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Figure 1: Natural osmolytes such as Trimethylamine N-oxide (TMAO) are not only able to stabilize
the folded structure of proteins, they control intermolecular interactions as well and prevent protein
from pressure-induced deterioration and aggregation in extreme environments. Reprinted with
permission from [Julius et al., 2018b], Copyright c© 2018 American Physical Society.
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Chapter 1

Motivation

lysozyme

PEG

Figure 1.1: Macro- and nanomolecular crowding modulates the intermolecular interactions between
biomolecules. Reprinted with permission from [Julius et al., 2019], Copyright c© 2018 American
Chemical Society.

In most of our biosphere, life is confronted with extreme environmental conditions such as high
pressures, high and low temperatures, pH and salinity [Wharton, 2002,Mentré and Hoa, 2001,Gross
and Jaenicke, 1994, Abe et al., 1999, Hausmann and Kremer, 1994, Bartlett, 2002]. However, life
has found ways to adapt to these conditions. Although high hydrostatic pressures strongly influ-
ence both structural properties and cell functionality, life still exists in the deep sea [Meersman
et al., 2013, Ellis, 1996, Vanlint et al., 2011], where organisms are exposed to unfavorable condi-
tions such as pressures up to 1.1 kbar [Rivalain et al., 2010,Jannasch and Taylor, 1984]. Therefore,
both intrinsic and extrinsic adaptation strategies must exist to ensure the lives of extremophiles.
Although of high biological relevance, the mechanisms underlying the adaptation of biomolecu-
lar systems to harsh environment conditions and their strategies for pressure resistance are far
from being understood [Takahashi and Sugimoto, 2013, Gao et al., 2017a]. The deep sea is also
presumed to be the cradle of life on Earth [Daniel et al., 2006], since similar conditions could
have prevailed in the depths of the proto-ocean of Hadean Earth. Thus, knowledge about the
mechanisms of counteracting these environmental extremes is also relevant for prebiotic chem-
istry and studies on the origin-of-life [Daniel et al., 2006, Prieur, 1998, Gao et al., 2017b]. In
the control and regulation of chemical processes within living cells as well as in the formation
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of structures in living bodies, proteins are an indispensable component alongside water [Winter
et al., 2007]. Globular proteins and double-stranded nucleic acids in particular are considered to
be very stable under pressure. Conversely, quaternary interactions of proteins, which are essential
for cell functionality, are highly pressure-sensitive. For instance, oligomeric proteins and multi-
protein assemblies are rather fragile and often dissociate into individual subunits already at low
pressures [Winter et al., 2007, Mozhaev et al., 1996, Robinson and Sligar, 1995, Meersman et al.,
2013], accompanied by a loss of enzymatic activity. The relationship between structure and ac-
tivity of oligomeric enzymes under high pressure is crucial for understanding the intermolecular
interactions and reactivity of proteins in the cells of organisms thriving under harsh environmental
conditions. Increased pressure-sensitivity can also be observed for protein self-assemblies such as
filamentous components of the cytoskeleton, which are responsible for the mechanical integrity
and functional architecture of the cell [Ikkai and Ooi, 1966, Salmon, 1975]. Further, in vitro high
pressure studies found intermolecular pair-interactions in dense protein solutions being markedly
modulated upon pressurization [Möller et al., 2012, Schroer et al., 2016, Schroer et al., 2011a].
It has been shown that changes in the pressure-dependent protein-protein interaction potentials
modulate the macroscopic phase behavior of dense protein solutions, e.g. the region of liquid-liquid
phase separation (LLPS) in which the homogeneous protein solution separates into two coexisting
liquid phases of different protein concentrations [Möller et al., 2014a, Schroer et al., 2016, Cinar
et al., 2018]. LLPS phenomena of biomolecules such as proteins are regarded as highly relevant for
the spatial-temporal control of biological processes in cellulo. Recently, next to lipid vesicles also
membrane-less organelles were found to play a major role in compartmentalizing the cell, thereby
achieving the necessary physical separation of the cellular compounds and processes. They consist
of multicomponent viscous liquid droplets (coacervates), which form via segregation of molecules
from protein or protein-nucleic acid mixtures by spontaneous LLPS [Brangwynne et al., 2015].
The propagation by division and subsequent growth of such active self-organized liquid droplets
may have served as prebiotic protocells [Zwicker et al., 2017]. Whilst the macromolecular diversity
in cytoplasm abounds and the effective concentration of biological macromolecules in cell is high
as 80 - 400 mg mL−1, the concentration of the individual species are generally to low for phase
separation to occur [Luby-Phelps, 1999]. Still, solutions of different macromolecular species tend
to phase separate upon mixing above certain concentrations. The requirements for multi phase
separation in the liquid phase of the cytoplasm is met by both the diversity of proteins present
at high concentrations in the liquid phase and macromolecular crowding [Walter and Brooks,
1995, Walter, 1999]. In presence of inert ’background’ molecules the volume available for a single
molecule is significantly reduced and the local concentration of the solutes can be effectively in-
creased. Thereby, phase separation can take place at concentrations much lower than in absence of
uninvolved species (crowding) [Johansson et al., 1999]. In living cells, the high fractional volume
occupancy (& 30%) of molecular ‘background’ species like osmolytes, proteins, nucleic acids and
other biopolymers [Ellis and Minton, 2003, Zimmerman and Trach, 1991] strongly influences the
equilibria and rates of biochemical reactions as well as the conformational stability of biomolecules
such as proteins, which changes also their resistance to temperature and pressure [Erlkamp et al.,
2014, Erlkamp et al., 2015, Ellis, 2001, Minton, 2005, Ellis, 2007, van den Berg et al., 1999]. In
addition to direct intermolecular interactions resulting from electrostatic, van der Waals or hy-
drophobic forces, attractive forces between the proteins can be induced in the presence of crowders
by the entropically driven excluded volume effect. Therefore, shape, size and concentration of such
crowding agents modulate protein-protein interactions and thus influence their dynamics, phase
behavior and spatial-temporal organization. Information on the molecular interactions and the
microscopic structure of ternary protein-cosolute-water systems as well as their implications for
the temperature and pressure dependent phase behavior of protein systems are still largely terra
incognita. Moreover, although the so-called molecular crowding effect on the stability of monomeric
proteins is well understood, knowledge of the effect of crowders, particularly the interplay of hydro-
static pressure, osmotic pressure and the reduced free space, on the pressure-dependent stability
and activity of oligomeric enzymes is largely lacking.
Cosolvents or osmolytes, like free amino acids, methylamines, sugars and polyols as well as the
denaturant urea are accumulated by the cells in relatively high concentrations. These typically
small and abundant molecules adjust cell volume and osmotic pressure to harsh extracellular
environments, such as high temperature, freezing, anhydrobiosis, or to high hydrostatic pres-
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sure as encountered in the deep sea [Hochachka and Somero, 2002, Timasheff, 1993, Timasheff,
2002, Yancey and Siebenaller, 2015]. Osmolytes modulate the inter- and intramolecular interac-
tions like protein folding and unfolding, the interactions with lipid membranes, DNA and asso-
ciating/dissociating ligands. Aside from the osmoregulation, some of them act as cytoprotective
agents by protecting metabolic reactions and/or by counteracting the destabilizing forces on cel-
lular macromolecules [Yancey et al., 1982, Yancey, 2005]. In nature, mixtures of counteracting
osmolytes, like stabilizers and perturbants, are often found to be more beneficial to cells and
protein function than single ones. Correlating with habitat depth, significant differences in the
osmolyte compositions of cellular fluids in marine organisms are reported. Even though of high
importance, the underlying mechanisms of the solvent-mediated stabilization of macromolecules
and, in particular, the linkage to the intermolecular interactions between proteins in such natural
cosolvent mixtures as encountered in the living cell at ambient as well as at elevated pressures
are still largely unknown. While first studies of the effect of single organic osmolytes and binary
mixtures thereof on structural and dynamical properties of proteins in solution at high hydrostatic
pressures show interesting features [Schroer et al., 2011b], data of the effects of more complex
mixtures on the pressure-dependent protein-protein interaction potential are lacking. Moreover,
the effect of naturally occurring, counteracting (de)stabilizing organic osmolytes on the pressure-
dependent stability and activity of oligomeric enzymes is still largely terra incognicta, though of
high biological relevance.

Hence, the aim of this work is to shed light on the biophysical mechanisms underlying the adaption
of biomolecular systems to hydrostatic pressure, which occur in organisms under extreme environ-
mental conditions [Takahashi and Sugimoto, 2013,Gao et al., 2017b]. In particular, this thesis will
address the specific role of the cellular molecular crowding phenomenon in counteracting pressure
sensitivity as well as if and how small organic cosolutes serve as piezolytes for improved pressure
resistance. We will answer how both effects modulate the intermolecular interaction potential,
conformational stability and phase behavior of model protein systems over a wide temperature
and pressure range. In this thesis, the tertiary structure of dissolved oligomeric and monomeric
proteins, like shape and size, as well as their spatial arrangement in dense solutions, correlated to
the intermolecular forces acting in solution, are studied by small-angle X-ray scattering (SAXS) -
a well established, non-invasive method for analyzing structures of systems with random arrange-
ment at the mesoscopic scale (1 nm to 1 µm).

Applying SAXS in combination with a liquid state theoretical approach, we studied the in-
termolecular interaction potentials governing the spatial distribution of proteins in solution and
reveal how they are modulated by various crowding environments employing lysozyme as a model
protein. In order to mimic aspects of a eukaryotic cell, such as the dynamic cytoskeleton network,
and reveal the particular effects of macro vs. nanomolecular crowding on protein intermolecular
interactions, the synthetic, biocompatible polymer polyethylene glycol (PEG), the polysaccharide
Ficoll PM 70/400 as well as its subunit sucrose are employed as crowding agents over a wide con-
centration range.

Further, we focus on osmolyte mixtures mimicking cellular fluids encountered in deep-sea or-
ganisms, such as shallow- and deep-living crabs, skates and shrimps [Kelly and Yancey, 1999], in
order to go one-step further towards a better understanding of ‘real’ biological intracellular fluids
as they appear in cellulo, and reveal details and differential effects of their protecting properties.

In order to explore the intermolecular interactions and reactivity of proteins in cellulo of or-
ganisms thriving at extreme environmental conditions, the correlation between enzyme structure
and function is investigated by the effect of pressure-induced dissociation/inactivation of the well-
studied dimeric enzyme horse liver alcohol dehydrogenase (LADH) [Brändén et al., 1975, Winter
et al., 2007, Trovaslet et al., 2003, Cioni and Strambini, 1996, Dalziel and Dickinson, 1966, Dallet
and Legoy, 1996,Klinman, 1981,Eklund and Brändén, 1987,Petterson, 1987,Wang et al., 2000] in
the presence of solution additives like crowder and (de)stabilizing organic osmolytes, mimicking
conditions as encountered inside the biological cell.

To fundamentally understand the assembly and disassembly of biomolecular condensates as
found in cellulo [Banani et al., 2017, Long et al., 2005] and their role for cellular function in the
presence of internal and external stress factors, such as high osmotic pressure induced by high
osmolyte and crowder concentrations, extreme temperatures or high hydrostatic pressure, the
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pressure-dependent LLPS behavior of dense ternary protein-crowder-solvent mixtures will also be
focus of this work.

Such studies might also be of great interest for biotechnological and biomedical applications as
well as for food science and high-pressure enzymology [Masson et al., 2001,Silva et al., 2014,Huang
et al., 2017]. In the field of medical research, drug design and disease treatment, the LLPS
mechanism may prompt strategies to suppress crystallization and aggregation in the human body,
processes that underlie protein-condensation diseases such as sickle cell anemia [San Biagio and
Palma, 1991], Alzheimer’s disease [Selkoe, 1994, Koo et al., 1999] and cataract [Thomson et al.,
1987,Berland et al., 1992,Pande et al., 2001,Benedek, 1997]. The high-pressure phase behavior of
biomolecular systems is of growing biotechnological interest and also for many industrial applica-
tions of colloids [Everett, 1988].

Further, the characterization of the pressure-dependent effective protein-protein interactions
by the second osmotic virial coefficient depending on different physio-chemical conditions (back-
ground ionic strength, nature of crowder, crowder size and concentration), helps to predict p-T
protein phase diagrams for different precipitant sizes and concentrations. Since crystal formation
is highly dependent on solvent-mediated intermolecular interactions, a deeper understanding of
these interactions could help to predict phase stability and improve the design and control of crys-
tal contacts and specific crystal shapes, as well as the growth of crystals with higher diffraction
resolution. [Durbin and Feher, 1996,Tardieu et al., 2001].

Outline of this thesis

The thesis is organized as follows: First, in chapter 2, the basic concepts of the osmolyte effects in
cellular adaption to harsh extracellular environments as well as of the cellular effect of molecular
crowding (excluded volume) are introduced. Further, we discuss the impact of high hydrostatic
pressure on the thermodynamics and kinetics of biomolecules, intra- and intermolecular interactions
in biomolecular systems including liquid-liquid phase separation phenomena and crystallization.
The molecular pair-interaction potentials used to model intermolecular interactions in aqueous
protein solutions are discussed, followed by a description of the main concepts and methods for
the interpretation of small-angle X-ray Scattering (SAXS) data of biological macromolecules in
solution. In the following chapter 3, detailed insight into the materials, experimental methods and
general data treatment is provided. The results obtained are presented in the subsequent chapters.
Chapter 4 contains the results on the impact of macromolecular crowding and compressibility on
protein-protein interactions and liquid-liquid phase separation phenomena. Chapter 5 shows how
water-mediated protein-protein interactions at high pressures are controlled by the deep-sea os-
molyte Trimethylamine N-oxide (TMAO), as well as by more complex osmolyte mixtures as found
in cellular fluids of marine organisms. Chapter 6 focuses on the effect of organic osmolytes and
crowding on the pressure-induced dissociation and inactivation of dimeric horse liver alcohol dehy-
drogenase (LADH). Studies presented in chapter 7 describe the influence of hydrostatic pressure
and concentration, ranging from the dilute to the semi-dilute regime, on the conformation of the
polysaccharides Ficoll PM 70/400 in aqueous solution as well as the effects of the macromolecu-
lar crowding agent on the pressure dependent boundaries of the (metastable) liquid-liquid phase
separation (LLPS) region of dense lysozyme solutions. Finally, chapter 8 will summarize the re-
sults of the different studies performed, provide a general conclusion about the impact of nano-
and macromolecular crowding as well as organic osmolytes on the pressure-dependent inter- and
intramolecular interactions in different biomolecular systems and close with a short outlook.
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Chapter 2

Theory

This chapter is organized as follows: First, we discuss how the physical-chemical conditions in the
living cell deviate from an ideal diluted solution, focusing on the effects of macromolecular crowding
and cosolvents on key cellular functions and processes, and how these affect the intermolecular
forces acting in aqueous biomolecular systems (see section 2.1). In the following section 2.2, model
pair interaction potentials, suitable for describing the forces, which control the particle distribution,
phase diagram as well as the crystallization process, are exemplified. Section 2.3 gives a scientific
background of the hydrostatic pressure effect on biomolecular systems, especially its implications on
protein folding and intra-/intermolecular interactions. Further, it provides detailed insight in the
physics of (pressure-dependent) aqueous liquid-liquid phase separation in protein solution which
is also considered as self-organizing force in the cell interior. Finally, section 2.4 focuses on the
theoretical background of small angle X-ray scattering, the experimental method of choice in this
thesis to investigate the effects of hydrostatic pressure, organic osmolytes and crowding on protein
structure and the intermolecular interactions between protein molecules in aqueous solution.

2.1 The Cellular Milieu

Biochemical assays employed in vitro and in dilute solutions under ideal thermodynamic condi-
tions rarely take into account that the chemistry of life takes place within an extremely packed,
heterogeneous and viscous environment [Fulton, 1982]. The living cell is highly occupied by a large
amount (∼ 80 - 400 mg mL−1) of soluble and insoluble macromolecules, including proteins, lipids,
ribosomes, biopolymers, nucleic acids and carbohydrates (polysaccharides) [van den Berg et al.,
1999,Zimmerman and Trach, 1991,Rivas et al., 2004]. Since no single macromolecular species may
be present at high concentration, such media are referred to as ’crowded’ rather than ’concentrated’
and molecular species not directly participating in a particular reaction nor binding specifically to
another species are termed ’background’ molecules or crowder [Minton, 1997]. Next to the macro-
molecules, small organic molecules such as osmolytes and metabolites are highly present in cellulo
as well.

