG with 17mM CdCl,
in Fig.6.9b. Here, the maximum amount of dense phase present in the sample
is close to the saturation time of d*. Hence, when the maximum amount of MIP
is present, the average distance between the proteins is at its final stage and a
maximum amount of preordered precursor is available for crystallization. Roughly
at this time, the crystallization rate is the highest, indicating the important role of
a fully developed MIP as a preordered precursor. Based on the SANS analysis, we
expect the MIP to be locally preordered domains. Hence, we conclude that in our
system, first, the order changes within the clusters (see Fig. 6.9) and subsequently the
density. However, the MIP does not necessarily already have the similar structure
as the final crystal.
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Figure 6.9: a) Average distance between two proteins d* within the MIP as func-
tion of time for samples containing 30 mg/ml BLG and 16, 17, and 18 mM CdCl,.
In green, the crystal distance corresponding to the first Bragg peak at 0.1 A~' is
shown with the respective symbols indicating when the Bragg peak was observed
by SANS (see Fig.6.8). The black dashed line at d = 84 A indicates a similar final
distance within the MIP for all three ¢;. b) Amount of MIP (filled blue squares) and
crystalline phase (filled green circles) as well as d* (open black triangles) as function
of time for a sample containing 30 mg/ml BLG and 17mM CdCl,. Filled symbols
correspond to the left y-axis whereas open symbols correspond to the right y-axis.
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6.5 Discussion on the role and the development of
the MIP

We discuss the significance of the preordered MIP observed in this work in compar-
ison with other protein systems. In the BLG-CdCl, system, gel-like aggregates are
formed in the condensed regime II instead of LLPS.[*4%] The metastable aggregates
develop a correlation peak at ¢ ~ 0.075A~! in SANS and SAXS measurements,
which is close to the first Bragg peak at ¢ = 0.1 A~!, indicating the preordered na-
ture of this MIP. In our previous work on the system HSA with CeCls, a metastable
LLPS with respect to crystallization was found.?'¥l Thus, dense liquid droplets were
identified as metastable intermediates between solution and crystals.*'¥ However,
these droplets seem to act only as reservoir rather than precursors and no struc-
tural feature such as a correlation peak was observed in SAXS/SANS data.?'4 Tn
BLG with ZnCly solutions, amorphous aggregates form initially in regime II, but
they relax into a dense liquid state.[*? Crystals appear at the interface of the dense
phase and grow into the surrounding dilute phase.*? Neither the initial amorphous
aggregates nor the dense liquid phase show such correlation peak in scattering pro-
files. Interestingly, for BLG with YCls, 2" a correlation peak was observed at
g ~ 0.03A~" in comparison with the first Bragg peak at ¢ = 0.92 A='.*8] This cor-
relation peak was attributed to a local order of protein clusters caused by the fine
balance between the bridging effect of metal ions and the electrostatic repulsion due
to the accumulated net charges close to ¢**.13% Hence, it seems that the correlation
peak observed here (and in HoO"?%) is indeed a sign of preordering within the
MIP, which cannot be seen for conditions close to ¢*, which are believed to follow a
one-step crystallization pathway. 4244

Similar preordering has been reported for ferritin crystallization in the presence of
Cd**.[9 There, the preordered protein aggregates have an interparticle distance of
less than 1.3 times the distance in the crystal and the crystalline order evolution is
accompanied with the shortening of the interparticle distance.® This phenomenon
has been observed also in mineralization processes and dehydration is proposed to
be the driver of this change of distance. 27286 I our system, the first Bragg peak
corresponds to an interparticle distance of 62 A and if we multiply it by 1.3, the
nearest neighbors should be within a distance of roughly 80 A. If water is expelled
from the crystal during the final stage, *™ but is still present within the preordered
MIP, the determined saturation interparticle distance of d = 84 A within the MIP
can be interpreted as the distance of nearest neighbors. Since d* decreases from
initially ~ 110 A to the final value of dy;;p = 84 A, the number of nearest neighbors
increases in this process as well, or, in other words, a densification occurs parallel
to the structural changes. Based on these discussions, the crystallization pathway
revealed in this work is illustrated in Fig. 6.10. Directly after preparation, randomly
oriented clusters form. They undergo a preordering and a first densification in
parallel, until an interparticle distance of d = 84 A within the MIP is reached. As a
second step, D50 is expelled and therefore the density increases again, resulting in
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the final crystal with an interparticle distance of d = 62 A. This ~ 20 A difference
between MIP and crystal is believed to correspond to the release of roughly two layers
of water from each protein involved, since the first hydration layer of a protein was
found to be 3 — 5 A thick while the overall hydration layer can be up to 8 A.[305-308]
We note that in this study heavy water (D,O) and not HoO was used as a solvent,
which might influence the hydration slightly.

Another feature of the MIP is the mobility of molecules within the aggregates.
Since the solutions investigated are extremely viscous and gel-like after preparation
(see Fig.6.3), a certain degree of mobility of molecules is assumed to be needed
for crystallization. In an extreme case of glass, it was found that the rigidity of
the network plays a crucial role in phase transitions (and therefore nucleation). %)
Nucleation is believed to occur in so-called “active centers”, namely, the dynamic
regions of the network, which are able to spatially rearrange and move within the
rigid network.**) Below a certain threshold, the sizes of these dynamic regions are
too small for nucleation. %! Ordering occurs first in these dynamic regions, followed
by an increasing density (lowering of entropy).%?*1% A recent study on protein
crystallization using time-resolved liquid-cell TEM demonstrated that proteins in
the lattice are mobile throughout the crystal structure in the early stage of crystal-
lization. % The intermolecular bonds or contacts can break and reform rapidly, 7]
supporting the hypothesis of flexible and dynamic intermediates. Our previous work
on the crystallization of BLG in the presence of YCl3 showed that the protein clus-
ters have not only a precrystalline structure but also an internal flexibility, which
enables local reorientation within the clusters. ¥ In consistency with this work, the
temporal evolution of the ordering indicates that, although a local order exists, pro-
teins are supposed to be still flexible within the MIP and can rearrange themselves,
which is crucial for these aggregates being nucleation precursors.
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Figure 6.10: Schematic pathway of protein crystallization from a metastable in-
termediate phase revealed in this work. The BLG monomers are drawn in green
(PDB entry 4LZU, visualized by Mol*®'!). The oxygen atoms of D;O are colored
blue, whereas the deuterium atoms are colored red. For clarity, Cd** ions are not
drawn.
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6.6 Conclusions

In summary, we demonstrate that the combination of real-time SANS and optical
microscopy can be used to reveal new insights into the kinetics of protein crystal-
lization. Based on our findings, we suggest the following nonclassical crystallization
mechanism: Directly after preparation, the proteins form big amorphous aggregates.
Within these aggregates, a preordered structure starts to develop (MIP) on a length
scale slightly larger than the crystal unit cell. Since preordering lowers the nucleation
barrier of the protein molecules, crystals start to nucleate within the MIP. Poten-
tially, D2O is expelled in the final stage as closing densification. During nucleation,
the MIP is consumed. The crystals may grow further upon consuming a fraction of
the proteins of the solution until a final equilibrium between solution and crystals is
reached. These findings of a preordered precursor pave the way for understanding
the crystallization pathway and the temporal role of a MIP during crystallization
in aqueous protein solutions. This is not only relevant from a fundamental point of
view but also has a huge impact on structural biology and potentially many other
fields like biopharmaceutical formulation.
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7.1 Abstract

Membrane proteins are an essential part of signalling and transport processes and
are targeted by multiple drugs. To isolate and investigate them in their native
state, polymer-bounded nanodiscs have become valuable tools. In this study, we
investigate the model system dimyristoyl-phosphocholine (DMPC) as lipid with the
nanodisc-forming copolymers styrene maleic acid (SMA) and diisobutylene maleic
acid (DIBMA). Using small-angle X-ray scattering (SAXS) and dynamic light scat-
tering (DLS), we studied the influence of polymer concentration and temperature
on the nanodisc structure. In Tris buffer, the radius of the nanodiscs formed by
the styrene group containing SMA is smaller compared to DIBMA and decreases
monotonically with increasing polymer concentration, but to a stronger extent when
using SMA. Measurements at temperatures T between 5-30 °C in phosphate buffer
showed an incomplete solubilisation at high 7" even at polymer/lipid ratios above
that required for complete lipid solubilisation with generally larger particles using
SMA. For DIBMA, the nanodiscs developed at lower temperatures are stable and
the net repulsion increases, while for SMA, aggregates/clusters of the nanodiscs are
formed due to an increase in attraction at lower T'. Interestingly, for both polymers,
no drastic changes of the observable parameters are seen upon quenching, which
would indicate a sharp (first order) phase transition from liquid crystalline to gel,
but only gradual changes. Hence, we conclude that the transition from a gel toward
a liquid-crystalline lipid phase proceeds over a broad T-range compared to a con-
tinuous lipid bilayer. These results can pave the way towards the development of
better protocols for studying membrane proteins stabilised in this type of membrane
mimics.