2.1.1 Molecular Crowding - The Excluded Volume Effect

Biological solutions are complex heterogeneous systems with a restricted amount of free water and
with a significant fraction of the intracellular space (∼ 10 - 40%) unavailable to other macromolecu-
lar species. The mean intermolecular spacing in such a densely packed system can be much smaller
than the molecules dimension [Homouz et al., 2008]. Intracellular macromolecules are typically
separated by distances of 1 - 2 nm, only [Ball, 2008]. Due to steric hindrance, two impenetrable
molecules cannot occupy the same space at the same time [Ellis and Minton, 2003,Zimmerman and
Minton, 1993, Fulton, 1982, Minton, 1997, Ellis, 2001, Minton, 2000]. Steric repulsion is the most
fundamental of all intermolecular interactions and is always present regardless of any other repul-
sive or attractive interactions that might occur. Macromolecular crowding has a strong impact on
intermolecular interactions.
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Volume Exclusion Phenomena and its Entropic Consequences

(a) (b)

T T

Figure 2.1: The efficiency of the excluded volume effect in dependency of the size ratio between
crowder (black) and a test molecule T (green) added to the system. The volume unavailable to
the test molecules center of mass is visualized in magenta. Picture modified from [Minton, 2001].

We consider a model system of identical spherical particles. The particle position in the system
is completely specified by the position of its center of mass. Since two particles cannot occupy
the same space at the same time, each particle excludes the remainder from its neighborhood.
The limiting distance of closest approach between two particles is equal to the sum of their radii.
Thus, each particle is surrounded by a spherical volume from which the centers of mass of the
neighboring particles are ’excluded’ [Ralston, 1990]. The presence of crowding agents places steric
constraints on any particle added to the system. The number of possible ways to add a further
test particle T to the solution is limited with increasing number density and the available space
is progressively restricted. Hence, the efficiency of macromolecular crowding depends on the ratio
between the occupied volume (i.e. shape, size) of the crowder and the particle as well as the
number density of background molecules. This relationship is illustrated in Figure 2.1. When the
pre-existing crowding agents (black spheres) and the added test particle T (green sphere) are of
equal size, the volume occupied by the crowder and thereby unavailable to the test molecule is
maximal (see Figure 2.1 (a)). In contrast, for crowder much larger than the test particle, the area
from which the particles center of mass is excluded (magenta) diminishes and the free volume in
which its center of mass can be placed (blue) increases (see Figure 2.1 (b)). In fact, the effective
concentration defined by the available volume per molecule can be much higher than the actual
concentration in the crowded solution. [Minton, 2001]. The effective concentration, ai of a solute
species i is related to the actual concentration, ci, by

γi ≡
(
ai
ci

)
=

(
Vtot

Va,i

)
, (2.1)

wherein Vtot denotes the total volume and Va,i the volume available to the center of mass of the
species i [Lebowitz et al., 1965, Minton, 2001]. As a result, the crowding-induced modulations of
equilibria and reaction rates might exhibit a highly non-linear behavior with respect to crowder
size and concentration [Ellis, 2001].
Resulting from an increased number density of molecules and an increased steric hindrance (re-
pulsion), the randomness of the particle distribution and the single particle’s steric freedom are
reduced leading to a decrease in configurational entropy. Thus, by simply excluding volume, crow-
der increase both the free energy of the solution and the chemical potential of each species of
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macromolecules present in the solution, regardless the respective concentration [Minton, 2000].
The effectiveness of the excluded volume effect is dependent upon the relative sizes and shapes of
concentrated ’background’ crowding species and the dilute macromolecular reactants/products [Ri-
vas et al., 2004,Ralston, 1990,Zhou, 2008].

(a) (b)

T T

Figure 2.2: Size effects in macromolecular crowding. The volume unavailable to the test molecules
(green) and the crowders’ (black) center of masses is visualized in magenta and in light gray,
respectively. Picture modified from [Minton, 2001] and [Sharp, 2015].

In the scenario depicted in Figure 2.2 (a), the test molecule T (green sphere, e.g. protein)
added to a solution of equally sized crowder molecules (black spheres) is constrained to the small
regions in between the crowders, since the molecules must avoid energetically costly steric over-
laps. However, Figure 2.2 (b) displays a system where the volume between big macromolecular
crowding molecules is filled with small crowder molecules. The different sized crowder molecules
also cannot overlap due to steric interactions. The avoidance of an overlap with the protein and
each other results in a loss of conformational freedom and entropy of all crowder molecules (small
and large) which the protein may encounter when entering the system. As a result, changes in the
local density distributions occur for the crowder molecules close or in contact with the protein.
The net entropy change depends on both the magnitude of local density changes and the number
of molecules affected and is independent of the crowder size for a given change in local density.
Even though in both Figure 2.2 (a) + (b) the protein’s partial molar volume is the same, more
molecules are affected in (b) by the presence of the protein. Consequently, for a fixed volume
excluded the enhancement of association reactions (i.e. in attractive intermolecular interactions)
may be most pronounced for smaller background molecules [Zimmerman and Minton, 1993,Schell-
man, 2003,Sharp, 2015].
Molecular crowding, driven by the excluded volume effect, stimulates any reaction that amplifies
the available volume [Zhou et al., 2004,Minton, 2005,Minton, 2005,Zimmerman and Minton, 1993].
In this sense, crowding modulates the thermodynamics and kinetics of many biological processes
and equilibria affecting protein folding and binding by preferentially destabilizing either reactants
and products in favor of the state that excludes the least volume [Hatters et al., 2002,Phillip et al.,
2009,van den Berg et al., 2000,van den Berg et al., 1999,Cheung et al., 2005,Uversky et al., 2002,Ai
et al., 2006,Gao et al., 2016,Du et al., 2006,Batra et al., 2009]. Macromolecular crowding has large
effects on conformational dynamics and stability and compaction of disordered proteins [Soranno
et al., 2014], since a compact, globular conformation excludes less volume to other macromolecules
than an extended, swollen conformation. In the presence of high volume occupancy, the free en-
ergy landscape is shifted favoring more compact structures in the native as well as the denatured
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state [Stagg et al., 2007,Hong and Gierasch, 2010,Tokuriki et al., 2004,Minton, 2000].
The same mechanism also applies to the structural properties of multimeric proteins in solution
as oligomeric or polymeric aggregates occupy less volume than an equal number of their sub-
units [Zhang et al., 2012a, Dhar et al., 2010, Stagg et al., 2007, Rajapaksha et al., 2015] (see also
section 2.2.2). Association reactions are entropically preferred, since a partial overlap of the ex-
cluded regions when two particles approach each other effectively increases the available volume
in the system [Ralston, 1990,Minton, 2000,Minton, 2001,Ellis, 2001,Minton, 2005] .
Further, crowding enhances the enzymatic activity [Dhar et al., 2010,Ellis, 2001,Minton, 2005,Zim-
merman and Minton, 1993, Totani et al., 2008, Sasaki et al., 2007], can considerably decrease the
diffusional mobility of proteins [Zimmerman and Minton, 1993,Kozer et al., 2007,Ellis and Minton,
2003] and promotes precipitation and crystal growth [Tardieu et al., 2002,Vivarès et al., 2002,Wilf
and Minton, 1981,Tanaka and Ataka, 2002].
Crowding can also lead to a stabilization of protein solutions. The steric exclusion of the crowder
from the protein surface and the solvophobic effect, i.e. the inability of the crowder to form as
many hydrogen bonds in the vicinity of the protein surface as opposed to the bulk, are responsible
for the preferential hydration of the protein in presence of crowders like PEG and polyols like
glycerol [Bhat and Timasheff, 1992,Parsegian, 2006,Timasheff, 2002,Timasheff, 1993].
Macromolecular crowding strongly influences interparticle interactions. Many experimental studies
on ternary systems composed of colloid-crowder-water report an attractive depletion interaction
(see section 2.2.2) exerted on the colloidal particles (i.e. proteins) by the crowder (i.e polymer [Ye
et al., 1996,Kulkarni et al., 2000,Vivarès et al., 2002] or polysaccharide [Tuinier et al., 2003]).
Moreover, increasing the excluded volume of a single-component system can induce phase separa-
tion (see section 2.3.4), since the available volume is maximized when the two components phase
separate. As a consequence, the translational entropy of the particles is increased, but at the
expense of a the decrease of the entropy of mixing [Adams and Fraden, 1998]. Dependent on the
volume fraction, either the mixing entropy (low Φ) or the translational entropy dominates (high
Φ). The addition of free non-adsorbing polymer to the system may alter the phase behavior of col-
loidal particles (i.e. proteins) [Atha and Ingham, 1981,Wang and Annunziata, 2007,Ramakrishnan
et al., 2002,Annunziata et al., 2002,Bloustine et al., 2006,Bhat and Timasheff, 1992,Vergara et al.,
2006]. At sufficiently high particle concentration and appropriate size asymmetry between col-
loid and crowder, the depletion attraction can induce a metastable liquid-liquid phase separation
(LLPS) [Lekkerkerker et al., 1992, Vivarès and Bonneté, 2004, Tuinier et al., 2003] and eventu-
ally crystallization [McPherson, 1976,McPherson, 1985]. However, other research has shown that
the influence of polymer addition on protein solutions may also be repulsive [Bloustine et al.,
2006, Kozer et al., 2007], which indicates the presence of some sort of an effective repulsive force
such as ’soft’ polymer-protein attraction.

In all physiological fluid media, contributions of additional, longer-ranged, chemical, ’soft’ non-
specific interactions (enthalpically driven) between proteins and crowding agents must be taken
into account in addition to the hard-core steric repulsion (entropically driven) [Gao et al., 2017b].
These pair-wise interactions like attractive hydrophobic interaction, hydrogen bonding, weak elec-
trostatic repulsion/attraction depend on temperature as well as on global chemical properties of
the biomolecules, crowder and solvent (i.e. net charge, solution dielectrics, dipol/multipol moment,
macromolecular shape and polarity of surface residues) [Minton, 2001]. Thus, the always present
enthalpic contributions to crowding may enhance or counteract the entropic excluded volume effect.
The intermolecular interaction forces, originating from the presence of the ’background’ molecules
in solution, which modulate biological rates and/or equilibria might be rather weak in comparison
to the specific interaction forces between reaction partners acting in solution. However, in pres-
ence of high concentrations of ’background’ molecules, they can be collectively strong and induce
order-of-magnitude changes.
Further, little to no “bulk-like” water is present within cellular environments [King et al., 2014].
As a consequence of the highly constrained water in crowded environments, hydration-mediated
mechanisms are suggested to affect and modulate the intermolecular interactions (protein-specific)
[Wang et al., 2017,Harada et al., 2012].
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Crowding Agents

Experiments on the so-called macromolecular crowding effect on biomolecular structures and func-
tions are not easily accessible in vivo or in cell. As an alternative, artificially crowding environ-
ments are generally mimicked in vitro by adding high concentrations of inert synthetic or natural
macromolecules to the systems, i.e. sugars, alcohols, polymers or stable proteins (e.g. lysozyme,
ovalbumin, bovine serum albumin (BSA)) such as the well-studied crowding agents Ficoll PM
70/400 (a highly cross-linked sucrose-epichlorohydrin copolymer), dextran (a slightly branched
polysaccharide) and the polymer polyethylene glycol (PEG) [Zimmerman and Minton, 1993,Ellis,
2001,Minton, 2006,Minton, 2001,Zhou, 2008,Zhou et al., 2011].

Ficoll PM 400 Ficoll PM 70 lysozyme

~20 nm

~11 nm
~3.6 nm

sucrose

~0.52 nm

PEG 200

~0.59 nm~1.12 nm~2.22 nm

PEG 600PEG 2k

~4.16 nm

PEG 6k

~4.91 nm

PEG 8k

~5.58 nm

PEG 10k

~8.28 nm

PEG 20k

~11.40 nm

PEG 35k

Figure 2.3: The model protein lysozyme and several synthetic crowding agents, employed in this
thesis to mimic the highly crowded intracellular environment, shown together with the correspond-
ing hydrodynamic diameters [Schultz and Solomon, 1961,Parmar and Muschol, 2009,Devanand and
Selser, 1991].

In this thesis, the polar polysaccharide Ficoll PM 70/400 together with its subunit sucrose as
well as the polymer PEG at more than three orders of magnitude of molecular weight (Mw ∼ 200 –
35000 g mol−1) are employed as crowding agents in order to study the impact of various crowding
environments on the intermolecular interactions governing the spatial distribution of proteins in
solution and the shape of the temperature and pressure dependent LLPS phase diagrams (see
Figure 2.3). As the PEGs vary markedly in osmotic coefficients [Money, 1989, Stanley and Strey,
2003, Cohen et al., 2009] and size in this range of molecular weights, they allow for a thorough
study of the impact of the interplay of hydrostatic pressure, osmotic pressure, and the excluded
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volume effect as encountered intracellularly on the inter- and intramolecular interactions in crowded
protein solutions. The synthetic, non-ionic straight chain polymer PEG (-(CH2-CH2-O)N -) exists
in a random coil state in aqueous solution [Maxfield and Shepherd, 1975] and forms, similarly to
Ficoll, network-like structures. Therefore, they both are well suited to mimic qualitative properties
of an eukaryotic cell. The cytoskeleton forms a dynamic network of protein filaments in order to
compartmentalize the cell into areas of cytoplasm where soluble proteins interact [Fink, 2005].
Globular macromolecules that may be present in real life biological settings may be adequately
mimicked by Ficoll, which behaves like a semi-rigid sphere (radius of ∼ 5.5 nm for PM 70 and
∼ 10 nm for PM 400, respectively) [Luby-Phelps et al., 1987, Venturoli and Rippe, 2005]. The
crowding agents have the capacity to exclude volume and also to dehydrate biopolymers at high
concentrations through competition for hydration water. As we focus on the effect of crowding, the
well characterized model protein hen egg-white lysozyme is used in the study on the influence of
macromolecular crowders and cosolutes on the protein – protein interaction potential. Lysozyme
is a monomeric globular protein with a molecular weight of 14.3 kDa and a has shape similar to
a prolate ellipsoid of revolution with volume V = (π/6) 4.5 x 3 x 3 nm3. The crystal structure is
displayed in Figure 2.4 (PDB entry: 1LYS [Harata, 1994]). The secondary structure is contrasting
in color. Lysozyme has no symmetry and consists of 129 amino acid residues and is built of four
α-helices and three β-sheets [Voet and Voet, 1990]. The four disulfide bonds within the protein
ensure the extraordinary stability of the protein against external stressors. The isoelectric point
of the protein is pI = 11.2 [Tanford and Roxby, 1972]. Under the solution condition selected in
this thesis (pH 7), the protein has a net charge of +8 ± 0.5 electronic charges [Kuehner et al.,
1999,Curtis et al., 1998,Yu et al., 2015]. It is thermally stable with a melting temperature of 70.3
± 0.19 ◦C at pH 7 [Venkataramani et al., 2013] and conformational stable against pressures up to
5 kbar [Schroer et al., 2011a]. Lysozymes occur as part of the innate immune system in mammals
and humans (e.g. in many secretions such as tears, saliva, airway surface liquid in the human
respiratory system and human milk) and can also be found in plants, fungi and bacteria. Further,
lysozyme is abundant in chicken egg white.

(a) (b)

Figure 2.4: (a) Crystal structure (PDB entry: 1LYS [Harata, 1994]) of the monomeric protein
lysozyme from hen egg-white and (b) its surface.

Under the assumption of a completely inert crowding agent, the behavior of a protein in a
crowded environment can be described as completely entropic in terms of hard non-specific in-
teraction between protein and crowder (i.e. excluded volume effect). However, the question of
whether crowding agents are really chemically inert or make specific differential interactions with
proteins and nucleic acids is still debated [Sharp, 2015]. For example, the highly soluble polymer
PEG is hydrophobic in nature and can bind to the non-polar or hydrophobic side chains on the
protein surface [Tubio et al., 2004, Crowley et al., 2008, Zhou, 2008, Du et al., 2006]. The usu-
ally repulsive protein-PEG interaction and entropically favorable preferential exclusion of PEG
from the protein surface area due to the excluded volume effect can be reduced via soft attractive
PEG-protein interactions, which are enhanced with increasing polymer concentration and size of
the additive [Bhat and Timasheff, 1992, Timasheff, 2002], and upon minimization of the protein
surface area exposed to the solvent. This is generally achieved through conformation changes,
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precipitation or crystallization. However, as lysozyme is a small protein of hydrophilic nature, one
may suggest that enthalpic contributions such as specific interactions like binding of the crowder to
the hydrophobic residues on the protein surface, if present, are rather weak [Spelzini et al., 2008].

2.1.2 Organic Osmolytes - Cellular Adaption to Environmental Stresses

Figure 2.5: Structure of α- and β-amino acids, the denaturant urea, carbohydrates and methy-
lamines present as osmolytes in marine porganisms. GPC = L-α-glycerophosphorylcholine.
Reprinted with permission from [Julius et al., 2018b], Copyright c© 2018 American Physical Society.

In osmoconforming marine organisms, small organic molecules like free amino acids (glycine, L-
proline, L-alanine, taurine, β-alanine), methylamines (sarcosine, betaine, Trimethylamine N-oxide
(TMAO), L-α-glycerophosphorylcholine (GPC)), sugars (sucrose, trehalose) and polyols (glycerol,
myo-Inositol) as well as the denaturant urea are accumulated to high concentrations (up to ∼ 600
mM [Kelly and Yancey, 1999, Yancey et al., 2002]) by cells to maintain or adjust cell volume and
osmotic pressure to the harsh extracellular environments (see Figure 2.5). The compositions of
osmolytes used by the organisms vary considerably among marine taxa [Carr et al., 2014, Yancey
et al., 2002]. By the up and down regulation of high levels of organic osmolytes, osmotic shrinkage
and swelling in the course of changes in the osmotic concentration of the environment are pre-
vented [Forster and Goldstein, 1976,Burg et al., 2007].
Aside from the osmoregulation, some of them act as cytoprotective agents for one by protecting
metabolic reactions and on the other hand, by counteracting the destabilizing forces on cellular
macromolecules [Yancey et al., 1982,Yancey, 2005]. For instance, some osmolytes serve as metabolic
protectors by functioning as antioxidants (polyols), by redox balancing (glycerol), by enhancing the
resistance against hydroxia (L-proline) and by supplying energy (trehalose) to an organism right
after a period of dormancy induced by stress [Ansell et al., 1997, Cushman, 2001, Hanson et al.,
1994,Shen et al., 1999,Orthen et al., 1994]. Also, since some of the organic osmolytes, particularly
TMAO, betaine and urea, have densities less than seawater, they contribute to achieve neutral
buoyancy by compensating the excess density of the cellular structural components [Withers et al.,
1994a,Withers et al., 1994b].
Apart from that, significant amounts of strong stabilizing solutes are accumulated in organisms
when there are stresses present to counteract like perturbing solutes, high temperature, freezing,
anhydrobiosis or high hydrostatic pressure (HHP) as encountered in the deep sea up to the 1.1
kbar level [Hochachka and Somero, 2002]. Sugars and polyols are dominantly accumulated by
organisms to increase thermostability [Back et al., 1979, Duman et al., 1991, Storey and Storey,
1988], as are trehalose and L-proline to protect membranes in freezing. The naturally occurring
kosmotrope osmolyte trehalose is also known for the depression of protein aggregation [Jain and
Roy, 2009,Ueda et al., 2001] and the replacement of water molecules within the hydration shell [Fe-
dorov et al., 2011]. Moreover, deep sea microorganisms as well as the Mexican fruit fly in the larvae
stadium seem to react to high pressure by an increased synthesis of trehalose [Vargas-Ortiz et al.,
2013,Wang and Sun, 2017,Dong et al., 2007,Fujii et al., 1996].
Methylamines, including sarcosine, GPC, TMAO and betaine, are able to counteract salt [Pollard
and Wyn Jones, 1979, Clark and Zounes, 1977] and urea inhibition [Burg and Peters, 1998, Burg
et al., 1996,Zou et al., 2002,Bennion and Daggett, 2004] with the degree of counteraction depending
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on the urea:methylamine ratio. TMAO counteracts the destabilizing effect of urea in an additive
way, typically reaching full counteraction at a 2:1 concentration ratio [Schroer et al., 2011b,Wang
and Bolen, 1997,Rezus and Bakker, 2009]. Interestingly, both osmolytes occur in most species at
this physiological ratio [Yancey and Somero, 1979,Yancey and Somero, 1980,Yancey et al., 1982].
The underlying mechanism of the compensatory effect of TMAO and urea is still largely elusive.
Theoretical and experimental work suggest an indirect, water-mediated mechanism. Direct in-
teractions between the oxygen atom of the TMAO molecule and urea become relevant at higher
concentrations than typically encountered in organisms, only [Meersman et al., 2011, Meersman
et al., 2009]. Further, the methylamine TMAO is known to counteract the pressure-induced desta-
bilization of several proteins by enhancing the ligand binding, protein folding and assembly [Yancey
and Siebenaller, 1999,Yancey et al., 2001,Schroer et al., 2011b].
Correlating with habitat depths and thus hydrostatic pressure [Saunders and Fofonoff, 1976], a
significant difference in the osmolyte compositions in muscle fluids of several deep-sea osmocon-
formers (e.g. shrimp, skate, crab) compared to their shallow-living relatives was reportedly found.
High levels of methylamines, especially TMAO, are accumulated in deep-sea animals in the order
shallow < bathyal (1600 - 2000 m) < abyssal (2850 m). Shallow-living species tend to be dominated
by neutral amino acids; the rate of TMAO remains low concomitant with an increasing amount
of amino acids like glycine in caridean shrimp and or of urea in rajid skates. In brachyuran crabs,
osmoconformation is maintained by a decrease of the weaker protein stabilizers glycine, taurine
and betaine at higher TMAO levels in bathyal trawl sites (see Figure 2.6) [Kelly and Yancey,
1999]. However, in deep-sea taxa where TMAO is absent (e.g. in snails, octopod and worms), the
methylamines GPC and betaine as well as insositols are reported as significant osmotic compo-
nents [Yancey et al., 2002].
In nature, these mixtures of counteracting osmolytes are more beneficial to cells than single sta-
bilizers (or perturbants) alone. The absence of a perturbing component to offset stabilizers like
methylamines at high concentrations can be detrimental to protein function. They lead to over-
stabilization of the proteins, elevated rigidity of the enzymes and an enhanced formation of non-
functional aggregates, whereas in presence of perturbants and other osmolytes flexibility and en-
zyme activity are restored.

Figure 2.6: Osmolyte content in muscles of marine animals from shallow habitats and bathyal
(1600 - 2000 m) and abyssal (2850 m) trawl sites. Reprinted with permission from [Kelly and
Yancey, 1999], Copyright c© 1999 Lancester Press, Inc.

Apart from the perturbant urea, these organic solutes do not adversely affect function or struc-
ture of cellular macromolecules even at high concentrations [Clark and Zounes, 1977, Bowlus and
Somero, 1979]. Since the negative charge of the amino acids at neutral pH is sufficiently small
(β-alanine << proline < L-alanine and glycine < taurine); they can be considered as uncharged in
good approximation for small concentrations. Therefore, all above-mentioned and generally most
of organic osmolytes are neutral or lacking charges at physiological pH in order not to manipulate
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the electrostatic balance. In addition to that, the zwitterionic polar amino acid types remain so
over a wide pH range.

Vm / cm3 mol−1

D(+)-trehalose dehydrate 244.03 [Banipal et al., 2002]
GPC 182.80 [Jackson-Atogi et al., 2013]
myo-Inositol 101.00 [Jackson-Atogi et al., 2013]
betaine 98.72 [Pitkänen et al., 2010]
L-proline 82.20 [Rodŕıguez-Arteche et al., 2012]
TMAO 73.40 [Rösgen and Jackson-Atogi, 2012]
taurine 71.20 [Jackson-Atogi et al., 2013]
L-alanine 60.46 [Rodŕıguez-Arteche et al., 2012]
sarcosine 62.48 [Gheorghe et al., 2016]
β-alanine 58.90 [Rodŕıguez-Arteche et al., 2012]
urea 44.20 [Rösgen and Jackson-Atogi, 2012]
glycine 43.23 [Rodŕıguez-Arteche et al., 2012]
water 18.07 [Kell, 1977]

Table 2.1: Literature data of the partial molar volumes, Vm, of water and of the organic osmolytes
at infinite dilution in water at 25◦C .

Compared to the molecular volume of a water molecule, the partial molar volumes Vm of D(+)-
trehalose dehydrate at infinite dilution in water at 25◦C and GPC are rather large, followed by
myo-Inositol and betaine. The amino acids β-alanine, L-alanine, L-proline, taurine and the methy-
lamines TMAO, sarcosine are of comparable size. The smallest osmolytes studied in this thesis are
urea and glycine (see Table 2.1).

As suggested by the variety of osmolytes and compositions occurring in organisms, their stabilizing
effect might be universal and not depend on specific chemical interactions. Furthermore, the
high concentrations of the agents required for solvent-mediated protein structure stabilization,
denaturation and precipitation indicate, that the underlying mechanisms are neither strong nor
specific but governed by the same weak interactions [Timasheff, 1993]. The osmolytes influence
the proteins stability without breaking or making covalent bonds [Street et al., 2006]. So, if
the observed stabilizing effect is not mainly arising from direct interaction between osmolyte and
protein, structural modifications of water driven by the osmolytes and the osmolyte-water-protein
interactions are likely to play an important role.

Cosolvent Effects on the Folding Equilibria of Biomolecules

In a ternary biomolecule-cosolvent-buffer system, the stability and conformational dynamics of
a biomolecule depends on the physico-chemical properties of the biomolecule itself (i.e. hy-
drophilic versus hydrophobic surface / polarity, surface charge distribution, compactness, packing
defects/void volume, excluded volume), of the hydration water (e.g. hydrogen-bonding pattern,
coordination number, density, dynamics) and of the cosolvent (e.g. charge, polarity, polarizability,
volume, hydrogen-bonding capacity, concentration, conformational dynamics) in both the native
and the denatured state [Gao et al., 2017b,Winter et al., 2007].
Possible (direct and indirect) interaction mechanisms in such ternary solutions are the adsorption
of the cosolvent molecules to the protein surface, the exclusion of cosolvent molecules from the
protein due to steric hindrance (i.e. cosolvent is significantly larger than the water molecules) and
solvent reorganization (i.e. changes in the water structure). All three mechanism lead to changes
in the numbers of water and cosolvent molecules and thereby to an excess population of one species
in the protein phase compared to the bulk phase [Winter et al., 2007].
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Figure 2.7: Model of (a) preferential binding of cosolutes to the protein surface and (b) preferential
hydration of the protein. Picture modified from [Winter et al., 2007].

Two different, established models on the thermodynamics of the cosolvent effect are described in
the following:

• We consider a system of biomolecule, cosolvent (i.e. salts, osmolytes, macromolecules) and
water at constant pressure and temperature. The folding equilibrium of the biomolecules
is perturbed upon addition of a cosolvent to the aqueous solution. The restoration of the
chemical equilibrium requires an adaption of chemical potential, here in the form of a change
in the cosolvent concentration around the biomolecule [Timasheff, 2002]. Cosolvents which
preferentially bind to the biomolecule are present in excess number in the local surface domain
of the biomolecules over the bulk (see Figure 2.7 (a)). Conversely, a preferentially excluded
cosolvent leads to an excess of water molecules around the biomolecule and, thereby, to its
preferential hydration (see Figure 2.7 (b)). Thus, the mutual perturbation in the chemical
potentials of cosolvents and biomolecules also affects that of the surrounding water [Timash-
eff, 2002, Timasheff, 1993, Parsegion et al., 2000, Record and Anderson, 1995]. In unfolding
reactions, preferentially excluded osmolytes (stabilizers) favor the folded state [Canchi and
Garćıa, 2013]. The preferential exclusion of the cosolvent from the protein stabilizes the con-
formation with the smallest solvent accessible surface area (SASA), and thereby favors the
more compact native state of the protein over the more open structure of the denatured state
with larger SASA. The neutral organic osmolytes L-proline, sarcosine, taurine, L-alanine, β-
alanine, glycine, betaine and TMAO in concentrated state reportedly lead to a preferential
hydration of the proteins lysozyme and bovine serum albumin and also to structural stabi-
lization of the protein against thermal denaturation [Arakawa and Timasheff, 1983,Arakawa
and Timasheff, 1985]. For sugars and polyols the source of conformational preservation was
found also in the preferential hydration [Arakawa and Timasheff, 1982,Gekko and Timasheff,
1981b, Lee and Lee, 1981]. However, at very high concentration (generally > 50%), prefer-
entially excluded cosolvents like glycerol and sucrose also might accumulate at the proteins
surface.
Preferentially binding of cosolvents to the protein can result in a stabilization or destabiliza-
tion of the protein, depending on whether the cosolvent molecules preferentially bind to the
denatured or native state (or both). Perturbants like urea and guanidinium hydrochloride
(GndHCl) preferentially interact with the poorly hydrated/apolar regions and accumulate at
the proteins surface. Urea and GdmCl solvate the hydrophobic residues of the protein thereby
reduce the effective hydrophobic reaction [Panuszko et al., 2009,Wallqvist et al., 1998]. This
results in the extension of hydrated surface area (e.g. through ligand release, subunit dis-
sociation and peptide unfolding), since for the protein the binding with the destabilizer is
thermodynamically favorable [Simpson and Kauzmann, 1953,Cohn and Edsall, 1965,Tanford,
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1964,Tanford, 1970]. At sufficiently high concentrations (typically ∼ 6 M), the preferentially
binding eventually results in unfolding of the protein since a more open structure with more
exposed hydrophobic groups favors the cosolvent-protein interactions [Timasheff and Xie,
2003].

• The Tanford Transfer Model accentuates the exclusive role of the protein peptide backbone
in the energetics of cosolvent-induced protein folding and unfolding with only small con-
tributions from side chains and negligible contributions from hydrophobic groups [Tanford,
1964, Bolen and Rose, 2008, Auton and Bolen, 2005]. This is in contrast to the model of
preferential exclusion and preferential binding, where the major contribution comes from
the protein side chains [Canchi and Garćıa, 2013]. In fact, the Tanford Transfer Model
shows that shifts in protein stability are almost entirely controlled by protein backbone hy-
drogen bonding as a function of solvent quality. The degree to which a cosolvent either
protects or destabilizes the protein structure relative to the pure buffer scenario depends
on whether the cosolvent increases water solvent quality by favoring intramolecular peptide
backbone-backbone hydrogen bonds (structure stabilizing), or diminish water solvent quality
by increasing backbone-solvent hydrogen bonds in water (structure destabilizing) [Bolen and
Rose, 2008,Auton and Bolen, 2005]. Previous studies have shown, that a repulsion between
the stabilizers and the peptide-bond backbone results in a strong exclusion of the osmolyte
from the protein surface and hence preferential hydration of the protein interface [Street
et al., 2006]. Reducing the exposure of hydrated surface area and thus the entropically unfa-
vorable interaction between coslovent and backbones polar groups leads to a more compact
protein folding and stabilization of the native protein folds against denaturation [Arakawa
and Timasheff, 1985,Canchi and Garćıa, 2013].