7.2 Introduction

Membrane proteins comprise approximately 26 % of the human proteome.'?! They
play essential roles in signalling and transport across cellular membranes and are the
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target of more than 60 % of all drugs.' Frequently, membrane proteins must be
extracted from the membrane and purified for their study, which is commonly done
using detergents that are composed of a hydrophilic headgroup and a hydrophilic
tail. In general, detergents (also referred to as surfactants) solubilise lipid bilayers
into mixed micelles. Despite their efficiency as solubilisers, detergents provide an
environment which poorly mimics that of a lipid bilayer, often resulting in low
protein stability, loss of conformation, or aggregation.®'? This can potentially lead
to the denaturation of the membrane proteins. '3

In 2002, so-called nanodiscs emerged as a solution to overcome these obstacles
for membrane protein investigations.['?712813331] For that, membrane scaffolding
proteins (MSPs) have been used as a belt to surround a lipid bilayer and stabilize
it.[127:128] These lipid-protein particles were on the order of ~ 10nm in diameter,
and due to their architeture as nanosized lipid bilayers they gained their name
nanodiscs. 127315 Structural studies have been conducted to test different quantities.
For example Morgan et al. could show that the respective scaffolding protein is
able to undergo structural changes. ™! Protein-nanodiscs have enabled biophysical
and chemical investigations of several different membrane proteins including ion
transporters and cytochrome P450. [130-133]

Using polymers as surrounding belt instead of MSPs has enabled the fine-tuning
of the size of the nanodiscs.*'% Another advantage of using a polymer as belt com-
pared to a MSP is the increased stability of the nanodiscs at low pH-values and in the
presence of multivalent metal ions. ' Also, no detergents are required for solubili-
sation, which have to be removed in the end, and since no MSP is present, it cannot
interfere with absorbance studies of the desired membrane protein.®” The archi-
tecture of such polymer nanodiscs, i.e., the model used for fitting the experimental
data can be found in Fig. 7.1a. Recently, the amphiphilic copolymers styrene maleic
acid (SMA) (Fig. 7.1b) and diisobutylene maleic acid (DIBMA) (Fig. 7.1c) have been
applied in the solubilisation of model and natural lipid membranes.™* In the pres-
ence of lipid membranes these copolymers spontaneously form polymer-bounded
lipid nanodiscs termed SMA-lipid particles (SMALPs) 135 or DIBMA-lipid particles
(DIBMALPs), respectively.!!36] These polymer nanodiscs can stabilise membrane
proteins and are amenable to biophysical methods requiring small particles sizes in
suspension and allow to study the membrane proteins with methods/techniques typ-
ical of soluble proteins. *'® Additionally, the lipid core of the nanodiscs can undergo
gel-to-liquid thermotropic phase transitions, indicating the presence of a true lipid
bilayer, [136:319-321]

Despite efforts to address the structural details of polymer nanodisc
little is known about the structural and molecular changes at different temperatures,
i.e., how the (possible) phase transitions can affect the structure, and polymer/lipid
ratios. However, Bjogrnestad et al. could show nicely by small-angle X-ray scattering
(SAXS) how solubilisation from lipid vesicles proceeds upon polymer addition due to
styrene units self-insertion into the lipid bilayer hydrocarbon (tail) region in a first
step.[?°! In the next step, upon increasing polymer (SMA(3:1), molar ratio of 3:1
styrene:maleic acid) concentration, the vesicle bilayers are saturated with polymer

S [136,317,322-325]
2y
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Figure 7.1: (a) Core-shell cylinder model used to fit SAXS data showing the di-
mensions calculated from the model. Chemical structures of (b) SMA(2:1) (x = 2,
M, = 7.0 kg/mol, M,, = 2.7 kg/mol) and (c) DIBMA (M,, = 15.3kg/mol and M,,
= 8.4kg/mol).

and SMA nanodiscs begin to form as the polymer molecules form a belt around the
structure. 32 In this stage, the nanodiscs coexist with the polymer-saturated lipid
vesicles.32% In the last step, upon crossing the solubilisation polymer concentration,
all lipid vesicles are fully transformed into SMA nanodiscs.®2°! Similar observations
were obtained by molecular dynamics simulations. There, SMA was found to bind
to the lipid bilayer interface, which is caused by the hydrophobic effect.®2% Increas-
ing the amount of adsorbed polymer leads to large membrane defects, including
small, water-filled pores. ¥ The rim of these pores can be stabilised by the SMA
molecules, resulting in pore growth and further membrane disruption.?6 In their
simulations, no complete nanodisc formation was seen due to the limited time scale
of the simulations.??! However, self-assembly simulations indicate that nanodiscs
are the thermodynamically most favorable state of these systems. 32!

In the present work, we have exploited SAXS and dynamic light scattering (DLS)
to systematically investigate the structural changes of polymer nanodiscs formed
with the saturated phospholipid dimyristoylphosphocholine (DMPC) and either
SMA(2:1) (2:1 styrene:maleic acid) or DIBMA (1:1 diisobutylene:maleic acid). Tak-
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ing advantage of published pseudophase diagrams, 136329 we produced SMALPs and
DIBMALPs at copolymer/lipid molar ratios (R) above of that required to achieve
complete lipid solubilisation (R5°L) and analysed changes in their geometry and
molecular arrangement at increasing R (case A), and the temperature of the system
(case B). For SMALPs, R®°% is 0.13 and for DIBMALPs 0.062 for the lipid con-
centration used in this work. 1363200 We found that the average diameter d of the
polymer nanodiscs decreases monotonically when increasing R and that d(SMA) i
d(DIBMA) at the same R/RS°Y values. In contrast, the bilayer thickness is only
reduced significantly for SMALPs, but to a much smaller extend for DIBMALPs.
For case B, a reduction in the system temperature results in a contraction of the
diameter and concomitant increment of the nanodisc thickness in both SMALPs and
DIBMALPs. Importantly, quenching the temperature leads to a complete solubili-
sation and complete nanodisc formation while SMALPs can further aggregate into
larger clusters.

7.3 Experimental

7.3.1 Materials

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was from Avanti (Alabaster,
AL). Solutions of styrene/maleic acid 2:1 (SMA(2:1)) (tradename Xiran SZ30010)
and diisobutylene/maleic acid (DIBMA) (tradename Sokalan CP9) were kindly pro-
vided by Polyscope (Geleen, Netherlands) and BASF (Ludwigshafen, Germany), re-
spectively. NaCl, Na,HPO,, NaH;POy, and tris(hydromethyl)-aminomethane (Tris)
were purchased from Sigma—Aldrich (Steinheim, Germany). All chemicals were pur-
chased at the highest purity available.

7.3.2 Polymer stock preparation

SMA(2:1) hydrolysed from styrene maleic anhydride (2:1) (mass-average molar mass
M,, = 7.0kg mol™! and number-average molar mass M,, = 2.7kgmol ') and DIBMA
(M,, = 15.3kgmol ! and M,, = 8.4kgmol ') were obtained as alkaline solution. The
copolymers were prepared as described previously. 27 Briefly, copolymer in solution
was precipitated by adding small amounts of concentrated HCI and gently shaking
until the solution reached pH ~5. The suspension was centrifuged at 11,000 g at
room temperature (RT) for 15min and the supernatant discarded. The copolymer
was resuspended in 100 mL ultrapure water by vigorous shaking and centrifuged at
11,000 g at RT. The copolymer was resuspended in ultrapure water and centrifuged
twice again. Precipitated copolymer was resuspended in 0.5 M NaOH at 37 °C under
gentle shaking. After complete resuspension, the copolymer was frozen at -80°C and
freeze-dried for at least 24 h. Dried copolymer powder was stored in a dark sealed
glass container at RT and resuspended in buffer before use.
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7.3.3 Preparation of polymer-lipid nanodiscs

DMPC in the form of dried lipid powder was resuspended in Tris-saline ('T'S) buffer
(50 mM Tris, 200 mM NaCl, pH 7.4) or phosphate-saline (PS) buffer (50 mM NayHPO, /-
NaH,POy, 200mM NaCl, pH 7.4) to a final concentration of 20 mM. The lipid sus-
pension was thoroughly vortexed and equilibrated at 30°C for 15min prior to a
31-fold extrusion through a 100 nm polycarbonate membrane using a LiposoFast
extruder (Avestin, Ottawa, Canada) to form large unilamellar vesicles (LUVs).
LUVs were mixed and incubated with either SMA(2:1) or DIBMA in TS buffer
for concentration-dependent experiments or in PS buffer for temperature-dependent
experiments at 30°C for at least 1h to form SMALPs or DIBMALPS, respectively.
The reason we used phosphate buffer for temperature-dependent experiments is that
Tris buffer undergoes pH changes at different temperatures and, thus, can affect
nanodisc shape/formation. SMALPs and DIBMALPs were always produced with a
final lipid concentration of 10 mM and a R above of that required for complete lipid
solubilisation (RSOL),[320:321]

7.3.4 SAXS measurements

SAXS measurements were performed at P12, PETRA III at DESY, Hamburg, Ger-
many. 23] The data were reduced according to standard procedures using the beam-
line software and scaled to absolute scattering intensity, I(q), with units of 1/cm as
a function of ¢ with ¢ = 4msinf/\ where 6 is half the scattering angle and A the
wavelength of the incoming bean. The incident beam had an energy of 10keV. Cal-
ibration of the intensity was made using bovine serum albumin as protein standard
or ultrapure water.