Cosolvent Effects on the Structure an Dynamics of Water

Changes in the hydrogen-bond network of the aqueous solvent can modulate hydrophobic interac-
tions and intramolecular hydrogen bonding which represent the driving forces in conformational
stability and dynamics of biomolecular systems. Cosolvents can perturbate and stabilize water
structure and dynamics within and beyond the hydration shell of the solute. Water of hydration
differs in many properties from those of bulk water, i.e. it is more ordered, has higher heat capacity
and has reduced mobility compared to bulk water [Merzel and Smith, 2002].
Polyolic osmolytes like myo-Inositol, sucrose, trehalose and glycerol as well as the polymer PEG
are strongly hydrophilic, contain hydrocarbon chains with multiple hydroxyl groups and therefore
are structurally suited to fit the water lattice and to form hydrogen bonds with water. Here,
this stronger affinity for the interaction with water than with the polar residues on the protein
surface leads to a deficiency of the osmolyte in the vicinity of the protein and its preferential hydra-
tion [Gekko and Timasheff, 1981a,Lee and Lee, 1981,Sousa, 1995,Parsegion et al., 2000,Timasheff,
2002]. The consequences of this so-called solvophobic effect are the reinforcement of the water
structure, the stabilization of the native protein conformation due to its smaller interaction inter-
face and the decrease of intermolecular attractive interaction [Javid, 2007].
Preferential hydration might even prevent association of proteins as it is more difficult to remove
hydration water from the interface between two proteins [Kozer et al., 2007]. The (hydration-)
repulsion between the proteins increases, since the overlap and thus the partial destruction of the
accumulated highly structured solvent layer near surface when two macromolecules approach each
other, involves high costs in free energy [Belloni, 2000]. The hydration force reflects the required
work to remove water from around the surface polar groups when two proteins approach each
other and is suggested to play an important role in protein interactions [Edsall and McKenzie,
1983, Leikin et al., 1993, Broide et al., 1996]. Similar trends were reported by previous works on
glycerol and sucrose in lysozyme and bovine pancreatic trypsin inhibitor (BPTI) solutions at ambi-
ent pressure and for glycerol at elevated pressures [Schroer et al., 2011b,Krywka et al., 2008,Farnum
and Zukoski, 1999].
The denaturants urea and GdmCl are both weakly hydrated, since their -NH2 groups form only
weak hydrogen bonds with water. The perturbant urea hardly affects the H-bond dynamics of
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water beyond its first hydration shell [Rezus and Bakker, 2006] and fits well into the tetrahedral
H-bond network of liquid water [Soper and Ricci, 2000]. Thus, the destabilizing effect of urea
on protein structure is widely explained by its (direct) favorable interactions with the peptide
backbone and amino acid side chains resulting in its preferential binding to the protein surface
over water [Auton and Bolen, 2005, Stumpe and Grubmüller, 2007, Lee et al., 2010, Guinn et al.,
2011,Guinn et al., 2013].
The hydration picture of the amphiphilic deep-sea osmolyte TMAO is more complex. Theoretical
and experimental work report on the formation of strong hydrogen bonds in the hydration shell
of the highly polar osmolyte in terms of shorter atomic distances, increased H-bond energy as
well as a retardation of water dynamics reportedly increases the number of hydrogen bonds and
thereby stabilizes the water structure [Street et al., 2006,Batchelor et al., 2004,Shikata and Itatani,
2002,Wei et al., 2010,Rezus and Bakker, 2009,Meersman et al., 2009,Panuszko et al., 2009,Kuffel
and Zielkiewicz, 2010, Knake et al., 2015]. As TMAO strongly interacts with solvent molecules
and its interactions with the peptide backbone of proteins and nucleic acids are unfavorable, the
stabilizing effect of the deep-sea osmolyte on biomolecules may originate from an indirect mecha-
nism of water structure enhancement [Wei et al., 2010, Zou et al., 2002, Arakawa and Timasheff,
1985,Bolen and Baskakov, 2001].

2.2 Model Systems and Intermolecular Interaction Poten-
tials in Aqueous Biomolecular Systems

Biological macromolecules in solution interact with each other through medium-ranged (from a few
Å to a few nm) interaction potentials, which control their spatial distribution in solution, liquid-
liquid phase behavior as well as crystal growth and amorphous precipitation. These interactions
include electrostatic and van der Waals contributions, osmotic attractive interactions due to the
excluded volume effect, strong and short-ranged specific interactions such as hydrophobic bonds,
hydrogen bonds and ionic bonds resulting in self-association as well as short-ranged repulsive
hydration forces [Curtis et al., 1998, Narayanan and Liu, 2003, Molina-Boĺıvar et al., 1997]. Such
repulsive hydration forces depend on the energy needed to dehydrate the surface of the protein
and they arise whenever water molecules are highly structured or ordered around polar groups
on the proteins surface [Israelachvili, 2011]. Small angle X-ray scattering (SAXS) is a powerful
technique to follow the changes induced upon variation of the physico-chemical conditions such as
protein concentration, pH, pressure, temperature, ionic strength and solvent additives like nano-
and macromolecular crowder and organic osmolytes [Israelachvili, 2011, Hansen and McDonald,
2013]. SAXS yields the osmotic second virial coefficient, B22, and by measuring the interaction
parameters indirectly, it can get also an insight into the effective interaction potential and its single
contributions.
B22 is a convenient tool in studies of solutions containing biomolecules. It provides a measure of
the strength of protein interactions and contains information on the stability of a protein solution.
It is used to model and explain multiple pair-wise protein self-interactions like crystallization,
liquid-liquid phase separation, folding/refolding and aggregation. B22 is defined via the osmotic
virial expansion [Eisenberg, 1976],

Π(c)

cRT
=

1

Mw
+B22 · c+O(c2), (2.2)

wherein, Π(c) is the osmotic pressure, R is the ideal gas constant, c is the particle concentration
in units g L−1, T is the absolute temperature and Mw is the protein molecular weight in units g
mol−1. As a direct measure of the intermolecular forces between molecules, B22 can be calculated
from the intermolecular pair-interaction potential, V (r), via

B22 = 2π
NA
M2

w

∫ ∞
0

(
1− exp

(
−V (r)

kBT

))
r2dr, (2.3)

where NA is the Avogadro constant and kB is the Boltzmann constant. B22 serves as charac-
teristic interaction parameter, allowing for the comparison of various biomolecular systems and
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solution conditions independent of the model used for the effective interaction potential. The sec-
ond osmotic virial coefficient reveals the predominantly attractive (-) or repulsive (+) nature of the
two-body interaction simply by its sign [George and Wilson, 1994, Sedgwick et al., 2007, Quigley
and Williams, 2015]. A general description of the intermolecular interactions between the macro-
molecules, depending neither on the protein type nor its size, can be obtained by factoring out the
contribution of the hard sphere part, BHS

2 = 2π(σlys + δb)
3/3, of the integral in Eq. (2.3) [Noro

and Frenkel, 2000]:

b2 =
B22M

2
w

NABHS
2

= 1 +
3

(σ + δb)
3

∫ ∞
σ+δσ

(
1− exp

(
− Ṽ (r)

kBT

))
r2dr. (2.4)

The calculation of the excluded volume contribution, BHS
2 , takes an impenetrable layer of water

into account. The thickness, δb, describes the minimal approach of two lysozyme molecules and
determines the lower limit of integration in Eq. (2.4). In order to remain consistent with literature,
δb is set to 0.1437 nm [Sedgwick et al., 2007,Möller et al., 2012,Poon et al., 2000]. For many differ-
ent globular proteins and precipitants (including lysozyme/NaCl) a quasi-universal crystallization
boundary is observed in the (Φlys,b2)-plane (Φlys: protein volume fraction) [George and Wilson,
1994,Rosenbaum et al., 1996]. A normalized virial coefficient of b2 < −1.5 is reportedly needed in
order to undergo liquid-liquid phase separation [Vliegenthart and Lekkerkerker, 2000] and solution
conditions conductive to crystallization correspond to a ’crystallization window’ of -0.85 < b2 <
-3.2 [George and Wilson, 1994, Poon et al., 2000]. Whilst for b2 values more positive than -0.85,
the attractive interaction between the proteins is to weak to form stable protein crystals, the at-
traction is sufficiently strong for smaller values than -3.2. As a result, poorly ordered, amorphous
agglomerates are formed rather than crystals, since the proteins have not sufficient time for proper
mutual orientation as needed for crystallization [Bonneté et al., 1999,Wanka and Peukert, 2011].
Static and dynamic light scattering (SLS and DLS) are well-established techniques to probe the
osmotic second virial coefficient, B22, for dilute solutions [George and Wilson, 1994, Rosenbaum
et al., 1996, Curtis et al., 1998, Velev et al., 1998, Petsev and Vekilov, 2000, Muschol and Rosen-
berger, 1995], whilst small angle neutron scattering (SANS) [Velev et al., 1998] and small angle
X-ray scattering (SAXS) [Bonneté et al., 1999] are often employed for the study of denser solutions.

2.2.1 Lifshitz Theory - Van der Waals Interaction between Macroscopic
Particles

Intermolecular van der Waals (vdW) dispersion forces play a significant role in all phenomena in-
volving surface tension, physical adsorption, adhesion and structures of condensed macromolecules
such as proteins and polymers. Even though vdW interactions are weak compared to electrostatic
Coulomb or H-bonding interactions, they are always present and highly relevant both at short (∼
0.2 nm) and large (> 10 nm) inter-particle distances. Dispersion forces between macromolecules
may be repulsive or attractive and, in general, cannot be described by a simple power law function.
Dispersion forces originate from quantum mechanics: The time averaged fluctuating dipole mo-
ment of a non-polar atom (e.g. helium) equals zero, but at any instant there exists a finite dipole
moment which is determined by the positions of the electrons around the nuclear protons. The
electric field, generated by such an instantaneous dipole, polarizes any neighboring neutral atom
and induces a dipole moment in it. Thus, the dipole field is ’reflected back’ by the other nearby
atom which has been polarized by this field. This dipole-dipole interaction results is an instan-
taneous attractive force between the two atoms, whose time average is finite. [Israelachvili, 2011]
The London expression for the vdW interaction energy, w(r), of two identical small atoms or small
molecules with diameter σ and center-to-center separation r ≥ σ in vacuum is given by [London,
1937]

w(r) = −3

4

α2
0hν

(4πε0)2

1

r6

= −C
r6
.

(2.5)

Here, h is the Planck constant, ν the orbiting frequency of the electron (ν = 3.3 x 1015 s−1 for a
Bohr atom), and α0 the electronic polarizability of the second atom.
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For simplicity, we assume the vdW interactions between two atoms (molecules) being pair-wise
additive and non-retarded1. Considering two macroscopic bodies of arbitrary geometries made up
of like molecules, the effective ’two-body’ potential of them will be the integral over the inter-
atomic van der Waals pair potentials (Eq. 2.5) of the atoms in one body with the atoms in the
other. For two interacting spheres with diameter σ, the resulting effective vdW pair-interaction
potential in vacuum as a function of the center-to-center separation r reads [Israelachvili, 2011]

VvdW(r) = − A
12

(
σ2

r2 − σ2
+
σ2

r2
+ 2ln

(
1− σ2

r2

))
, r > σ, (2.6)

with VvdW(r) ∼ −(Aσ6/36)/r6 for large r and VvdW(r) ∼ −(Aσ/24)/(r − σ) near the contact
distance r = σ. The divergence of VvdW(r) at contact distance, arising from the assumption of
an ideally smooth surface of the spherical particles with two surface atoms overlapping [Nägele,
2008], is suppressed by an additional steric protection σ+ δb. The values reported in literature are
within the range 0.1 - 0.3 nm. In concert with previous works, we set δb= 0.1437 nm [Poon et al.,
2000, Sedgwick et al., 2007, Möller et al., 2012, Malfois et al., 1996]. In Eq. (2.6), A denotes the
Hamaker constant, which is defined as

A = π2Cρ1ρ2, (2.7)

where ρ1 and ρ2 are the number of atoms per unit volume in the two bodies. The vdW interaction
force, -dVvdW/dr, is attractive when A positive and repulsive when A negative.
By making the assumption of pairwise additivity we omit the fact that the vdW pair-interaction
between two atoms is influenced by the neighboring atoms. The effective polarizability of an atom
changes in the presence of other atoms. Since all the atoms nearby are also polarized, the field
emanating from one atom reaches a second atom both directly and by ’reflection’ from other atoms.
These multiple reflections lead to an additional contribution to the total vdW interaction potential.
Within Lifshitz theory [Lifshitz, 1956, Dzyaloshinskii et al., 1961], the atomic structure of the
particles is ignored and they are treated as homogeneous media, simply determined by bulk prop-
erties like the frequency dependent dielectric permittivity, ε(iν), and refractive indices, n. The
dielectric permittivity of a medium exhibits much the same frequency dependence like the atomic
polarizability of the atoms. A protein, dissolved in the solvent medium with dielectric permittivity
εs(iν), can be modeled as a dielectric sphere of diameter σ and dielectric constant εprot(iν) (see
Fig. 2.8).

r  

σ  

εprot

εprot

2n prot

2n prot ε ,s
2n s

Figure 2.8: Identical Spheres of hard-sphere diameter σ interacting across a solvent medium.

As the expression for the vdW pair-interaction potential between two spheres (Eq. 2.6) is
left unchanged, the non-retarded Hamaker constant, A, for two identical macroscopic bodies (e.g.
proteins) interacting across another medium (e.g. water) is now calculated via [Israelachvili, 2011,

1Retardation effects occur for particles and molecules at large separations or interacting in a liquid medium,
when the time taken for the electric field of the atom 1 to reach atom 2 becomes comparable with the period of the
fluctuating dipole emanating the field.

19



Hunter, 2001]:

A = Aν=0 +Aν>0

≈ 3

4
kBT

(
εprot − εr
εprot + εr

)2

+
3h

4π

∫ ∞
ν1

(
εprot(iν) + εs(iν)

εprot(iν)− εs(iν)

)2

dν
(2.8)

Here, εr = ε(0) denotes the static dielectric constant of the solvent and νn = (2πkBT/h)n = 4 ·
1013 n s−1 at 300 K with n being the refractive index of the medium in the visible (n2 = εvis(ν)).
The first term, Aν=0, in Eq. (2.8) gives the zero-frequency energy of the vdW interaction and
the second term, Aν>0, the dispersion energy of two protein phases across a water film. The
dielectric permittivity of a medium, ε(iν), as a function of the frequency, ν, is given by [Mahanty
and Ninham, 1976,Parsegian, 2006]:

ε(iν) = 1 +
(ε− n2)

1− ν/νrot
+

(n2 − 1)

1 + ν/νe
, (2.9a)

ε(0) = 1 + (ε− n2) + (n2 − 1) = εr, (2.9b)

ε(∞) = 1. (2.9c)

Here, νrot < 1012 s−1 is the molecular rotational relaxation frequency and νe the medias main elec-
tronic absorption frequency in the UV. Figure 2.9 depicts the dielectric permittivity of water and
a typical hydrocarbon as a function of frequency. Since carbon chains with attached hydrogens are
a key structural element in most macromolecules, here, the dielectric permittivity of hydrocarbon
serves as a rough indication of the proteins dielectrics. Water exhibits a strong absorption at low
frequencies and therefore has a high static dielectric constant of εr = 78.36 (T = 25◦C) [Kaatze
and Uhlendorf, 1981]. For the protein lysozyme, εprot ≈ 2 [Dwyer et al., 2000]. Since ν1 ≈ 4 · 1013

s−1 >> νrot, the frequency dependent dielectric permittivities ε(iν) of both media, contributing
to the integral in Eq. (2.8), are reduced to the second term in Eq. (2.9a):

ε(iν) = 1 +
n2 − 1

1 + ν2/ν2
e

. (2.10)
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Figure 2.9: Dielectric permittivity ε(iν) of water and hydrocarbon as a function of frequency ν.
Picture was adapted from [Israelachvili, 2011].

Under the assumption, that the absorption frequencies, νe, of both particle and solvent are
roughly the same (e.g. the characteristic UV electronic absorption frequency νe = 3 · 1015 s−1),
we obtain from inserting Eq. (2.10) in Eq. (2.8) the expression

A ≈ 3

4
kBT

(
εprot − εr
εprot + εr

)2

+
3hνe(n

2
prot − n2

s)
2

16
√

2(n2
prot + n2

s)
2
. (2.11)
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As clearly can be seen from Eqs. (2.6) and (2.11), the vdW dispersion force between two identical
bodies (e.g. proteins) interacting across a medium described by the dielectrics (εr, ns) is always
attractive (A positive). Non-identical particles can repel each other, however, when the dielectric
permittivity of the solvent is between that of the interacting particles.
In this thesis, the solvents dielectrics εr and ns are taken from literature or from own dielectric
spectroscopy (see section 3.5) and refractometry measurements (see section 3.4). Following [Farnum
and Zukoski, 1999, Hand, 1934], the refractivity of the pure lysozyme molecule in the dissolved
state, nprot= 1.5176, is estimated from the specific refractive increment of pure aqueous lysozyme
solutions ( dnprot,s/dc = 0.1943 mL g−1 at pH 7) [Rickard et al., 2010, Fredericks et al., 1994] by
extrapolating to solutions containing protein, only:

εprot =
Mw

NA · 4
3π(a2b)

· dnprot,s

dc
+ ns. (2.12)

Here, Mw describes the molecular weight of lysozyme (14.300 g mol−1), NA the Avogadro con-
stant and a = 1.57 nm and b = 2.42 nm the minor and major semi-axes of the prolate ellipsoid
approximating the dimensions of a lysozyme molecules in solution (see section 2.4.2). Although
the specific refractive increment varies with the refractivity of the solvent ns, the extrapolated
value nprot for pure protein in solution is practically independent of the solvents studied here and
characteristic for the protein, only [Hand, 1934]. The depth of the vdW potential is related, al-
though in an indirect manner, to the Hamaker constant. We find, for large spherical particles in
aqueous solution, the vdW potential is only relevant at short distances. Of note, since the time for
adjustment between ions in the vicinity of a particles charged surface exceeds by far the correlation
time of electronic fluctuations between atoms, the dispersion force is independent of the solutions
ionic strength (e.g. presence of ions) as well as pH value [Israelachvili, 2011].