7.3.5 SAXS data analysis

SAXS data were analysed in both a model-free and a model-dependent way in order
to obtain as much information as possible. For the model-free approach, the pair
density distribution function (PDDF, P(r)) and the radius of gyration R, of the
respective SAXS curves were calculated by GNOM (Version 4.6).528 An effective
bilayer thickness could be obtained by the position of the second maximum in each
curve representing the correlation between the headgroups. After having confirmed
that the shape of the particles can be indeed assumed as flat discs, a poly core shell
cylinder model was applied to fit the SAXS curves using IGOR Pro 6.37 in combi-
nation with the NIST analysis package.??’! The scattering length density (SLD) of
the core, i.e., the hydrophobic tails of the lipids, was calculated to be 4.7 x 1078 A2
and set constant. The SLD of the shell (taking into account the polymer belt as well
as the hydrophilic headgroups of the lipids) was set to &~ 8 x 1078 A=2_ All other
parameters were left free for fitting, sometimes within a given reasonable range. The
bilayer thickness, ¢, was subsequently calculated as 2 x face shell thickness + core
length, whereas the diameter of the nanodiscs, d, was calculated by 2 x core radius
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+ 2 x radial shell thickness.

7.3.6 DLS

DLS measurements were performed on a Zetasizer Nano ZS (Malvern Instruments,
Worcestershire, UK) equipped with a 633nm He-Ne laser and a photodetector
placed at an angle of 173°. Measurements were carried out in a quartz cuvette
with a 3 x 3mm cross-section (ZEN2112, Malvern Instruments). Samples were
measured with the attenuator position automatically optimised for determination
of size distributions. Data analysis was performed by fitting the experimentally
determined autocorrelation function with a non-negative constrained least-squares
function®® to obtained the intensity-weighted particle size distribution and by cu-
mulant analysis®?? to yield the z-average particle size and size distribution width
as derived from the associated polydispersity index (PDI). Assuming Gaussians dis-
tributions of both the decay rate and particle size, the standard deviation of the
z-average particle size was determined as 0 = 2v/PDI.

7.4 Results

7.4.1 Case A: Membrane architecture is affected with
increasing copolymer concentrations

To test the influence of copolymer type on nanodisc formation, we produced SMALPs
and DIBMALPs by solubilising large unilamellar vesicles (LUVs) made up of DMPC.
Both polymers are similar except the fact that SMA contains a styrene residue
whereas DIBMA'’s residue is aliphatic (see Fig.7.1b,c). It has been reported that
combining lipids with SMA or DIBMA at subsolubilising polymer /lipid ratios be-
low RSO leads to incomplete vesicle solubilisation and subsequent formation of large
aggregates which are incompatible with methods requiring small particle sizes. 33!
Thus, we produced SMALPs and DIBMALPs at R greater than RSO, [320,321,331]
SMALPs and DIBMALPs produced with increasing R were first analysed by DLS
to determine their mean hydrodynamic size (z-average) and polydispersity. *32 The
z-average sizes of the SMALPs ranged from 13 £ 6 nm up to 29 £ 14 nm (Fig. 7.2a)
and of the DIBMALPs from 26 +12nm up to 43 +21nm (Fig.7.2b). Notably, the
polydispersity of both systems remained consistently low at all R, as reflected on the
relatively narrow peak widths derived for each particle population. These results
confirm the dependence of particle size with copolymer /lipid ratio of formation and
the ability of DIBMA to form larger nanoparticles as compared with SMA. This in-
formation can be relevant for exploiting DIBMA’s potential to directly extract large
molecular complexes from biological membranes or use it as platform for membrane
protein reconstitution.

Although DLS is a valuable method for gaining information about globular par-
ticle sizes, it is not able to resolve smaller-scale characteristics of the particles



117

Figure 7.2: Size of SMALPs and DIBMALPs as monitored by DLS at 30°C.
Intensity-weighted particle size distributions as function of hydrodynamic diameter,
d, for (a) SMALPS and (b) DIBMALPs. Legend indicates normalised polymer/lipid
ratio of nanodisc formation with the corresponding solubilising polymer/lipid ratio
(R/RSCL). (c) z-average particle size, d., as obtained from curves in (a) and (b).
Error bars indicate the peak distribution width as determined from o = /PDId.
Nanodiscs were formulated in T'S buffer.

of interest.®3] Hence, we used SAXS to obtain detailed information on the size
and structure of nanodiscs in solution. The recorded SAXS data show an oscil-
lating behaviour of the scattering intensity arising from negative excess scattering
length density from the hydrocarbon chains at the nanodisc core and positive excess
length densities from both the phosphocholine headgroups and the copolymer belt
on both SMALPs and DIBMALPs (Fig. 7.3).1325:334336] The SAXS pattern is simi-
lar to that of structurally similar particles such as, lipoprotein-lipid complexes 37
and protein-bounded nanodiscs, #3339 evidencing the discoidal shape of SMALPs
and DIBMALPs. The data for SMALPs show a local minimum at the scattering
vector ¢ = 0.6 nm ™', which shifts to higher g-values accompanied by a reduction in
its depth with increasing SMA concentrations (Fig.7.3a). A shift of the minimum
from ¢ = 0.6nm ! to ¢ = 0.8 nm ! represents a decrease in the nanodisc radius from
d =27 /qmin = 27/0.6nm™! = 12.4nm to d = 27/0.8nm~' = 7.8nm. Conversely,
DIBMALPs only present a marginal shift of the local minimum at ¢ = 0.6 nm™!, but
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Figure 7.3: SAXS scans for (a) SMALPs and (b) DIBMALPs produced at in-
creasing copolymer/lipid ratio, measured at 30°C. Nanodiscs were formulated in
TS bulfter.
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a noticeable reduction of its depth with increasing copolymer fractions (Fig.7.3b).
The shift of the minimum to higher ¢g-values indicates a decrease in size of the parti-
cles with increasing R/ RSO ratio, which seems to be more pronounced for SMALPs.
In addition, both systems change their behaviour similarly at low g-values. There,
the slope of the SAXS curves decreases and becomes more and more flat, indicating
that the molecular weight for the individual nanodiscs decreases with increasing R,
being consistent with a reduction of their size.

Real-space representations of the SAXS data in the form of pair density distri-
bution functions were determined via indirect Fourier transform (Fig.7.4a,b). 340
All curves display a similar shape at low r-values, indicating similar distribution
densities for all nanodiscs: a minimum flanked by two local maxima which are fol-
lowed by a long tail at about 12nm. The shape of these curves is typical for lipid
bilayers, 3! which have negative scattering contrast at the central part of the par-
ticle and a positive one at the edges. Since X-rays scatter at the electrons of the
atoms, the scattering contrast refers to as the difference in electron density between
the particles investigated and the respective solvent of the system, and only the
difference between these two electron densities is detectable. The local maximum at
5.5-6.5 nm is of particular importance as is determined by the lipid bilayer thickness
(Fig. 7.4c), which corresponds to the sum of the core length and two times the lipid
head groups represented by the face shell thickness (Fig. 7.1a). It decreases steadily
from 6.5 to 5.3nm for SMALPS, while the thickness of the DIBMALPs seem to
be unaffected upon increasing the polymer/lipid ratio on the particles. Since the
r-value at which the pair density distribution function declines to zero again indi-
cates the maximum dimensions within the particle, the tail at high r-values is most
likely emerging from copolymer chains protruding from the nanodisc. Since it de-
cays to zero at much lower R/RS°V for SMALPs than for DIBMALPs, we assume
that the SMA molecules interact more strongly with the bilayer core due to their
styrene residue and do not protrude as much as the DIBMA molecules do. This
is also supported by the bilayer thickness decrease of the SMALPs, but not of the
DIBMALPs (Fig. 7.4c). Due to the strong interactions with the hydrocarbon chains
of the nanodiscs, potentially their effective length and therefore the bilayer thickness
could be reduced.

Furthermore, the calculated radius of gyration (R,), corresponding to the radial
distance of the nanodiscs to their centre of mass (or, equivalently, the diameter (d,
expressed as 2 x R,) shows that this parameter is more affected by the copolymer
molar fraction on SMALPs as compared with DIBMALPs (Fig.7.4d). These re-
sults are in agreement with the DLS and raw SAXS data which generally show a
decreasing size with increasing polymer concentration for both systems.

Taken together, these results indicate that the generally smaller SMALPs un-
dergo a reduction of both the nanodisc diameter and bilayer thickness populating
the core with increasing polymer/lipid ratios. In contrast, the average DIBMALP
diameter is less affected by an increment of the DIBMA ratio, whereas the bilayer
thickness remains virtually unaffected. However, a detailed nanodisc structure is far
too complex to allow for a model-free interpretation based only in the inspection of
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Figure 7.4: Pair density distribution functions, P(r), of (a) SMALPs and (b) DIB-
MALPs determined from SAXS scans presented in Fig. 7.3a and 7.3b, respectively.
(c) Bilayer thickness as a function of R/R°Y, and (d) nanodisc size, expressed in
terms of radii of gyration, R,. Nanodiscs were formulated in T'S buffer.

the SAXS and DLS data.

To gain further insights, we analysed the SAXS data using a core-shell cylinder
model (Fig.7.1a). The fit results (Fig. S1, Table S1) show that for both SMALPs and
DIBMALPs, the radius of the nanodisc core is quickly reduced upon increasing the
polymer/lipid ratio (Fig. 7.5a,b). In SMALPs, it decreases from ~9nm at R/R5
= 1.03 and seemingly saturates at ~3nm, whereas DIBMALPs are bigger with a
core radius of ~13nm at low R and ~6nm at R/R5°Y = 2.5. Conversely, the nan-
odisc thickness increases slightly from & 4 to ~5nm for SMALPs, but is apparently
unaffected for DIBMALPs. To split the different contributions of each component
and gain further insight, we analysed the core length and face shell thickness (see
Fig. 7.1a). For SMALPs, the core length decreases with increasing polymer concen-
tration while the face shell thickness increases. On the other hand, for DIBMALPs,
the core length increases while the face shell thickness decreases. In the latter case,
the modulus of these two changes is similar, compensating each other. Thus, in
total, the bilayer thickness does not change. As already mentioned above, this be-
haviour is consistent with the literature, which states less perturbation of the DMPC
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Figure 7.5: Fit parameters calculated for (a) SMALPs and (b) DIBMALPs from
SAXS data fit to model (Fig. 7.1a). Fitted values are detailed in Tab. D.1. Nanodiscs

were formulated in TS bufler.

phospholipids populating the nanodisc core compared to SMA. [136:320 Simjilar to the
model-free analysis (Fig. 7.4d), a larger radius for the DIBMALPSs is obtained and a
decrease of the radius due to the addition of more polymer (Fig.7.5b). In contrast,
the thickness of the SMALPs increases in the core-shell cylinder model (Fig.7.5a),
whereas it decreases in the model-free analysis (Fig.7.4c). This can be explained
by the fact that the pair density distribution function takes into account the most
probable or frequent distance between the lipid headgroups, whereas the model as-
sumes an average or mean for the same distance. Furthermore, since a decrease
in the core length is visible for SMALPs, but the lipid head groups do not change
their size and therefore may also be surrounded by polymer (see Fig. 7.1a), a distinc-
tion between the scattering signal contribution of different parts of the nanodiscs is
extremely difficult. We note that, similar to a recent study, we observe a rather con-
stant thick polymer belt (here: radial shell thickness, see Fig.7.1a).13?%] Therefore,
we also conclude that the number of SMA particles within the belt decreases with
decreasing radius as the excess copolymer distributes mainly in the belt structure
after solubilization. [3%°!

7.4.2 Case B: Influence of temperature on size and shape of
nanodiscs

To study the influence of temperature and check for possible phase transitions of
the lipid within the nanodiscs, SMALPs and DIBMALPs produced at R/R5°V =
1.25 were analysed using DLS and SAXS between 30 and 5°C, that is, above and
well below the melting temperature T}, of DMPC bilayers (24 °C).[%32! Note that
for the temperature measurements PS instead of TS buffer was used to minimise

pH effects upon quenching. [*?
DLS analysis on SMALPs and DIBMALPs produced at R/R5°Y = 1.25 show a
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Figure 7.6: SMALP and DIBMALP sizes as monitored by DLS at decreasing tem-
peratures. Intensity-weighted particle size distributions as function of hydrodynamic
diameter, d, for (a) SMALPs and (b) DIBMALPs measured between 5-30°C. (c)
z-average particle diameter, d,, as calculated from curves in (a) and (b). Verti-

cal bars indicate peak widths derived from the corresponding polydispersity values.
Nanodiscs were formulated at R/R%°Y = 1.25 in PS buffer.

reduction in the z-average mean size of both types of nanoparticles with decreas-
ing temperature (Fig.7.6a-c). However, we shall discuss the effect of exchanging
the buffer. First, the maximum intensity-weighted particle size of SMALPs and
DIBMALRPs is changed, that is, SMALPs are the larger species and PS, whereas
DIBMALPs are larger in T'S buffer at this polymer/lipid ratio (Fig. 7.2c and 7.6¢).
Additionally, SMALPs show a clear bimodal size distribution in PS, especially at
lower temperatures (Fig. 7.6a). The peak for the larger particles is roughly at 100 nm
and shifts towards larger sizes, whereas the smaller particles consist dominantly of
sizes between 20 and 30 nm. Upon quenching down to 5°C, the peak for the larger
length decreases and the smaller peak becomes dominant. We conclude that initially,
at 30°C, large aggregates/clusters of nanodiscs and/or an incomplete solubilisation
of the LUVs are still present. Upon quenching, single/separated nanodiscs emerge
(indicated by the 20nm peak) as well as clusters/aggregates of the nanodiscs (as
indicated by the 200nm peak). For DIBMALPs, the effect of temperature (and
solvent) seems weaker (Fig.7.6b,c). Nevertheless, the nanodiscs are smaller in size
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in PS buffer and a decrease of the intensity-weighted particle size (and distribution)
is found. Hence, we speculate that the phosphate buffer in particular hinders the
styrene group of SMA to interact with not only the lipid core (at elevated tem-
peratures), but also with other nanodiscs/polymers to prevent aggregation at lower
temperatures.

SAXS curves arising from SMALPs show a steady increment of the signal inten-
sity at low g-values with decreasing temperatures (Fig.7.7a). As stated above, this
indicates a transition towards a system with particles having a higher molecular
weight. This is consistent with the shift of the larger particle peak in the bimondal
DLS data towards larger sizes. This effect dominates the scattering signal at low
g-values and the increase in amount of solubilised nanodiscs cannot be observed in
contrast with the DLS data (see Fig.7.6a). However, the minimum at ¢ = 0.6 nm™—*
shifts slightly towards higher ¢-values upon quenching, indicating the reduction of
the nanodisc sizes, which is also consistent with DLS data showing the formation of
single and separated nanodiscs. SAXS scattering curves arising from DIBMALPs
exhibit a different behaviour at low and intermediate g-values (j 0.6nm™') with de-
creasing temperatures (Fig.7.7b). We note that the raw SAXS data of DIBMALPs
suggest an incomplete solubilisation at higher temperatures, ®*! whereas quenching
leads to a more complete solubilisation and formation of nanodiscs (Fig. 7.7b, 7.8b).
This is supported by the shift of the minimum toward higher ¢-values and therefore
smaller particles in solution. Similar observations have been made for lipid vesi-
cles in the presence of polymer concentrations below the solubility limit RSO, [325)
The straight line at 30°C transforms into a shoulder at roughly ¢ = 0.1nm~*!, cor-
responding to a real-space distance (r = 27 /q) of r &~ 60nm. It becomes more
pronounced with decreasing temperature and mirrors the maximum size/length of
the nanodiscs: from large, polydisperse particles at 30°C, the system transforms
into smaller, more monodisperse particles with a length of roughly 60nm upon
quenching (see also DLS data (Fig. 7.6b,c)). Hence, the scattering curves reflect the
interparticle correlation; at high temperatures, an effective attraction resulting in
a melt or an extended polymer chain entanglement is present. In contrast, at low
temperatures, this entanglement dissolves into single/separated nanodiscs because
of a net repulsion within the system. Thus, the raw data at high temperatures as
well as the corresponding PDDF's do not exhibit a behaviour expected for nanodiscs
and are therefore difficult to analyse. At R/R%° = 1.25, we would assume that the
formation of nanodiscs is complete, but the different buffer used for the temperature
measurements (PS vs. TS) appears to play a role.
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Figure 7.7: SAXS scans for (a) SMALPs and (b) DIBMALPs measured between
8-30°C. Nanodiscs were formulated at R/R°F = 1.25 in PS buffer.
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The calculated PDDF's indicate a strong temperature-dependent effect on the
nanodisc morphology. At 30°C, the SMALPs exhibit a single peak at r =~ 7nm,
which broadens and evolves into two peaks upon temperature reduction (Fig.7.8a).
As a result, the DMPC bilayer thickness determined for SMALPs is 6.5 nm at 30°C
and transitions towards two distinctive bilayer thicknesses with decreasing tempera-
ture (Fig. 7.8d). Additionally, the long tail at high r-values decreases and vanishes at
lower r-values with decreasing temperature, indicating a reduction in size (Fig. 7.8a),
consistent with DLS and SAXS data. DIBMALPs present a more complex pattern;
at 30°C, the small peak at ~4.7nm has nearly disappeared and a broad peak with
a local maximum at r &~ 13nm appears at lower temperatures (Fig.7.8b). Since
a complete solubilisation of the lipid vesicles occurs only for lower temperatures (]
20°C), it is impossible to determine the maximum of the PDDF curves as before.
Nevertheless, for further quenching and, hence, finalising solubilisation, the bilayer
thickness of DIBMALPs remains constant at 5.3 nm. The calculated R, for SMALPs
indicates particles with an average diameter of ~25nm at 30°C, which decreases
quickly upon temperature reduction to ~ 15 nm (Fig.7.8c), whereas DIBMALPs’
average diameter was 38 nm at 30°C and was reduced in a more stepped manner
until reaching 27nm (Fig. 7.8¢c).