2.2.2 Depletion Theory and Osmotic Attraction Potential

r  

σ   lys

2R  G,PEG,0

δ   depl

l l

V   overlap

Figure 2.10: Basic principle of the depletion mechanism in a colloid-polymer mixture. Two globular
proteins, here approximated by two homogeneous hard spheres of effective hard sphere diameter
σlys, with centers separated by r are dispersed in an aqueous solution containing non-adsorbing
polymers with radius of gyration RG,PEG,0. The polymers centers of mass are excluded from a
region around the proteins with thickness δdepl. An overlap of these regions results in the exclusion
of the polymers from the intermediate space between the proteins and thereby in an entropically
favored attractive depletion interaction between the proteins.

High molecular weight PEGs exhibit properties of a quasi-random coil with some solvent-induced
short-range ordering near the polymer backbone [Abbott et al., 1991]. The number of possible chain
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conformations of the PEG polymer in solution increases with the degree of polymerization, i.e.
polymer molecular weight Mw. The neighborhood of an impenetrable surface like a protein causes
constraints on the conformational freedom of the polymer, i.e. is entropically unfavorable. Hence,
the polymers are excluded from a sphere of radius σlys/2+δdepl around the globular protein, where
the depletion thickness, δdepl, is of the order of the characteristic length scale describing the polymer
in solution (see Figure 2.10). If δdepl exceeds half of the protein’s surface-to-surface distance, the
depletion zones surrounding the proteins overlap and the polymer is effectively excluded from
the intermediate space of the protein [Poon et al., 1996, Lekkerkerker et al., 1992]. Because of
the unbalanced osmotic pressure, Π, an attractive depletion potential of a range dependent on
the effective polymer size and a strength dependent on polymer concentration, acts on the non-
interpenetrating proteins. Since extra volume is recovered for the polymer when the depletion zones
of the proteins overlap, the downsizing of the inaccessible space for the polymer is entropically
favored and results in an effective attraction between the protein molecules [Vrij, 1976,Meijer and
Frenkel, 1994]. Hence, for a sufficient amount of sufficiently large polymer, attractive protein-
protein depletion interactions may be induced in a naturally repulsive polymer–protein mixture.
Due to fluctuations of the coil shape in polymer solutions, the short-ranged depletion attraction is
not cut off abruptly, but falls off slowly. The range of the depletion potential in protein-polymer
mixtures depends strongly on the ratio of the protein size and the characteristic length scale
describing the polymer in solution, which is highly correlated to the polymer concentration. To
describe the interaction between the proteins, the particular length scales of the various polymer
solutions need to be characterized. For the polymer’s radius of gyration in dependence of the

relative molecular weight, a power-law behavior, RG,PEG,0 = 0.0215 M
(0.583±0.031)
w / nm [Devanand

and Selser, 1991] is reported, which corresponds to the conformation of a non-interacting swollen
globule for a diluted polymer system (see Table 2.2.2). Beyond the polymer’s overlap concentration,
c∗, which depends on the degree of polymerization (and hence Mw), the volume excluded per
polymer molecule diminishes due to shrinking and/or increasing compactness, according to RG,PEG

= RG,PEG,0 · (cPEG/c
∗)−1/8 [Teraoka, 2002].

Molecular Weight
Mw / g mol−1

Hydrodynamic
diameter
σ / nm

Radius of gyration
RG,PEG,0 / nm

Overlap
concentration
c∗ / % (w/v)

PEG 200 200 0.6 0.47 66.96
PEG 600 600 1.12 0.9 31.14
PEG 2k 2000 2.22 1.81 13.45
PEG 6k 6000 4.16 3.43 6.26
PEG 8k 8000 4.91 4.05 5.11
PEG 10k 10000 5.58 4.62 4.38
PEG 20k 20000 8.28 6.92 2.70
PEG 35k 35000 11.40 9.59 1.83

sucrose 342.30 0.52
lysozyme 14300 3.78 ± 0.05 1.45 ± 0.05

Table 2.2: Structural parameters describing the polymer PEG, sucrose and lysozyme in aqueous
solution. Radii of gyration, RG,PEG,0, and hydrodynamic diameter, σPEG, for PEG are calculated
from [Devanand and Selser, 1991]. The polymer overlap concentration, c∗, is calculated from the
RG,PEG,0 values shown in this table after [de Gennes, 1979b]. The hydrodynamic diameter, σlys, of
lysozyme [Parmar and Muschol, 2009] and sucrose, σsucrose, [Schultz and Solomon, 1961] are taken
from literature.

For example, the radius of gyration of a single PEG 3400 chain decreases with increasing
polymer concentration from 1 to 30 wt.-% by about 6% [Gurnev et al., 2017]. At the cross-over
from the dilute to the semi-dilute polymer regime, marked by c∗ = Mw/(4/3πR

3
G,PEG,0NA) / mg

mL−1 [de Gennes, 1979b], an extensive entanglement of PEG molecules takes place and the entire
volume is occupied by non-overlapping polymer coils (see Table 2.2.2). While for dilute solutions
(cPEG << c∗) the identity of the individual polymer chain is preserved and determinant for the
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solution properties, for cPEG ≥ c∗ the system transitions from individually dispersed random coils
to an entangled mesh of polymers [Mao et al., 1995], whose thermodynamic properties are being
solely a function of the polymer’s volume fraction, Φ, which can be calculated from the protein
concentration by using its partial specific volume (Ṽ ◦ = 0.825 / mL g−1 for PEG [Cohen et al.,
2009]) [Abbott et al., 1991,de Gennes, 1979a]. As characteristic length scale, the polymer’s radius
of gyration is not suitable anymore, and has to be replaced by the correlation length (mesh size) ξb
≈ a ·Φ−3/4 of the entangled polymer net with the length scale of a monomer of a = 0.4 nm [Mao
et al., 1995,Cohen et al., 2009]. In terms of overlap concentration, the mesh size can be written as
ξb ≈ RG,PEG,0 · (cPEG/c

∗)−3/4 [Teraoka, 2002]. The mesh size decreases with increasing polymer
concentration (volume fraction).
It was shown by a previous study on the osmotic pressure of aqueous polyethylene glycol of average
molecular weights between (200 < Mw < 10000) g mol−1, that low molecular weight PEG generate
higher osmotic pressure than higher molecular weight PEGs at equivalent weight fraction (10%
(w/v) < cPEG < 30% (w/v)) [Money, 1989]. For example, the curve fit by regression of the data for
osmotic pressure in dependence of polymer molecular weight at 30% (w/v) PEG yields Π(Mw) =
419·(log Mw)−2.4 / bar (e.g. Π(PEG 200) ∼ 56.7 bar , Π(PEG 600) ∼ 36.1 bar, Π(PEG 10000) ∼
15 bar). At a given number of polymers in solution, the increase of Π is reportedly steeper for large
than for small Mw. Slightly above the overlap concentration c∗(Mw) of polyethylene glycol/water
systems, [Cohen et al., 2009] identified a crossover concentration for osmotic pressure c](Mw) =
(1.78 ± 0.03)· c∗(Mw), where the solutions of the neutral flexible polymers transfer from the dilute
to the semi-dilute regime.
In terms of pure depletion theory, the depletion attraction between two proteins with radius of
gyration RG,lys in the protein-polymer mixtures depends on the concentration-dependent protein-
to-blob size ratio in a non-monotonous manner. In the case ξb < RG,lys, the polymer chains are
depleted from the protein surface due to repulsive excluded volume interactions. The thickness of
the depletion zone, δdepl, scales with ξb and shrinks with increasing polymer volume fraction [Ab-
bott et al., 1992, Fuchs and Schweizer, 2001]. Strong attractive depletion forces between the
proteins are only induced if the electrostatic repulsion due to the surface charge of the protein is
small enough and the protein concentration high enough for the depletion zones of the proteins to
overlap. Mesh sizes comparable to the protein’s radius of gyration (ξb ≈ RG,lys) lead to a minimal
to no depletion attraction since the proteins fit perfectly into the polymer mesh spaces without
distorting the network [Abbott et al., 1991, Fuchs and Schweizer, 2001]. If the size of the protein
is significantly smaller than the blob size (ξb � RG,lys), the protein is capable of diffusing through
the mesh.
To quantitatively explore the impact of the polymer on the attractive depletion interaction be-
tween two protein molecules with centers separated by r, the depletion potential, Vdepl(r), can be
calculated in the framework of the analytic Polymer Reference Interaction Site Model (PRISM)
[Poon et al., 1997, Ilett et al., 1995, Chatterjee and Schweizer, 1998b, Chatterjee and Schweizer,
1998a, Chatterjee and Schweizer, 1999]. PRISM is a two-component liquid-state approach based
on the Percus-Yevick closure for describing polymer-induced attractive depletion forces between
hard spheres. Within PRISM, Vdepl(r) predicts the polymer-mediated protein-protein interaction
for all polymer coil dimensions at polymer concentrations below and beyond c∗ with no adjustable
parameters, from

Vdepl(r) = −kBT ln

[
1 +

πz

3

(
R

r

)(
R

σ

)
exp

(
1

−δdepl
(r − 2R)

)]
, r > 2R (2.13)

σ =

{
σ0, cPEG < c∗

σ0

(
cPEG

c∗

)−1/8
, cPEG ≥ c∗

(2.14)

RG,PEG,0 = σ

√
N

6
, (2.15)

z = NNAcPEGσ
3, (2.16)
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δdepl = σ
1√

12/N + πz/3
. (2.17)

Here, σ is the effective statistical segment length of the polymer chain with a monomer segment
length of σ0 = 0.4 nm [Takahashi and Tadokoro, 1973]. N ≈ Mw / 44 g mol−1 defines the num-
ber of segments per chain. Fluctuations in polymer concentration are spatially correlated over a
distance described by the depletion thickness, δdepl [de Gennes, 1979b]. R describes the polymer
segment-to-protein distance of closest approach, which equals the protein radius under the assump-
tion of additivity of the hard core diameters [Chatterjee and Schweizer, 1998a,Biben and Hansen,
1997]; here, we set R ≈ RG,lys = 1.45 nm.

2.2.3 Derjaguin Landau Verwey Overbeek (DLVO) - Theory of Colloidal
Stability

Hard-Sphere potential: 

𝑉HS 𝑟

screened Coulomb 
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attractive part: 𝑉Y 𝑟
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Figure 2.11: The Derjaguin Landau Verwey Overbeek (DLVO) - potential of two lysozyme
molecules in aqueous solution and its single contributions.

The Derjaguin Landau Verwey Overbeek (DLVO)- theory [Derjaguin and Landau, 1993,Verwey
and Overbeek, 1948] describes the stability of a colloidal suspension by the balance between an
electrostatic coulombic force and the van der Waals force (see section 2.2.1), including a hard
sphere (excluded volume) force. The DLVO effective potential is deduced within the one-component
macrofluid model: The discrete nature of the polar solvent (e.g. water) is neglected and the solvent
is approximated by a continuous dielectric medium with the static dielectric permittivity εr. The
interacting particles (e.g. proteins) are modeled by homogeneously charged hard spheres with
diameter σ, uniform net surface charge, Zeff, and number density n. Thus, anisotropy of particle
shape and charge distribution are neglected. Dissolved salt ions are considered as point like charges
(diameter σ = 0) which formate as a counter ion cloud around the particle, effectively screening
the particles surface charge towards a second particle and thereby decreasing their electrostatic
repulsion (see Figure 2.12). As found in previous studies [Schroer et al., 2011b, Schroer et al.,
2011a,Möller et al., 2012], the effective pair interaction potential of lysozyme molecules in solution,
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which centers are separated by the distance r, is well described in the framework of the DLVO
theory by the sum of a long-ranged repulsive screened Coulomb potential VSC(r), a short-ranged
attractive Yukawian-like potential VY(r) and a hard-sphere (excluded-volume) potential VHS(r):

V (r) = VHS(r) + VSC(r) + VY(r). (2.18)

The single contributions of V (r) are depicted in Figure 2.11 and discussed in detail in the following.
The repulsive, hard-sphere potential

VHS(r) =

{
∞, r ≤ σ,
0, r > σ,

(2.19)

accounts for the fact that two particles with diameter σ are impenetrable and cannot occupy
the same space. Since the shape of the protein lysozyme in solution can be approximated by an
prolate ellipsoid of revolution with semi-axes a = 1.57 nm and b = 2.42 nm (see section 2.4.2), the
effective hard-sphere diameter of the protein can be calculated from the ellipsoid axial parameters
via σ = 2(a2b)1/3 (see section 5.1).
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Figure 2.12: Two equally positive charged colloidal particles (diameter σ, effective surface charge
Zeff) dissolved in a homogeneous media with dielectric permittivity εr and with centers separated
by the distance r. The particles are surrounded by a distribution of 1:1 electrolytes (e.g. NaCl),
which give rise to the screening of the long-ranged electrostatic Coulomb repulsion between the
two colloids.

Proteins are composed of amino acid residues containing both amine (-NH2) and carboxyl (-
COOH) groups which carry positive and/ or negative charges upon ionizing in water. The effective
surface net charge of a protein, determined by the charge of the different side chains of the amino
acids on the protein surface, depends on the solutions pH value. The effective surface charge of the
macromolecules in solution is responsible for intermolecular electrostatic repulsion or attraction as
described by the long-ranged, screened Coulomb interaction potential,

VSC(r) =

{
0, r ≤ σ

Z2
effe

2

4πrε0εr(1+0.5σ/λD)2 exp
(
−(r−σ)
λD

)
, r > σ.

(2.20)

The range typically varies from a few Å up to several nm. Here, ε0 is the dielectric constant
of vacuum, εr is the pressure-dependent solvent’s static relative dielectric permittivity, and e the
elementary charge. Zeff denotes the effective surface charge of the particles (e.g. Zeff = +8 for
lysozyme at pH 7 [Yu et al., 2015, Kuehner et al., 1999]). The Debye-Hückel screening length of
the solvent, λD, is defined by [Israelachvili, 2011]

λD =

√
ε0εrkBT

2NAe2I
. (2.21)
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Here, kB is the Boltzmann constant, T the absolute temperature, NA the Avogadro constant and

I =
1

2

∑
i

e2z2
i (2.22)

denotes the solutions ionic strength. The sum is taken over all ion types i with charge number zi,
which are present at a molar concentration ci in solution. For the monovalent (1:1) electrolyte NaCl,
we find with the ionic strength being equal to the molar salt concentration I = cNaCl (here: z(Na+)
= 1 and z(Cl−) = -1). The Debye length, λD, describes the ’thickness’ of the ionic atmosphere
near a charged surface and therefore characterizes the decay of the electrostatic interaction as
a function of the distance r. As clearly can be seen from Eq. (2.21), its magnitude does not
depend on the surface properties (e.g. surface charge, potential) but solely on the properties of
the solution. In a monodisperse solution the resulting potential, VSC(r), is repulsive since all
particles carry the same charge. Electrostatic repulsion becomes significant when two charged
colloids approach beyond the point where their electric double layers interfere. The height of the
pronounced maximum in the course of V (r), as found for net repulsive intermolecular interactions,
indicates the amount of energy which is required to force the particles together (see Figure 2.11).
The energy barrier can be increased and decreased by changing the ionic strength, the solutions
dielectric permittivity or the pH environment, affecting the surface charge of the colloid. In this
thesis, the pressure dependence of the solvents dielectric constants, εr, is reasonably adopted by
the pressure dependence of εr for pure water [Floriano and Nascimento, 2004] at 25◦C with regard
to the additives dielectric increment δ = dεr/dc with cosolvent concentration, partly taken from
literature and partly obtained from own dielectric spectroscopy measurements (see section 3.5).
The attractive Yukawian potential, VY(r), given by

VY(r) =

{
0, r ≤ σ
−J

(
σ
r

)
exp

(
−(r−σ)

d

)
, r > σ,

(2.23)

accounts for the vdW interaction between the particles. For the width of the Yukawian potential d
= 0.3 nm is chosen in accord with previous work on the intermolecular interaction of lysozyme [Mal-
fois et al., 1996, Schroer et al., 2011a, Möller et al., 2012]. This value corresponds to a layer of
bound water between the proteins and determines the smallest distance of approach allowed be-
tween them. The only free parameter in the refinement of the effective structure factor from the
SAXS intensities of dense protein solutions (see section 3.2.3) is depth of the attractive potential,
J , at contact (r = σ).2

Previous studies report that the DLVO model, described here, accounts well for all the small-
angle scattering data on dense lysozyme solutions at ambient as well as at elevated pressures,
in pure buffer and in the presence of additives like salts and organic osmolytes [Schroer et al.,
2011a, Schroer et al., 2011b, Möller et al., 2012, Shukla et al., 2008]. Whilst the DLVO theory
has appeared to work well for low salt concentrations (c . 0.05 M) where the electrostatic force
dominates, the assumption of point charges is poor for salt concentrations greater than ∼ 0.1
M [Boström et al., 2001, Velev et al., 1998, Broide et al., 1996, Narayanan and Liu, 2003]. Here,
the anomalous stability of the systems at high ionic strength was attributed to the existence of
the non-DLVO hydration repulsion resulting from the adsorption of the hydrated counter ions on
the protein and dominating at short distances [Molina-Boĺıvar et al., 1997]. Moreover, the DLVO
potential cannot resolve specific (an)ion effects (e.g. salt specificity of Hofmeister series) [Muschol
and Rosenberger, 1995,Curtis et al., 1998,Tardieu et al., 1999] (see section 2.3.3).

2Of note: The effect of the attractive Yukawa potential on the protein-protein interaction is controlled by both
the strength J and the width d. In order not to over-determine the system, one of them has to be set constant in the
fitting procedure of the SAXS curves. For example, the width d might be modulated by hydration shell effects (e.g.
hydrostatic pressure or preferential hydration, as imposed by the presence of cosolvents and crowder molecules).
Since precise data on the hydration shell at every solution condition (and pressure) is out of reach up to this point,
the width d is kept constant in this study and possible hydration effects will then be mirrored in the change of
the only adjustable parameter J (i.e. an enhanced hydration shell is either modeled by an increased width at a
fixed strength or an decreased strength at fixed width and thereby results in an effective reduction of the attractive
interaction either way [Gögelein et al., 2012].)
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In order to describe more complex systems (e.g. proteins in a crowded environment and/or in
the presence of high levels of salt and organic osmolytes) the DLVO potential should be extended
by an excluded volume / osmotic attraction potential, a square-well interaction to account for
potential self-association of the protein, hydration repulsion and enthalpic effects between cosolute
(e.g. crowder) and protein at short distances, next to the hard-sphere, Coulomb and vdW potential
term [Javid, 2007, Curtis et al., 1998, Curtis et al., 2002, Boström et al., 2001, Boström et al.,
2006, Ninham, 1999]. However, based on the experimental SAXS data, which ultimately only
provides us with information of the spatial arrangement of the proteins in solution (see section
2.4.4), it is only possible to make limited statements about the potential landscape. Every extension
of the DLVO potential by further parametrization would result in an over-determination of the
system (and is also associated with further assumptions). Therefore, in this thesis we present this
rather simple 2-Yukawa DLVO modeling approach in order to yield at least qualitative estimates
of the (pressure-dependent) intermolecular interactions in complex solution systems, like proteins
in a crowded environment and in the presence of high levels of cosolvents, in reference to the pure
buffer scenario.
No self-association is observed in the experimental data (also in FTIR spectra as reported by
[Schroer et al., 2011a]), so no need for further parametrization is needed in this respect. At low
cosolvent concentrations, the contribution of an attractive osmotic interaction potential induced
by the cosolutes is not important and can be neglected. However, in the presence of larger amounts
of cosolvents, the attractive Yukawa potential necessarily includes, next to the vdW interaction,
the osmotic attractive interaction due to the excluded volume effect induced by the cosolvent.
However, the overall crowding-induced changes of the potential parameters in comparison to the
pure buffer scenario are relatively small and can therefore be examined here approximately as a
kind of perturbation of the model used, i.e. they are mirrored by the strength, J , of the attractive
Yukawian part, VY(r). In this simple model, all non-DLVO forces present in the system contributing
to the effective protein pair interaction potential act as perturbations on the attractive Yukawian
part.
In this study on lysozyme in a crowded environment and in the presence of high amounts of
cosolvents, the refinement of the experimental scattering data is performed consistently with the
same approach as employed for the pure buffer scenario. Principally, different and more complex
potential models could be used, but the latter may not be useful with respect to the approximations
needed for such complex solution mixture. Hence, we may regard the DLVO potential as used
here sufficiently accurate to capture the impact of the cosolvents like organic osmolytes, salt and
crowding agents on the relative changes of the potential parameters, at least in a qualitative way.
To support these findings derived from the potential model used in the analysis of the scattering
data on lysozyme in a crowded environment, in this thesis, this approach is complemented by two
model-free add-ons, both providing information on the predominantly repulsive or attractive nature
of the intermolecular interactions: First, complementary cloud point measurements were carried
out, which, as reported in earlier studies [Möller et al., 2014a, Schulze et al., 2016] are directly
related to the (pressure-dependent) protein-protein interaction potential, but are completely model-
free (see section 2.3.4). Second, the estimation of the spatial arrangement and intermolecular
distances of the proteins in solutions derive directly from the main peak position in the experimental
static structure factor (see section 2.4.4). Hence, at any rate, we are sure that the potential model
employed helps us to at least qualitatively understand the crowder-induced changes in molecular
distances and shift of phase boundaries of the LLPS. Yet, some specific contributions to the protein-
protein second virial coefficient in crowded solution need further attention and more in-depth
theoretical treatment, including repulsive hydration forces and specific protein-polymer attraction
forces.
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2.3 High Hydrostatic Pressure Effects on Biomolecular Sys-
tems

High pressure is also a powerful tool for studying the thermodynamics and kinetics of biomolecules
[Luong et al., 2015]. It serves as an important probe for mapping the conformational landscape of
biomolecules and for delineating the proteins conformational subspace [Zwicker et al., 2017,Banani
et al., 2017]. In general, pressure shifts chemical equilibria and redistributes the population of
conformers by favoring the state of smallest partial molar volume. Hence, pressure is also a key
variable for scrutinizing the roles of packing and hydration, both affecting the volumetric properties
of biomolecules in solution markedly [Roche et al., 2012,Luong et al., 2015,Silva et al., 2014].
In contrast to temperature and detergents, pressure is a rather mild perturbating agents as it affects
the density of the system only whilst thermal energy and chemical properties remain unchanged
[Meersman et al., 2013].
Further, pressure perturbation has become a powerful tool for fine-tuning interparticle interactions
in nanoparticle systems and in dense protein solutions [Möller et al., 2012, Schroer et al., 2016,
Schroer et al., 2011a] and hence also for modulating LLPS phenomena in protein solutions [Möller
et al., 2014a,Schulze et al., 2016,Cinar et al., 2018].
In this section, we will discuss the basic effects of pressure3 on the thermodynamics and kinetic of
biomolecules, intra- and intermolecular interactions in biomolecular systems including liquid-liquid
phase separation phenomena and crystallization.

2.3.1 Temperature- and Pressure-Induced Unfolding and Denaturation

Biomolecular systems behave under pressure according to the Le Chatelier principle, which predicts
the shift of an equilibrium in favor of the state with smallest overall volume [Atkins et al., 2018].
At high pressures, conformations occupying a smaller volume are favored as well as reactions with
transition states for which the volume is smaller than in the ground state [Luong et al., 2015]. High
hydrostatic pressure can be employed to characterize the equilibrium unfolding process as well as
aggregation, since it allows to measure differences in partial molar volume between equilibrium
species (e.g. differences in the apparent volume occupied by amino acids inside the protein and
when exposed to water in an unfolded conformation.). For proteins, the partial molar volume,
V , is defined by the sum of the intrinsic van-der-Waals volume of the constituent atoms, Vatoms,
the volume of the interior voids which are water-inaccessible and evoked by packing inefficiencies,
Vvoids, and volume changes resulting from interactions between solvent-accessible atomic groups
of the biomolecules and solvent molecules, ∆Vhyd, [Kauzmann, 1959,Laidler, 1965,Heremans and
Smeller, 1998]:

V = Vatoms + Vvoids + ∆Vhyd. (2.24)

The largest (positive) changes of the partial molar volume upon protein unfolding originate from
the presence of packing defects (voids) inside the biomolecule, whereas the (negative) volume
changes due to hydration are relatively small (e.g hydration processes may lead to a reduced partial
molar volume since the density of hydration water is higher than the density of the bulk [Chalikian,
2001]) [Gao et al., 2017b]. Thus, the resulting total volume change upon unfolding, ∆V , is relatively
small and can be either positive or negative [Chen and Makhatadze, 2017].
For a two-state physico-chemical process at equilibrium, the difference in partial molar volumes
between equilibrium species, ∆V / mL mol−1, is related to the pressure-dependent equilibrium
constant, K, by(

∂ ln(K)

∂p

)
T

= −
(

∆V

RT

)
. (2.25)

3The pressures employed for the study of biomolecular systems range from 1 bar up to 10 kbar and hence act
predominantly on the supra-molecular structures (e.g intermolecular distances) and affect conformations [Luong
et al., 2015,Meersman et al., 2013]. Changing the covalent structure of low molecular mass molecules (e.g. covalent
bond distances and bond angles) or the primary structure of macromolecules like proteins requires pressures of
about 10-15 kbar (e.g. the primary structure of hen egg-white lysozyme was unperturbed by pressures higher than
10 kbar [Mozhaev et al., 1994, Gross and Jaenicke, 1994]). In order to affect the electronic structure of a molecule
pressures in excess of 300 kbar are necessary [Drickamer and Frank, 1973].
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Here, p is the pressure, R the gas constant and T the absolute temperature. Activity and stability
of proteins depend on a variety of molecular interactions within proteins. However, according
to Eq. (2.25) it is sufficient to consider the factors that contribute to ∆V in order to describe
and understand the molecular mechanisms underlying pressure-induced protein denaturation. The
driving forces of pressure perturbation essentially include the increase in hydrophilic hydration of
charged and polar atomic groups as well as the release of packing defects/voids - which all lead to
a reduced partial molar volume of the protein [Boonyaratanakornkit et al., 2002, Frye and Royer,
1998,Roche et al., 2012,Chen and Makhatadze, 2017,Chalikian, 2001,Chalikian, 2003,Winter et al.,
2007].
The tertiary and quaternary structure of the protein is stabilized by attractive, short-ranged ionic
interactions between positively and negatively charged amino acid side chains within a range of . 4
Å [Heremans and Heremans, 1989]. Interactions between ion pairs which are also hydrogen bonded
are also termed salt-bridges [Creighton, 1992]. Salt bridges within the protein maintain the stabil-
ity and specificity of the protein complex but also cause the solvent to be excluded from the inside
of the protein [Heremans and Heremans, 1989]. Upon breakage of the ion pairs, the dipolar water
molecules of the solvent are aligned in the electric field of the remaining exposed single charges,
resulting in an effective contraction of the solvent. This mechanism is called electrostriction.
Since this contraction corresponds to a decrease in volume [Abe et al., 1999], pressure promotes
the disruption of salt bridges and ion pairs and thereby might induce protein dissociation and/or
denaturation [Distèche, 1972,Boonyaratanakornkit et al., 2002].
Hydrophobic interactions cause the non-polar side chains to cluster within the protein and
thereby are an important determinant of proper folding [Kauzmann, 1987]. As mentioned be-
fore, high pressure favors the hydration of charged groups and and also of hydrophobic residues
since it reduces the volume of the system and thereby weakens the hydrophobic interactions. At
pressures up to . 2 kbar, weakened hydrophobic interactions may lead to imperfect packing and
cavity formation providing pathways for water to penetrate inside the protein. The solvation of
the hydrophobic, unpolar groups upon unfolding of the protein leads to clathrate formation of the
exposed groups. Water penetration into the interior of the native protein under pressure can likely
induce the protein to adopt the conformation of a molten globule and, eventually, the unfolding of
the protein.

The thermodynamic stability of a protein is a multidimensional function of temperature, pressure
and solution conditions (pH, ionic strength, cosolute and cosolvent concentration). With the
solution conditions kept constant, the corresponding multidimensional free energy landscape is
reduced to a three-dimensional surface on the temperature-pressure plane with the free energy
difference, d∆G, between native and denatured states as a vertical coordinate [Winter et al.,
2007]. Under the assumption of a simple two-state (native ↔ unfolded) equilibrium behavior
of the protein, the Gibbs free energy difference between the unfolded and native state, ∆G =
Gunfolded −Gnative, is defined as

d∆G = −∆SdT + ∆V dp, (2.26)

with S and V being the entropy and the volume, respectively. ∆ denotes the change of the
corresponding parameter during denaturation, that is, the value in the unfolded, denatured state,
minus that in the native state. Integration of Eq. (2.26) from an arbitrary chosen reference point
(T0, p0) to (T, p) yields [Hawley, 1971,Smeller, 2002,Lullien-Pellerin and Balny, 2002,Ravindra and
Winter, 2003]

∆G = ∆G0 +
∆κ′

2
(p− p0)

2
+ α′ (p− p0) (T − T0)−∆Cp

[
T

(
ln

(
T

T0

)
− 1

)
+ T0

]
+ ∆V0 (p− p0)−∆S0 (T − T0) .

(2.27)

Herein, ∆G0 the standard Gibbs free energy change of unfolding. κ′ is the compressibility factor
and α′ the thermal expansivity factor, correlated to the isothermal compressibility κ and the heat
capacity Cp = T · (∂S/∂T )p, respectively, via κ′ = −(∂V/∂p)T = V · κ and α′ = (∂V/∂T )p =
−(∂S/∂p)T .
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Figure 2.13: (a) Free-energy landscape (folding funnel) of a protein. (b) Theoretical (p-T )-stability
phase diagram of a protein with a simple native↔ unfolded (denatured) state equilibrium behavior.
The respective signs of entropy and volume changing upon unfolding are depicted as well. (c)
Energy landscape within the native state of the proteins and shift of the protein’s conformational
equilibria to higher energy conformations upon perturbation. Pictures modified from [Winter et al.,
2007,Luong et al., 2015].

Assuming that ∆Cp, ∆κ′ and ∆α′ are sufficiently independent of p and T around (T0, p0), a
second order Taylor expansion of ∆G with respect to p and T around the reference point simplifies
Eq. (2.27) to

∆G = ∆G0 +
∆κ′

2
(p− p0)

2
+ α′ (p− p0) (T − T0)−∆Cp

(T − T0)2

2T0

+ ∆V0 (p− p0)−∆S0 (T − T0) ,

(2.28)

wherein

T

(
ln

(
T

T0

)
− 1

)
+ T0 ≈

(T − T0)2

2T0
, (2.29)

is used [Clark, 1979]. The physically relevant solution of the function on the right hand side of Eq.
(2.28) gives an elliptic paraboloid for ∆G. The transition line, ∆G = 0, defines where the protein
denatures (∆G < 0) or refolds (∆G > 0), depending on the direction of crossing. The projection of
this function to the (p-T )-plane yields an elliptic phase diagram as shown in Figure 2.13 (b). The
protein is its native conformation inside the elliptically shaped phase boundary, and denatured
outside the boundary. The actual shape, size and orientation of the elliptic phase diagram in the
p-T -plane depends on the six thermodynamic parameters (∆β,∆α,∆Cp,∆V0,∆S0,∆G0). As a
rule of thumb, ∆α set predominantly the orientation of the ellipse in the plane and the decrease of
∆Cp broadens the ellipse along the T -axis and the decrease of ∆β along the p-axis, respectively.