Using again the core-shell cylinder model, we observe first an increase of the core
radius of SMALPs upon quenching, until a gradual decrease is observed (Fig.7.9).
During the quenching process, the bilayer thickness increases slightly, suggesting a
liquid crystalline to gel-phase transition. This increase in bilayer thickness is even
visible for DIBMALPs in the reasonable low temperature regime, where a complete
solubilisation took place (Fig.7.9). The following parameters are essentially un-
changed, and thus, are not plotted for clarity, but are mentioned in the following.
For SMALPs, the core length is in a range between 1.2 and 1.4 nm, the radial shell
thickness between 0.6 and 1 nm, and the face shell thickness is 2.1 nm. In contrast,
for DIBMALPS, the core length is in the interval 0.7-0.8 nm, the radial shell thickness
between 1.9 and 3nm (decreasing with decreasing 7'), and the face shell thickness
is &~ 2.4nm. As the radial shell thickness of the SMALPs decreases with decreasing
T, we speculate that more SMA molecules are transferred from the polymer belt
towards the interior of the nanodiscs due to quenching.

Taken together, these results indicate that SMALPs and DIBMALPs undergo a
reduction in the average diameter with decreasing temperatures and that the buffer
used plays a non-negligible role. In TS buffer, SMALPs are 2-3 times larger than
DIBMALRPsS in the temperature range investigated. Due to the buffer exchange, both
systems seem to be not completely solubilised at 30°C. For DIBMALPs, solubili-
sation seems to improve upon quenching, whereas SMALPs can aggregate at lower
temperatures. Moreover, the DMPC bilayers most likely transition from the liquid
crystalline to gel-phase below 24 °C. SANS studies performed on DMPC bilayers
have shown that lipids in the gel-phase occupy less area per molecule as compared
with fluid-phase lipids and have increased hydrocarbon thickness. 343344 This leads
to closer lipid packing and can account for the reduction in the average nanodisc
diameter with concomitant increment in the bilayer thickness. Additionally, EPR
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Figure 7.8: Calculated pair density distribution functions, P(r), of (a) SMALPs
and (b) DIBMALPs at increasing temperatures as derived from SAXS curves in
Fig. 7a and 7b, respectively. (c) Particle radii of gyration, R,, (expressed as 2R,)
and (d) bilayer thickness of SMALPs and DIBMAPs as function of temperature.
Nanodiscs were formulated at R/R%°Y = 1.25 in PS buffer.

studies on SMA-stabilised nanodiscs have shown that the copolymer styrene groups
strongly interact with the phospholipids’ acyl chains. #4346 We speculate that, at
low temperatures, the two membrane thicknesses observed in SMALPs can be a
result of phase separation of the gel- and liquid crystalline-phase lipids coexisting
within individual nanodiscs as a result of strong local SMA-DMPC interactions at
the nanodisc rim. Due to these strong interactions and additional incorporation of
SMA into the nanodisc core, the thickness could be effectively decreased as the SMA
molecules occupy positions of lipids. This can be a result of the polymer interacting
dominantly with the nanodisc core (i.e., the hydrophobic part). Hence, as the SMA
molecules are located there, some of the lipids (and therefore also their headgroups)
are displaced and are absent compared to the nanodiscs formed at higher T', which
may lead to the two thicknesses observed (Fig.7.8d). Note that already in Case A,
an increase in SMA concentration led to a decrease in the bilayer thickness of the
nanodiscs (see Fig. 7.4¢), supporting this hypothesis.

We note that neither in the raw data nor in the analysis a jump of the respective



127

.

5 10 15 20 25 30

T [°C]
Figure 7.9: Selected fit parameters calculated for SMALPs (black) and DIBMALPs
(red) obtained from SAXS data fit to core-shell cylinder model (Fig. 7.1a). All fit

parameters can be found in Tab. D.2 and the fits are shown in Fig. D.2. Nanodiscs
were formulated at R/R°Y = 1.25 in PS buffer.

parameters was seen, but always a continuous change. We assume that the phase
transition of the lipid within the nanodiscs is therefore not as sharp as for the pure
lipid itself, but the phase transition temperature is rather smeared out. Already in
2012, a non-cooperative thermotropic phase transition was reported for nanodiscs
consisting of DMPC and SMA.4" The authors attributed this to the smaller size
of the nanodiscs compared to the pure DMPC vesicles, and the presence of lipids
that probably do not participate in the cooperative phase transition due to their
interactions with the polymer and therefore their increased ordering compared with
DMPC vesicles. 247348 Similar to Bjgrnestad et al. who recently reported that
gel-like membranes more easily solubilise with SMA(3:1), we observe a seemingly
higher solubilisation at low temperatures.?’! This is not only true for SMA(2:1),
but also for DIBMA. However, we assume a further aggregation of the SMALPs at
low temperatures, leading to a species of particles with a size of 200 nm in addition
to the separated and solubilised nanodiscs.

We note that different models for the analysis of small-angle scattering data of
nanodiscs have been applied in the past. While Bjgrnestad et al. applied an ellip-
soidal core-shell mixed micelle model, a mixed lipid:SMA disc model, a lipid disc
with SMA belt model and a mixed lipid:SMA disc with SMA belt model to fit the
data and the latter one had the best results, Skar-Gislinge et al. developed a com-
pletely new model themselves. 33433 Since the nanodiscs used by Skar-Gislinge et
al. consisted of lipids and MSPs, they constructed their model with two histidine-
tags protruding out from the belt, the MSP as belt, and two caps from the lipid
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head groups.®*¥ In addition, they separated the hydrophobic interior into a central
low-density methyl group region, sandwiched between two higher density leaflets
composed of the (CHy), chains.®*¥ To catch the important parameters, but keep
the model as simple as possible, we decided to use the core-shell cylinder model as it
was proven before that the nanodiscs exhibit a disc-like architecture and the model
fits the experimental data well. 325334

7.5 Conclusion

In summary, we have investigated the structure of membrane-mimicing nanodiscs
composed of the lipid DMPC with two different polymers SMA(2:1) and DIBMA
by SAXS and DLS. In a first approach, the polymer/lipid ratio was increased con-
tinuously (in TS buffer), starting from ratios above that required for complete lipid
vesicle solubilisation (R/R%°Y ~ 1) up to a ratio of R/R°Y = 2.5. Here, DIB-
MALPs are larger for the same R/R5°“-ratios. The nanodisc radii formed by both
polymers decrease with increasing R, but stronger when using SMA, suggesting
a stronger interaction of SMA with DMPC. In a second approach, temperature-
dependent measurements between 5 and 30 °C were performed to study the effect of
temperature on the architecture as well as on the (possible) phase transitions. For
this purpose, PS buffer was used to not influence the pH dramatically. Neverthe-
less, this buffer exchange seems to have crucial effects. First, in PS buffer, SMALPs
are the larger species at the polymer/lipid ratio used. Second, the lipid vesicles
are not completely solubilised, even at R/R5°Y = 1.25 at 30°C. Quenching leads
in both cases to a complete solubilisation and nanodisc formation. In this regard,
DIBMALPs are stable at low T due to an increase in net repulsion. In contrast,
nanodiscs formed with SMA aggregate further at low 7" due to an increase in at-
traction. Interestingly, no sudden changes can be observed, which would indicate
the presence of a sharp phase transition temperature. All changes are gradual and
mirror a broad melting temperature range. These results are not only relevant from
a fundamental point of view, but also have a huge impact on structural biology of
proteins and potentially many other fields such as biopharmaceutical formulation.