Generally, proteins can unfold by pressure, heat and cold denaturation. Cold-induced denaturation
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of proteins (in general between -30 and 0◦C) is mainly driven by enthalpically favored hydrophobic
hydration effects and results in partial unfolding, only, without affecting the secondary structure. In
contrast, heat-induced denaturation leads to a largely unfolded conformation where the hydropho-
bic core of the protein exposed to the solvent, as it is driven by entropy [Privalov, 1990, Becktel
and Schellman, 1987,Winter et al., 2007]. During pressure-induced denaturation water penetrates
into the interior of the protein, fills the voids and leads to a swelling of the core [Luong et al.,
2015, Roche et al., 2012, Collins et al., 2005, Boonyaratanakornkit et al., 2002, Meersman et al.,
2013]. In molecular terms, pressure and temperature have antagonistic effects on equilibria and
kinetics. As clearly can be seen from the (p-T )-stability phase diagram in Figure 2.13 (b), pro-
teins can be stabilized against thermal inactivation by pressure. As follows from the principle of
microscopic ordering, an increased pressure at constant temperature leads to an ordering of the
molecules and decrease of entropy and increased temperature at constant pressure to disordering
and increase of entropy. Pressure offsets the fluctuations and increased disorder arising from higher
temperatures which are a major contributor to the thermal unfolding. The pressure at which the
protein denatures at room temperature is usually lower than at elevated temperatures [Balny et al.,
1997,Mozhaev et al., 1996].
However, the exact shape of the phase stability diagram is also strongly dependent on the individ-
ual secondary structure of the protein as well as on the interactions between protein and solvent.
In cellulo, biomolecules naturally occur in a complex aqueous solution a variety of macromolecules,
organic osmolytes and salts (see sections 2.1.1 and 2.1.2). Hence, Eq. (2.28) should be extended by
two additional terms, ∆Gcosolvent and ∆Gcrowder, to account for modulations of the folding energy
landscape by cosolvent and crowding effects.
In general, the unfolding process of (especially large) proteins is more complicated and cannot be
fully described in terms of such two discrete states but in a much more complex energy landscape
picture (folding funnel) [Dobson et al., 1998,Onuchic et al., 1997,Chan and Dill, 1998] (see Figure
2.13 (a)). The energy landscape has a rough surface with several local minima corresponding to
intermediate states in the un/folding process. Thus, the unfolded state is not represented by a
single characteristic energy level but by a broad population of closely spaced energy levels, which
are accessible upon changes is the chemical potential [Gao et al., 2017b]. As these nearly isoen-
ergetic conformers could differ in their volumes, they are accessible upon pressure changes. This
makes pressure a powerful tool to detect conformational fluctuations and to investigate protein
dynamics and its functional role [Luong et al., 2015, Kapoor et al., 2012, Kalbitzer et al., 2009].
Pressure modifies the protein folding energy landscape surface by increasing its roughness and shift-
ing the chemical equilibrium towards higher energy conformations. Further, functional transient
conformational substates that are hardly accessible at ambient conditions can be populated upon
compression as a consequence of the pressure-induced decrease of the conformational diffusion (see
Figure 2.13 (c)) [Kalbitzer et al., 2009,Silva et al., 2001]. As for the kinetics of protein folding, the
pressure is reported to mostly decrease the folding rate and increase the unfolding rate [Korzhnev
et al., 2006,Panick et al., 1998,Pappenberger et al., 2000,Gao et al., 2017b].

2.3.2 Pressure Induced Dissociation of Oligomeric Proteins

In general, molecular assemblages are dissociated by much lower hydrostatic pressures than those
necessary for protein denaturation. Most small monomeric proteins unfold within the pressure
range of 4 to 8 kbar reversibly, but oligomeric proteins and multi protein assemblies are rather
fragile and often dissociate into individual subunits at much lower pressures of 0.5 to 2 kbar
[Winter et al., 2007,Mozhaev et al., 1996,Robinson and Sligar, 1995,Meersman et al., 2013]. The
different stages of pressure-induced dissociation of a native dimeric protein followed by further
conformational changes of the subunits are lined out schematically in Figure 2.14 (a) - (d). The
native dimeric protein contains cavities which are large enough to hold water molecules and water-
inaccessible packing defects/voids both at the interface and within the monomeric subunits. The
dissociation of the dimer occurs in the range 0.5 . p . 2 kbar. It is promoted by pressure since
the breaking apart of the polar and ionic bonds in the inter-subunit region and the release of
void volume arising from cavities and the imperfect packing of the atoms at the interfaces of
the subunits leads to a negative volume change (Le Chatelier principle), meaning the dissociated
protein occupies less space.
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Figure 2.14: Sketch of the major mechanisms driving the pressure-induced dissociation of a dimeric
proteins and subunit dissociation in solution. Picture modified from [Boonyaratanakornkit et al.,
2002] and [Winter et al., 2007].

Water penetrates into the dimer interface and the dipolar water molecules arrange tightly
around the newly formed charged solutes, hydrating the polar/ionic moieties with electrostriction,
i.e. weakening the electrostatic contacts. The hydrophobic, unpolar groups (-CR) get hydrated
as well (see Figure 2.14 (b)). Around ∼ 5 kbar, weakened hydrophobic interactions provide the
pathway for water to penetrate into the cavities and voids in the subunits interior. An increased
exposure of the protein to the solvent and increased hydration of the protein can lead to the (irre-
versible) loss of the tertiary/secondary structure [Gross and Jaenicke, 1994,Mozhaev et al., 1996].
By swelling of the hydrophobic core due to water, each monomer transitions to a molten-globule
like state4 (see Figure 2.14 (c)). At pressures between 5 . p . 10 kbar, the subunit eventually un-
folds to a random coil5. The intramolecular hydrogen bonds, which help to maintain the secondary
structure are destabilized by the water infiltrating the protein upon pressurization due to the for-
mation of intermolecular hydrogen bonds with the water [Wroblowski et al., 1996]. This effect
causes increased conformational fluctuations [Cioni and Strambini, 1994]. The secondary/tertiary
structure is disrupted concomitant with the loss of the cavity volumes within the subunits and
hydration of the residues (see Figure 2.14 (d)) [Boonyaratanakornkit et al., 2002].
Pressure-mediated dissociation of oligomeric proteins can also be accompanied by hysteresis or
a conformational drift [King and Weber, 1986, Silva et al., 1986, Ruan and Weber, 1993, Weber,
1986, Ruan and Weber, 1989]. A re-association of the monomeric subunits to higher oligomers
might follow the pressure-induced dissociation of a dimer. The formation of oligomeric aggregates
depends on protein concentration, pressure, temperature as well as on the pH and cosolvents, as
the extend of hysteresis increases with the number of protein subunits.
One way to counteract the pressure-induced dissociation of molecular assemblages is the applica-
tion of osmotic pressure, e.g. by the addition of stabilizing osmolytes (see section 2.1.2) or small
crowder molecules (see section 2.1.1) [Webb et al., 2001]. As mentioned before, the (stabilizing)
cosolvents (e.g. glycerol, sucrose, PEG) are preferentially excluded from the protein surface. The

4A molten globule state is a compact, partially folded conformation lacking a specific tertiary structure. It is
more hydrated than the native protein and therefore often referred to as ’swollen’.

5The unfolded protein exhibits no secondary or tertiary structure and the peptide bonds in the backbone are
the only structuring elements left.
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increase in the chemical potential upon addition of cosolutes due to the thermodynamically unfa-
vorable interaction between protein and cosolute is minimized by the protein assuming the most
compact state [Lee and Lee, 1981,Liu and Bolen, 1995,Kendrick et al., 1997,Timasheff, 1998,Gekko
and Timasheff, 1981b]. Due to the osmotic stress, the water is sucked out from the internal voids
and cavities of the protein and the core density increases both due to the compression of the protein
and the reduction of the protein-solvent interface. Therefore, the pressure-mediated dissociation is
counteracted by the decreased hydration of the protein as a result of the osmotic pressure produced
by cosolutes [Boonyaratanakornkit et al., 2002].
Although the so-called molecular crowding effect on the stability of monomeric proteins is well un-
derstood, a deeper understanding of the effect of crowders, in particular the interplay of hydrostatic
pressure, osmotic pressure and the reduced free space, on the structure and activity of oligomeric
enzymes is largely lacking. Moreover, the effect of naturally occurring organic osmolytes on the
pressure-dependent stability and activity of oligomeric enzymes is still largely terra incognicta,
although of high biological relevance. In this thesis, the connection between enzyme structure
and function is investigated by the effect of pressure-induced dissociation/inactivation of the well-
studied dimeric enzyme horse liver alcohol dehydrogenase (LADH) [Brändén et al., 1975, Winter
et al., 2007, Trovaslet et al., 2003, Cioni and Strambini, 1996, Dalziel and Dickinson, 1966, Dallet
and Legoy, 1996,Klinman, 1981,Eklund and Brändén, 1987,Petterson, 1987,Wang et al., 2000] in
the presence of solution additives like crowder and (de) stabilizing organic osmolytes, mimicking
conditions as encountered inside the biological cell (see section 6).

2.3.3 Pressure Effects on Protein Intermolecular Interactions

In the past years, protein-protein interaction have been studied extensively for several protein
types (e.g. α-crystallin, urate oxidase, lysoyzme, bovine serum albumin (BSA), ovalbumin, bovine
pancreatic trypsin inhibitor (BPTI)) as a function of protein concentration [Shukla et al., 2008,Car-
dinaux et al., 2007,Narayanan and Liu, 2003,Zhang et al., 2007,Ducruix et al., 1996], pH [Tardieu
et al., 1999,Quigley and Williams, 2015], temperature [Tardieu et al., 1999,Bonneté et al., 1999],
salt concentration and type [Curtis et al., 2002,Malfois et al., 1996,Zhang et al., 2007,Zhang et al.,
2012b, Curtis et al., 1998, Quigley and Williams, 2015] as well as cosolvent effects like organic os-
molytes [Javid, 2007, Farnum and Zukoski, 1999, Sedgwick et al., 2007], alcohols [Liu et al., 2004]
and molecular crowding [Bonneté and Vivarès, 2002,Vivarès et al., 2002,Finet and Tardieu, 2001].
However, the influence of pressure on the structure and protein-protein interaction potential of
dense protein solutions as a function of the above mentioned thermodynamic solution parameters
is still largely unknown. Moreover, biophysical studies on pressure effects on protein temperature-
pressure stability have mainly been carried out under dilute solution conditions and not under
conditions as encountered in the intracellular environment where molecular crowding is prevailing,
which has large effects on protein stability and folding rates [Ellis, 2001,Winter et al., 2007]. Thus,
even though from highly importance, the underlying mechanisms of the solvent-mediated stabiliza-
tion of macromolecules and, in particular, the linkage to the intermolecular interactions between
proteins in a crowded environment (see section 2.1.1) as well as in presence of organic osmolytes
(see section 2.1.2) as encountered in the living cell at ambient as well as at elevated pressures are
still largely terra incognita.
Pressure modulation allows for fine tuning of the intermolecular distances in solution and thereby
for exploring the intermolecular interactions governing the spatial arrangement of the proteins in
solutions in detail. The studies carried out so far on the pressure dependence of intermolecular
interaction between lysozyme6 molecules, representing the starting point for this thesis, are sum-
marized in this section. While first studies of the effect of single organic osmolytes and binary
mixtures thereof on structural and dynamical properties of proteins in solution at high hydrostatic
pressures show interesting features, data of the effects of more complex mixtures on the pressure-
dependent protein-protein interaction potential are missing.
In this thesis, we focus on osmolyte mixtures mimicking cellular fluids encountered in deep-sea
organisms, such as shallow- and deep-living crabs, skates and shrimps [Kelly and Yancey, 1999], in
order to go one-step further towards a better understanding of ‘real’ biological intracellular fluids

6The monomeric protein lysozyme reportedly remains in its native conformation up to pressures of 5 kbar and
is therefore well suited to investigate the changes in intermolecular interactions [Schroer et al., 2011a].
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as they appear in cellulo, and reveal details and differential effects of their protecting properties
(see section 5). Further, the effect of the crowded cellular environment is mimicked using the syn-
thetic, biocompatible polymer polyethylene glycol (PEG), the macromolecular crowder Ficoll PM
70/400 as well as its subunit sucrose as crowding agents (see sections 4 and 7), to reveal how nano-
and macromolecular crowding modulates the protein pair-interaction potential at high pressures.

Impact of the Water Structure on the Pressure Dependent Protein Pair-Interaction

The structural properties of water at elevated pressures have significant implications for the in-
termolecular pair-interactions in dense protein solutions, since only a few water layers separate
two adjacent protein molecules. In fact, pressures in the kbar-range modify transport properties
of water, such as viscosity and diffusion coefficient, in a non-monotonically manner. The diffusion
coefficient exhibits a maximum around ∼ 2 kbar [Ludwig, 2001, Wilbur et al., 1976] and for the
shear viscosity a minimum at 1 - 2 kbar is reported [Debenedetti, 2003]. Within the limit of 5
kbar, marked structural changes are observed in the local water network, such as a rapid and
monotonic increase of the coordination number of a water molecules starting at 2 kbar from 4 to
6.5 at 5 kbar, which is attributed to the penetration of non-hydrogen bonded water molecules into
the first hydration shell (e.g. collapse of the second hydration shell) [Soper and Ricci, 2000,Weck
et al., 2009,Katayama et al., 2010,Okhulkov et al., 1994]. As a consequence of the higher coordi-
nation number and increased density conformation of water surrounding another water molecule,
a decreased mobility and increased structural order in the hydration shells are reported [Sciortino
et al., 1991]. The average binding energy decreases and hydrophobic interactions are favored at
elevated pressures, since the hydration costs of non-polar residues decrease [Meersman et al., 2013].
In a previous HHP SAXS study on dense lysozyme solutions in pure buffer solution [Schroer et al.,
2011a], the protein pair-interaction potential was modeled in the framework of the Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory by a sum of a hard sphere potential, a repulsive screened
Coulomb potential and an attractive Yukawian type part (see section 2.2.3). Leaving the first two
parts unaltered, for lysozyme solutions a non-monotonic dependence of the attractive potential
with rising pressure was found. The amplitude J of the attractive part shows a minimum at a
pressure of ∼ 1.6 kbar, coinciding with the above mentioned structural changes in the solvent
structure upon pressurization. A pressure increase up to ∼ 1.6 kbar results in a decrease of the
mean intermolecular distance of the proteins in the compressed solution, dlys, and concomitantly
the strength, J , of the attractive part of the pair-interaction potential [Ortore et al., 2009], followed
by a trend reversal upon further pressurization [Schroer et al., 2011a] (see Figure 2.15, dashed ma-
genta line). The origin of such an increase in attraction and growing intermolecular spacing upon
further compression was suggested to be due to structural changes in the water H-bond network,
notably a collapse of the second hydration shell of water [Soper and Ricci, 2000,Katayama et al.,
2010,Ludwig, 2001,Weck et al., 2009]. The relaxation of the intermolecular repulsion at pressures
above 2 kbar and hindrance of closest approach, prevents the proteins from aggregation [Schroer
et al., 2011a].