Part VIII

Concluding discussion and outlook
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The aim of this dissertation was to get an in-depth insight into the mechanisms driv-
ing protein crystallization and its correlation with the phase behavior and parame-
ters such as protein and salt concentration. In multiple studies, the phase behavior
and (nonclassical) crystallization of globular proteins in the presence of multivalent
salts were thoroughly investigated, which lead to new findings in this field. Fur-
thermore, the characterization of nanodiscs, which enable biophysical and chemical
investigations, extending these studies to membrane proteins, was performed. In
this chapter, the results of Chapters [IV-VII are comprehensively discussed based on
the initially asked questions in Chapter II. While many questions could be answered
in the scope of this dissertation, there are still open questions, which need further
investigation, and consequential new questions, which are addressed and discussed
as an outlook at the end of this chapter.

Putting a pin in Chapter II, the following questions were point of investigation in
Chapter IV: Does crystallization indeed occur within the dense phase or not? Are
there any other precursors? Does the exchange in solvent alter the phase behavior
and/or the crystallization pathway, i.e., are there any isotope effects due to the
exchange of H,O by D50 as the solvent?

Investigating the crystallization kinetics outside and inside the LLPS binodal, the
data suggests that the dense phase after LLPS only acts as a reservoir and that
nucleation actually starts within the dilute phase. During crystal growth, the dense
phase dissolves and facilitates further growth. This is in strong contrast to sim-
ulations and theoretical studies, which predict another nonclassical crystallization
pathway, in which the dense phase acts as crystal precursor by lowering the energy
barrier for nucleation. 8137138 Similar observations to the ones presented here (i.e.,
the dissolution of the MIP to facilitate crystal growth, but no nucleation within the
MIP) have been made for, e.g., amorphous calcium carbonate crystallization, wa-
ter condensation processes at high altitudes, and the fluid-solid phase transition in
colloidal systems. 77293 However, SAXS and SANS always provide a time-averaged
two-dimensional scattering image at the detector. Hence, possible precursors with
a short lifetime cannot be detected, which would be an indicator for a different
nonclassical crystallization pathway where the intermediate phase acts as crystal
precursor and not only as a reservoir. For example high-speed in situ electron mi-
croscopy experiments revealed that gold clusters form on graphene through multiple
reversible structural fluctuations between disordered and crystalline states on the or-
der of milliseconds. **! These structural fluctuations emerge due to a size-dependent
thermodynamic stability of the two states.?*”! Due to the temporal limitations of
the techniques used in this thesis, these phenomena cannot be observed. In addition,
each SANS and SAXS experiment is limited by the experimental set-up, meaning
the length scales that can be investigated are fixed and only a certain g-range (and
therefore length scale in real space) is available to study. In particular larger length
scales were not investigated here, which may be important for crystal precursors.
Hence, the possibility of larger and/or short-lived crystal precursors cannot be ruled
out. In spite of that, the results do show that HSA crystallization is triggered by the
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multivalent cations, which not only diminish the charge due to protein binding, but
are also an integral part of the crystal lattice by forming crystal contacts between
the proteins. Although the effective attractions are stronger and the dense phase is
rather a liquid network than dense droplets in DO compared to HyO, the crystal-
lization kinetics are resembling for both solvents. To summarize, the main question
whether nucleation takes place within the dense phase can be conclusively negated
for these systems. These findings show that theoretical calculations are an extreme
benefit in many cases, but experimental systems do not necessarily follow theoretical
predictions, because it is extremely difficult to include every experimental parameter
into the theory and therefore the experimental and theoretical systems can differ a
lot.

In Chapter V, we proceeded to the following main questions that should be answered
within this study: Why does HSA crystallize so readily in the presence of multivalent
cations, but BSA does not? What are the differences and similarities between the
two proteins?

Studying there the phase behavior of BSA and HSA shows that both proteins
undergo RC with CeCl3 and exhibit LLPS. The shift of the LLPS binodal toward
lower protein concentrations already indicates less attractive forces for BSA com-
pared to HSA in the second regime. SAXS measurements have further supported
this statement. As BSA is slightly more negatively charged, a stronger adsorption
at an interface due to cation bridging with the surface was observed. Similar to
previous studies, no BSA crystals, but only HSA crystals were found. Since HSA
is more hydrophobic than BSA,??”! and the crystal structure of HSA with Y+
shows many protein-protein contacts (without cation bridging), the conclusive an-
swer was that the additional hydrophobic forces of HSA drive crystallization and
enable crystal contact formation. As BSA is lacking these hydrophobic forces (at
least in the same fashion/extent as HSA), no crystallization does occur. Hence, the
electrostatic interactions seem to play a dominant role in the overall protein phase
and adsorption behavior, but one has to take into account the whole set of interac-
tions to properly explain all phase phenomena observed, in particular crystallization.

Afterward in Chapter VI, the focus was set on the nonclassical crystallization of
the BLG-CdCl; system in D,O to answer the following question: Does the system
behave similarly in the new solvent (i.e., D2O)? Can we obtain new insights into
the crystallization pathway using neutron scattering experiments? Does the system
still crystallize according to a two-step crystallization process in DoO? How do the
crystal precursors evolve with time? What is their exact role during crystallization?

The phase behavior of the BLG-CdCl, system is extremely similar in D;O com-
pared to H,O. Again, a RC phase behavior and a nonclassical two-step crystallization
pathway could be observed close to the pseudo — ¢** border. Analyzing not only the
amount of precursor, but also its structural evolution during crystallization enabled
the conclusion of a preordered metastable intermediate phase serving as crystal
precursor. This preordering takes some time, since the average distance between
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the protein molecules decreases with time. A final value is reached, which is only
slightly larger than the typical distances within the crystal lattice. Interestingly,
preordering of liquid water has been also observed for example in the crystallization
pathway of H,O on graphitic surfaces at ambient pressure.®? However, the authors
claim that the preordered domains do not show an additional free energy minimum,
i.e., have only one single transition state, and therefore, the crystallization process is
supposed to follow a one-step, heterogeneous crystallization. [#? This is in strong con-
trast to our conclusions, since we assume the preordered domains to be metastable
and therefore to have an additional free energy minimum in between that of the
initial solution and the crystal. As a last step for the BLG-CdCl, crystallization in
D50, it is proposed that the hydration layer of the proteins is expelled and a final
densification occurs. The same procedure was found in DNA-functionalized gold
nanoparticle crystallization and was also reported in QCM-D studies investigating
the self-assembly of iron oxide nanocubes. %351 In the latter case, the authors based
their hypothesis on an increase in shear modulus during the assembly.®>" Hence,
additional QCM-D studies could help to strengthen our hypothesis. Unfortunately,
similar to HyO, no crystal structure resolution was possible in D,O due to crystal
twinning. These results again highlight that different nonclassical crystallization
pathways are followed, depending on the system (compared to, e.g., the HSA-CeClj
system). Hence, there seems to be no general pathway applicable for all protein-
multivalent systems, potentially due to differences in the surface and size of the
proteins, although they show a resembling phase behavior.

In the last result chapter (Chapter VII), the structure of polymer-bounded lipid
nanodiscs was studied upon varying the nature of the polymer, the polymer concen-
tration, and the temperature to solve the following questions: Are there differences
between the structure of the nanodiscs using different polymers? What happens
to the nanodisc structure if one increases the polymer concentration?” How does a
temperature change alter the structure of the nanodiscs? Do lipid bilayer phase tran-
sitions also occur within the nanodiscs? Do additional charges (due to the addition
of multivalent ions) affect the nanodisc architecture?

For this project, similar to the previous topics, most of the initial questions could
be answered. The data suggest that in Tris buffer, nanodiscs formed by the lipid
DMPC with the polymer DIBMA are generally larger than those formed with the
polymer SMA(2:1). Nevertheless, for both polymers, a decrease of the nanodisc ra-
dius was observed upon increasing the respective polymer/lipid ratio. This effect was
stronger when using SMA. Interestingly, exchanging the buffer to phosphate buffer
to perform temperature-dependent experiments without changing the pH led to an
extremely different nanodisc formation behavior. First of all, the lipid vesicles were
not completely solubilized into nanodiscs (at 30°C), although the conditions used
were above that required for complete lipid vesicle solubilization. Besides, SMALPs
were the larger species here for the same sample compositions. The strong effect of
the buffer on the nanodisc solubilization is not understood yet. Quenching down to
8°C led to a complete solubilization for both polymers. In the case of DIBMA, the
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nanodiscs formed were stable due to an increase in the net repulsion, whereas for
SMA, aggregates/clusters of nanodiscs were formed due to an increase in attraction.
No sudden changes in any parameter were found when quenching below the melting
temperature of the pure lipid, but gradual changes. Since the lipid bilayer thickness
increased slightly for both systems upon quenching, suggesting a transition from the
liquid-crystalline toward the gel phase, we assume that the additional interactions
with the polymers broaden the phase transition (temperature) compared to the pure
lipid vesicles. Unfortunately, for the increase of ionic strength, no reliable data sets
could be recorded, and hence, the possible effect of increasing the concentration of
(multivalent) ions could not be determined. Although complementary SAXS and
DLS data help to understand the structure much better, a lot of the analysis depends
on models. Therefore, additional TEM experiments would be beneficial to support
the assumptions. Nevertheless, these results enable the biophysical and chemical
investigation of membrane proteins in a much more controlled way.

Within this dissertation, different crystallization kinetics and nucleation sites have
been reported. For HSA-CeClz (Chapter IV), the crystal nucleation site was found
to be outside the dense MIP, whereas for BLG-CdCly in DO (Chapter VI), it was
located within the preordered MIP. Nevertheless, in Chapter II, the following ques-
tion was also asked: Where exactly does nucleation occur, meaning in bulk, both
in bulk and at the interface or only at the interface? Is there a dominant pathway?
In two studies, we could already show that a dense packing at a hydrophilic, neg-
atively charged surface occurs for proteins which are able to crystallize (BLG and
HSA (Ref. 238 and Chapter V, respectively)). In contrast, BSA, which does not
crystallize in the presence of multivalent cations, packs loosely at the same surface.
If this densely-packed layer of adsorbed proteins acts or can act as precursor for
subsequent crystallization or not is a question, which is still unanswered. According
to theoretical studies performed by Nanev, heterogeneous (2D) nuclei at hydropho-
bic surfaces can be as small as two proteins. "' Therefore, although this number
increases as the supersaturation of the solution decreases, ' it is extremely difficult
to solve this question and further investigations are needed, which are out-of-scope
for this dissertation. Please note that, nevertheless, both scenarios have been re-
ported, meaning heterogeneous nucleation at glass surfaces was observed as well as
homogeneous nucleation in bulk. 68352354 Decreasing the width between two glass
plates to <0.05cm, however, makes it impossible to distinguish these two scenar-
ios.[%] Surprisingly, the authors report lower free energy barriers for nucleation in
bulk than on the glass surface.®! Importantly, heterogeneous nucleation does not
only have to occur on solid surfaces. In a recent study, BSA crystallization at the
interface of microbubbles filled with oxygen, nitrogen and carbon dioxide was ob-
served.?® The authors believe that BSA can enrich and reorient at the interface
of the hydrophobic gas microbubbles with the protein solution, leading to a gas-
liquid interface-induced crystallization.?®¥ Such aggregation and crystallization of
proteins at an interface of a solution with a hydrophobic counterpart/medium (in-
dependent of its aggregation state) was already observed previously. ?*>3°6 In these
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cases, the proteins are “anchored” at the hydrophobic medium-solution interface,
with the anchor being the strongest hydrophobic patches. 26! Hence, due to accumu-
lation of protein at the interface, protein adsorption facilitates 2D crystal nucleation
there.3% In contrast, for 3D crystal nucleation, Nanev concludes that only if the
interactions of the protein molecules with the hydrophobic interface are weaker than
the protein-protein intracrystalline contacts, a hydrophobic surface promotes crys-
tallization and does not solely result in an enhanced protein adsorption. ®°¢ Hence,
the following questions remain unsolved: Does nucleation in the systems investi-
gated dominantly occur in bulk or at an interface? In case nucleation occurs at an
interface, is there still nucleation in bulk? Or is it the other way round? QCM-D,
ellipsometer, and X-ray or neutron reflectometry experiments could help to shed
light onto these questions.

There are multiple research topic, which were touched upon within in the different
chapters, yet were not within the scope of this dissertation. These can be used
as a starting point for future studies and investigations. One topic is the formu-
lation of extremely large crystals. Complementary neutron and X-ray diffraction
can enable atomistic resolution as well as the possibility to monitor the hydration
of the protein molecules within the crystal in D,O. These information would help
to better understand ion binding and therefore the phase behavior as well as the
crystallization pathway. Such studies could help answer the following question: Are
there systems, which grow naturally larger crystals? So far, none of the systems
investigated (BLG-YCl; in H,O and D,O, BLG-YI; in H,O, BLG-LaCls in H,O
and D50, BLG-ZnCl, in H,O and D,O, BLG- CdCl; in H,O and D,O, HSA-CeCl;
in H,O and D50, HSA-LaCl; in H,O, HSA-YCl; in H50) resulted in large, high-
quality crystals suitable for neutron diffraction at the conditions tested. Are there
maybe certain conditions within the phase diagram that favor the growth of larger,
high-quality single crystals?

Another research topic might be the crystallization of BLG with ZnCl,. Inter-
estingly, for this system in both H,O and D,O, two different polymorphs can be
obtained, which was not seen so far in similar systems. It seems that temperature,
solvent, salt and protein concentration influence the preferred polymorph formation.
Another approach to control polymorphism tested by Parambil et al. was template-
induced nucleation. " There, the surface itself acts as an anchoring point at which
the molecules aggregate, forming prenucleation clusters.®” Depending on the sur-
face—molecule interaction and the hydrodynamic conditions, the solute cluster can
either grow into a stable nucleus while still interacting with the surface or detach
from the surface and move into the bulk solution.®®” The question, which are still
unanswered for the BLG-ZnCl, system in both solvents, are: Are there different
precursors, which lead to the different crystal structures? Since mostly polymorph
mixtures are formed, how close are their free energies? Do different surfaces in-
duce/favor different polymorphs similar to Parambil et al.? Interestingly, the Bragg
peaks of one polymorph overlap with the Bragg peaks of BLG-CdCl, crystals, whose
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structure could not yet be resolved due to crystal twinning (see Chapter VI). Thus,
one further question is whether one can resolve this polymorph structure and trans-
fer the information to the CdCl, crystals.

To summarize, this dissertation provides new insights into the phase behavior of
globular protein solutions in the presence of multivalent salts and a better under-
standing of the nonclassical crystallization behavior, e.g., the role of hydrophobic
interactions in the crystallization pathway. These findings are crucial from a funda-
mental point, but also for research areas ranging from structural biology to phar-
maceutical drug formulation.
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Appendix A

Supporting information: Protein
crystallization in the presence of a
metastable liquid-liquid phase
separation

Table A.1: Data collection and refinement statistics.

HSA:Yttrium (2mM)

Data collection statistics

Resolution [A] 40 - 2.75 (2.82 - 2.75)

Space group P2,2,2,

Unit cell [A] a = 55.27, b = 71.93,
¢ = 180.13

No. of unique reflections 35814 (2442)

Rineas [%0)] 13.0 (183.0)

cC(1/2) 99.9 (64.1)

Completeness [%] 99.5 (93.8)

Multiplicity 16.1 (11.1)

I/o(I) 16.8 (1.6)

Wilson B-factor [A?] 75.7

Refinement statistics

Ryork | Rivee [70] 24.7 / 29.6

rmsd bond length 0.020

rmsd bond angle 1.20

Ramachandran angles

Favored [%)] 93.9

Outliers [%] 1.0

Values for the highest resolution shell are given in parentheses
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Figure A.1: Crystal morphology of HSA crystals with YCl3 grown at different
conditions in the experimental phase diagram several days after preparation. a)
Crystallization near the LLPS boundary (50 mg/ml HSA with 4mM YCl;), b) crys-

tallization slightly below ¢* (50 mg/ml HSA with 2mM YCl;).

Table A.2: Parameters for the logistic function (Eq.1, main text) fitted to the

integrated intensities measured by SANS/SAXS.

sample A k't [h]
20 mg/ml HSA with 2mM CeCl; in H,O (Fig.4.4b)

Bragg peak 0.97 0.41 15.59
Overall material 0.99 —-0.48 16.04
10 mg/ml HSA with 2mM CeCl; in D,O (Fig.4.7b)

Bragg peak 0.93 0.27 61.48
Overall material 0.97 —-0.14 62.27
50 mg/ml HSA with 3.5 mM CeCl; in D,O (Fig. A.3b)

Bragg peak 0.91 0.31 32.86
Overall material 0.89 —0.27 28.64
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Figure A.2: Crystal growth from unstable LLPS. The sample contains 20 mg/ml
HSA and 1.5mM CeCl; in HyO. a) Formation of dense wetting layer via deposition
of tiny droplets formed after mixing, b) crystals form and grow at the solid surface
and a depletion zone is visible due to consumption of protein in the dense wetting
layer several days after preparation.

v v vu Y 1uu

time [h]

Figure A.3: Another example of crystal growth outside of the LLPS binodal, but
in regime I1. a) SANS data for a sample containing 10 mg/ml HSA and 2mM CeCl;
in Dy O. Scattering intensity is shown as a function of q. b) Kinetics analysis based
on the integrated area covered by Bragg peak at ¢ = 0.07 A~ and the low g-intensity
between 0.03 and 0.06 A~'. The solid lines represent the corresponding fits (Eq. 1).
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Figure A.4: Crystal growth in D,O of a sample containing 50 mg/ml HSA with
3.5mM CeCly at different times after sample preparation: a) 2.15h; b) 12.5h; c)
Iday; d) 2days. The increased interprotein attractions in DO lead to a network
structure of the dense phase compared to the dense droplets in HyO. The scale bar
corresponds to 50 pm.
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Figure A.5: Crystal structure of HSA crystallized in the presence of yttrium ions.
The representation shows that each HSA protomer is in contact to ten symmetry-
related protomers. All protomers which contact the central protomer (orange) by
metal (pink) coordination are colored (green, blue). Protomers interacting exclu-
sively by protein-protein interactions are colored grey.






Appendix B

Supporting information: Human
versus bovine serum albumin: A
subtle difference in hydrophobicity
leads to large differences in bulk
and interface behavior

Figure B.1: Dilution series of BSA with CeCls. The glass vials contain samples
with ¢(BSA) = 150mg/ml and the CeCl; concentration as labeled on the vials.
Macroscopic LLPS is visible for the samples in the middle (1.2-25mM CeCl;).
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Figure B.2: Raw SAXS intensity data (symbols) and SHS fits (lines) of samples
containing a,b) 50 mg/ml BSA and c,d) 50mg/ml HSA and varying CeCls concen-
trations. For better visualization, only every 20th data point is plotted and for each
protein system, four representative ¢y are selected, i.e., three in regime II and one
in regime III. The raw data can be found in Fig. 3. Fitting parameters can be found
in the Materials and methods section in the main text.



175

g [nm™]

Figure B.3: Raw SAXS intensity data (symbols) and corresponding SC fits (lines)
of 50mg/ml BSA (blue and black) and 50 mg/ml HSA (red and green) with 1 mM
CeCl;. For better visualization, only every 5th data point is shown. Fitting param-
eters can be found in the Materials and methods section in the main text.
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a) b) c)
d) e) f)
g) h) i)

Figure B.4: Microscopy images of different HSA-CeCl; crystals 14 days after sam-
ple preparation. a) 20mg/ml HSA with 2.5mM CeCl;, b) 20mg/ml HSA with
3mM CeCls, ¢) 20mg/ml HSA with 4mM CeCls; d) 50mg/ml HSA with 3.5mM
CeCls, e) 50mg/ml HSA with 5mM CeCls, f) 50 mg/ml HSA with 6 mM CeCls; g)
80mg/ml HSA with 4.5mM CeCls, h) 80 mg/ml HSA with 6 mM CeCls, and i) h)
80 mg/ml HSA with 7mM CeCls.
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Figure B.5: SAXS intensity curves of samples containing 20 mg/ml BSA and
12mM Lal; (blue) and 28mM Lal; (red). The curves were recorded a week after
sample preparation. No Bragg peaks are visible, which would indicate the presence
of crystals.






Appendix C

Supporting information: Protein
crystallization from a preordered
metastable intermediate phase
followed by real-time small-angle
neutron scattering
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Figure C.1: Summed intensities A(t) of the Bragg peak feature at ¢ ~ 0.2 A~
as function of time. After subtracting a linear background between ¢; = 0.176 A~
and g, = 0.217TA~1, the scattering intensities within this interval were summed up
to obtain A(t). This analysis was performed for samples containing 30 mg/ml BLG
with 16 mM (green circles) and 17mM (red triangles) CdCly in D5 O.
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Figure C.2: Real-time SANS follows the crystal growth of a sample containing
33mg BLG with 17mM CdCly. Crystallization is fast and completed within 2 h.
Kinetics analysis shows a clear two-step growth.
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Figure C.3: Crystal length as function of time of samples containing 33 mg/ml
BLG with 17-20mM CdCl, in H>O. For the 19 and 20 mM samples it was ensured
with the last image of the respective series that no second growth step occurred.
The respective growth rates are implemented in the figure. The corresponding mi-
croscopy data were already published in Ref. 45.
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Figure D.1: Experimental SAXS data (blue dots) for measured mixtures with
model fits (red line) of (A) SMALPs and (B) DIBMALPs produced at increasing
copolymer/DMPC ratios (R/R%°F) at 30°C.
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Table D.2: Fit parameters for fitting SAXS data obtained from SMALPs (top) and DIBMALPs (bottom) produced at
decreasing 30-8°C' at a polymer/DMPC ratio (R/R%°Y) of 1.25 to a core-shell cylinder model.

T [°C] (SMALPs) 30 27.5 25 22.5 20 17.5 15 12.5 10 8
scale 0.39 0.37 0.38 0.39 0.37 0.36 0.37 0.36 0.35 0.36
core radius [A] 26.8 29.5 36.9 37.3 37.0 37.2 37.2 37.0 37.2 36.9
radial polydispersity 0.67 0.62 0.45 0.31 0.28 0.28 0.30 0.30 0.30 0.31
core length [A] 11.7 12.1 12.5 12.9 13.7 13.7 13.7 13.6 14.0 13.7
radial shell thickness [A] 5.9 6.7 8.4 9.9 10.3 10.2 10.1 10.1 9.9 10.0
face shell thickness [A] 21.8 21.6 214 21.3 20.83 21.0 21.2 214 21.2 21.5
SLD core [A~?] 4.7-1078 47-107% 4.7-107% 4.7-107% 4.7-107% 4.7-107% 4.7-107% 4.7-107% 4.7-1078% 4.7.107%
SLD shell [A=2] 80-107" 80-107" 80-107" 80-10"" 80-10"" 80-10"" 80-10" 80-10"7 80-107" 801077
SLD solvent [A~2] 59-1077 59-107" 59-1077 59-107" 59-1077 58-1077 581077 58-1077 56 1077 571077
incoh. bkg [em™!] 4.7-107* 78-107* 6.0-107* 3.1-107* 53-107* 34.107* 80-107* 52-107* 6.0-10"* 6.7-107*
T [°C] (DIBMALPs) 30 27.5 25 22.5 20 17.5 15 12.5 10 8
scale 0.79 0.81 0.88 0.86 0.83 0.90 0.94 0.94 1.09 1.11
core radius [A] 196.57 247.25 250.11 89.30 95.27 91.86 82.30 80.73 80.04 75.82
radial polydispersity 0.37 0.27 0.26 0.58 0.53 0.44 0.38 0.38 0.38 0.46
core length [A] 7.87 7.90 7.49 7.93 8.11 7.97 7.84 7.81 7.42 7.30
radial shell thickness [A] 27.51 28.89 29.32 21.59 21.70 20.7 19.53 19.34 19.35 19.69
face shell thickness [A] 22.99 23.47 23.88 23.92 23.97 24.21 24.36 24.37 24.51 24.58
SLD core [A~?] 4.7-107% 47-107% 47-107% 47-10% 47-107% 47-10% 47-10% 47-10% 4.7-10% 47-.10°8
SLD shell [A=2] 80-107 80-107" 80-107 80-10"" 80-10"7 80-10"7 801077 80-1077 80-10"" 80-1077
SLD solvent [A~2] 6.9-10" 6.8-1077 6.8-107 68-1077 6.8-1077 68-1077 6.8-1077 68-1077 6.8-1077 6.8-1077
incoh. bkg [cm™!] 1.1-107% 1.6-10% 93-10* 94-107* 83-10* 1.1-10% 96-10"* 69-107* 1.0-10=% 1.1-1073
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Figure D.2: Experimental SAXS data (red dots) and fits (black line) for (A)
SMALPs and (B) DIBMALPs produced at R/R°Y = 1.25, measured at 8-30°C.
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