Impact of Organic Osmolytes on the Pressure Dependent Protein Pair-Interaction

A previous HHP Small angle X-ray study on the intermolecular interaction in dense lysozyme
solutions in absence and presence of cosolvent mixtures of the deep-sea osmolyte TMAO and
denaturant urea at different ratios revealed, that, in contrast to urea, TMAO shifts the minimum of
the strength of the attractive Yukawian part, J , of the effective protein-protein interaction (DLVO)
potential to higher pressures (see Figure 2.15 (a)+(b)) [Schroer et al., 2011b]. This effect, scaling
with osmolyte concentration, was rationalized by the stabilizing effect of TMAO on the hydrogen
bond network of the water structure against pressure effects by enhancing the number of strong
H-bonds [Panuszko et al., 2009,Bennion and Daggett, 2004,Wei et al., 2010]. The influence of the
urea-TMAO mixtures on the protein-protein interaction significantly depends on the mixing ratio.
In accordance with the finding, that TMAO also counteracts perturbations by the denaturant
urea in deep-sea organisms [Yancey, 2005], the counterbalancing effect on urea is greatest at a
physiological urea:TMAO ratio of 2:1 (see Figure 2.15 (c)) [Yancey and Somero, 1979,Yancey and
Somero, 1980]. Complementary thermodynamic DSC measurements report that the counteracting
effect of both osmolytes on protein-protein interactions is also reflected in protein stability (Tm).
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(a)  (b)  (c)  

Figure 2.15: Pressure dependence of the attractive interaction of lysozyme molecules in pure buffer
(dashed magenta line) and in single osmolyte solutions of (a) TMAO, (b) urea, as well as in mixtures
thereof (c). Reprinted from [Schroer et al., 2011b] with permission of John Wiley & Sons, Inc.,
Copyright c© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Whilst the presence of the compatible osmolyte glycerol (data not shown here) as well as the
denaturant urea induce an increased repulsion between the proteins which is also preserved at
elevated pressures, they do not alter the pressure dependence of the pair-interaction found for the
pure buffer system [Schroer et al., 2011b].

Impact of Salt on the Pressure Dependent Protein Pair-Interaction

The Hofmeister series [Hofmeister, 1988,Kunz et al., 2004] (here: for anions)

CO2−
3 > SO2−

4 < S2O2−
3 > H2PO−4 > F− > Cl− > Br− ∼ NO−3 > I− > ClO−4 > SCN− (2.30)

ranks the relative impact of ions on physico-chemical processes in aqueous solution such as pro-
tein folding, colloidal assembly, protein crystallization, and enzymatic activity [Collins et al.,
2007, Collins, 2006, Cacace et al., 1997, Tobias and Hemminger, 2008, Jungwirth and Winter,
2008,Zhang et al., 2006]. This behavior is more pronounced for anions than cations. Kosmotropic
ions (Eq. (2.30), left from Cl−) are strongly hydrated and have the ability to precipitate proteins
from aqueous solution and prevent protein unfolding, whilst chaotropic ions (Eq. (2.30), right from
Cl−) are weakly hydrated, increase solubility and promote the denaturation of the proteins. It
was originally believed that ions affect the physical properties of macromolecules in aqueous solu-
tion by making or breaking water structure. Kosmotropes (e.g. small, high charge-density cations
and anions) reinforce the water hydrogen bond network whilst chaotropes (e.g. large cations and
anions) exert the opposite effect [Marcus, 2009, Galamba, 2013, Ohtaki and Radnai, 1993, Collins
and Washabaugh, 1985]. However, recent studies found that the ions have no long-ranged effects
on bulk water structure and the hydrogen-bond network is not significantly changed upon addition
of specific ions [Omta et al., 2003, Batchelor et al., 2004, Smith et al., 2007]. All the evidence
suggests, that water structure making and breaking are not central in the phenomena related to
the Hofmeister series. Instead, they might be explained by direct interactions between the ions
and macromolecules as well as with the water molecules in their adjacent hydration shells [Zhang
et al., 2006,Zhang and Cremer, 2010,Zhang et al., 2005].
In the recent years, the impact of specific ions on the protein-protein interactions in aqueous solu-
tion at ambient pressure has been extensively studied under several solution conditions [Le Brun
et al., 2009,Curtis et al., 2002,Curtis et al., 1998,Tardieu et al., 1999,Ducruix et al., 1996]. [Curtis
et al., 1998,Curtis et al., 2002,Muschol and Rosenberger, 1995] report that the forces contributing
to the effective protein pair-interaction in salt-containing solutions cannot be described by simple
DLVO theory and an extension in form of an osmotic attraction potential, since specific interactions
like ion binding to the protein surface as well as hydration forces are supposed to be operative. A
previous study on the impact of specific anion effects on the pressure dependent spatial organiza-
tion and intermolecular interaction potential of the protein lysozyme in salt (Cl−, SO2−

4 , PO3−
4 )

solutions, reveals a strong dependency on salt identity and their location within Hofmeister series,
in particular upon compression (the counter ion being Na+ for all salts) [Möller et al., 2014b].
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Notably, for sodium chloride (NaCl), being in the middle of the Hofmeister series, no detectable
changes of the non-linear pressure dependence are observed in protein solutions at high NaCl con-
centrations [Möller et al., 2012]. Here, the main effect of the salt on the intermolecular interactions
can be explained by electrostatic charge screening and the concomitant decrease of the effective
electrostatic repulsion between the proteins [Zhang et al., 2007,Zhang et al., 2012b,Tardieu et al.,
1999]. Consequently, sodium chloride was employed in this thesis for the purpose of simply fine-
tuning the long-ranged electrostatic Coulomb repulsion and, thereby, the mean intermolecular
spacing between the proteins dissolved in aqueous solutions of molecular crowding agents.

Impact of Protein Concentration (Self-Crowding) on the Pressure Dependent Protein
Pair-Interaction

Enhanced with increasing strength (I = 0 - 100 mM NaCl), an increase of the protein concen-
tration (c = 5 - 20% (w/v)) was found to render the protein pair-interaction in dense lysozyme
solutions more repulsive (i.e. reduces the strength J of the attractive part VY(r)) [Möller et al.,
2012], concomitant with the decrease of intermolecular distances between the proteins in the more
crowded environment. The pressure dependence of the effective pair interaction reportedly remains
unaltered by self-crowding, however [Möller et al., 2012,Schroer et al., 2011a].

Impact of Temperature on the Pressure Dependent Protein Pair-Interaction

A previous HHP small-angle X-ray study on dense lysozyme solutions of elevated ionic strength (I
= 0 - 100 mM NaCl) as a function of temperature (T = 8 - 45 C◦), reports that temperature does
not lead to marked changes of the non-linear pressure dependence of the intermolecular interactions
[Möller et al., 2012,Schroer et al., 2011a]. An increased attractivity is observed upon temperature
decrease, only [Tardieu et al., 1999]. Again, the pressure dependence of the intermolecular forces
seems to be dominated by changes in the water structure.

2.3.4 Pressure Effects on Protein Liquid-Liquid Phase Behavior and
Crystallization

The formation of a LLPS in protein aqueous solutions has received tremendous recognition in re-
cent years [Cardinaux et al., 2007]. The physics of LLPS are highly relevant for the understanding
of the assembly and disassembly, composition and physical properties of biomolecular condensates
as found in cellulo [Banani et al., 2017, Long et al., 2005], as well as their implications on cel-
lular function in presence of external stresses like high hydrostatic pressure (HHP) or molecular
crowding. Spatiotemporal control of biological processes is vitally important for cellular function.
Either intracellular membrane-less organelles or membrane-bound vesicles were found to further
compartmentalize the cell, achieving the necessary physical separation of the cellular compounds
and processes. Recent studies suggest that these membrane-less organelles are multicomponent
viscous liquid droplets, which form via segregation of molecules from complex mixtures by sponta-
neous liquid-liquid phase separation (LLPS) [Brangwynne et al., 2015]. Moreover, the propagation
by division and subsequent growth of such active self-organized liquid droplets (coacervates) may
even serve as model for prebiotic protocells [Keating, 2012].
Whilst the macromolecular diversity in cytoplasm abounds and the effective concentration of bi-
ological macromolecules in cell is high as 80 - 400 mg mL−1, the concentration of the individual
species are generally to low for phase separation to occur [Luby-Phelps, 1999] (i.e. protein liquid-
liquid phase separation generally does not occur at concentrations below 7 - 10%, which are seldom
achieved by a single macromolecular species in cellulo). Still, solutions of different macromolecule
species tend to phase separate upon mixing above certain concentrations. The requirements for
multi phase separation in the liquid phase of the cytoplasm are met by both the diversity of pro-
teins present at high concentrations in the liquid phase and macromolecular crowding [Walter and
Brooks, 1995,Walter, 1999]. In presence of inert ’background’ molecules the volume available for a
single molecule is significantly reduced and the local concentration of the solutes can be effectively
increased. Thereby, phase separation can take place at concentrations much lower than in absence
absence of uninvolved species (crowding) [Johansson et al., 1999].
Due to the strong correlation of the phase boundaries for metastable liquid-liquid and sold-liquid
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phase transitions [Broide et al., 1996], optimum solution conditions for the protein nucleation and
crystal growth process can also be efficiently developed from the LLPS [Ten Wolde and Frenkel,
1997, Lutsko and Nicolis, 2006, Vekilov, 2004]. Next to electrostatic forces in the case of salt, en-
tropic excluded volume effects/osmotic depletion forces are also widely used as protein-precipitant
interaction in obtaining protein crystals for X-ray crystallography. Here, polymeric precipitants
such as PEG (200 < Mw < 20000 Da) are often employed in order to determine the structure of
higher molecular weight (generally > 30 kDa) biomolecules [Vergara et al., 2006, Tardieu et al.,
2001]. Thus, understanding of the underlying mechanisms and the structural biochemistry of pro-
teins is important for protein crystallography [Zhang et al., 2012b].
At high protein concentrations, metastable liquid-liquid phase separation into coexisting dilute
and dense protein-rich liquid phases have been revealed for different proteins (e.g. lysozyme, γ-
crystallin, hemoglobin, bovine serum albumin (BSA), horse spleen apoferritin) as a function of
pH [Taratuta et al., 1990], protein concentration [Broide et al., 1996, Zhang et al., 2012c] as well
as in the presence of additives such as salts [Möller et al., 2014a, Schulze et al., 2016, Muschol
and Rosenberger, 1997, Taratuta et al., 1990, Zhang and Cremer, 2009, Broide et al., 1996] and
polymers [Vivarès and Bonneté, 2004, Annunziata et al., 2002, Annunziata et al., 2003, Wang and
Annunziata, 2007, Tanaka and Ataka, 2002, Galkin and Vekilov, 2000]. Whilst is a broad consen-
sus, that transition into the liquid phase is driven by attractive interactions between the protein
molecules [Dumetz et al., 2008], specific details on these interaction, especially in a crowded envi-
ronment remain elusive. In this thesis, we explore the effect of high concentration of ’background’
molecules on the LLPS boundaries at ambient and at elevated pressures.
Of note, in this thesis we consider the phase behavior of native proteins that do not undergo any
significant conformational changes in the formation of native precipitates during LLPS, physical
phenomena like the formation of gels and of amorphous aggregates are beyond the scope of this
work [Cardinaux et al., 2007, Gibaud and Schurtenberger, 2009, Gibaud et al., 2012, Poon et al.,
1997].7
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Figure 2.16: (a) Schematic representation of a typical phase diagram observed for short-ranged (d
∼ 3 Å) attractive interactions. The protein solution exhibits a critical point at the temperature
and protein concentration pair (cc, Tc). (b) Sketch of the temperature- and protein concentration-
dependent liquid-liquid phase transition at ambient pressure.

A typical protein phase diagram as observed for lysozyme [Ishimoto and Tanaka, 1977,Taratuta
et al., 1990, Muschol and Rosenberger, 1997] and γ-crystallins [Thomson et al., 1987, Berland
et al., 1992, Lomakin et al., 1996, Liu et al., 1996] in the protein concentration - temperature

7Of note, aggregation (i.e. the assembly of proteins into amorphous clusters) is no phase transition, since no
macroscopic phase forms [Asherie, 2004]
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(cprotein,T )-plane is depicted in Figure 2.16 (a). Here, the decreasing temperature T is equivalent
to increasing the attraction between proteins, i.e. repulsive interactions increase the solubility
whilst increasing attraction promotes crystal growth. Different regions can be distinguished in
the phase diagram. Above the solubility curve, the proteins are soluble in an under-saturated
solution. The region below the solubility line is thermodynamically metastable with respect to
crystallization [Broide et al., 1996, Asherie et al., 1996]. Density fluctuations near LLPS reduce
the free energy barrier of crystallization (i.e. regions of high protein concentration correspond
to a large supersaturation), resulting in an enhanced crystal nucleation rate by many orders of
magnitude [Ten Wolde and Frenkel, 1997,Vekilov, 2004,Lutsko and Nicolis, 2006,Rosenbaum et al.,
1996,Asherie et al., 1996]. The metastable, dense liquid-liquid phase emerges spontaneously from
the gas-like phase in absence of crystal nucleation upon cooling below the critical temperature
(i.e. cloud-point temperature), Tcloud, and denotes a critical intermediate on the path towards
crystallization [Berland et al., 1992,Muschol and Rosenberger, 1997]. Below the binodal, strong and
long-lived density fluctuations and long-range spatial correlations between the particles occur (ξ:
correlation length). A dense liquid rich in protein is formed in equilibrium with its supernatant. The
reversible white precipitate can be separated by ultracentrifugation into two clear phases delimited
by a sharp meniscus [Dumetz, 2007]. In the LLPS two liquid protein phases coexist in form of
microscopic droplets (coacervates) of highly concentrated protein dispersed in a solution of lower
protein concentration (see Figure 2.16 (b)). As the size of these region approach the wavelength of
visible light, the scattering at the droplets renders the solution opaque for visible light (so called:
critical opalescence) [Nägele, 2008]. Over time, the metastable liquid phase decays into the solid
phase. For lysozyme, the crystallization process from LLPS is slow and the LLPS is reported to
be reversible without hysteresis [Galkin and Vekilov, 2000]. The effects of protein concentration,
temperature and the characteristics of the solvent (i.e. pH, ionic strength, concentration and
identity of buffer and any additives like polymer or organic compounds) on the liquid-liquid phase
behavior of various proteins have been subject of thorough investigations. The phase diagrams
reported for different proteins quantitatively differ, revealing that simple mutations can have huge
effects on the phase behavior [Liu et al., 1996].

Theoretical Phase Diagram

The effective shape of the phase diagram and the position of stable and metastable phase sep-
arations/transitions are the direct consequence of the forces acting on proteins in solution and
also can vary considerably with changes in solution conditions and in the composition of the
solvent. Despite its apparent complexity, some aspects of the protein phase behavior (i.e. the
occurrence of a metastable LLPS region for lysozyme and γ-crystallins) can be explained in terms
of theoretical colloid physics of critical phenomena using simple interaction potentials [Schurten-
berger et al., 1989, Manno et al., 2003, Yeomans, 1992]. An atomic material such as Argon can
form gas, liquid and solid phases by variations of temperature and pressure. It can exist as a
single state or coexists in 2 - 3 of these phases. Figure 2.17 (a) depicts the schematic density(ρ)-
temperature(T ) and pressure(p)- temperature(T )-diagrams of such a system together with the cor-
responding Lennard-Jones-type interatomic interaction potential [Poon et al., 1996,Nägele, 2008].
The gas-liquid coexistence line terminates in the critical point, (pc, Tc). Beyond the critical tem-
perature, the system is in the fluid phase and there is no distinction between the gas and liquid
state as the density difference between liquid and gas phase cease to exist [Poon et al., 1996]. The
critical point marks the location of a continuous (i.e. 2nd order) phase transition. The critical
point lies above the triple point, where all three phases coexist, indicating the presence of a stable
liquid phase (Tc > Tp). The liquid state only exists between the critical temperature and the tem-
perature at the triple-point. The critical temperature, Tc, approximately denotes the temperature
at which the thermal energy of the atoms is equal to the energy associated to the minimum of
the interatomic interaction potential: ε ∼ kBTc. Now, we consider a one-component system of
hard-sphere-like particles. In the simplest case, the system involves only entropic excluded volume
interactions, i.e. as described by a repulsive hard-sphere potential, VHS. The particles feel an
infinite repulsive force when touching but no force otherwise [Poon et al., 1996] (see Figure 2.17
(b)). In a colloidal suspension of hard particles, the interaction energy, U , is zero.
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Figure 2.17: Schematic representation of interaction potentials and phase diagrams. (a) Lennard
Jones interaction potential for two particles with centers separated by the distance r, and the
theoretical phase diagram featuring a triple point. (b) Phase diagram for a purely repulsive hard-
sphere potential, VHS(r). There is no liquid phase. (c) Typical phase diagrams for short-range
attractive potentials in Yukawa form for different values of the potential range d.
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Since the phase behavior of the system is determined by minimizing the free energy F = U−TS,
of the system, it is determined by maximizing the entropy S. The absence of interparticle attraction
implies that the critical temperature equals zero. Thus, a system of hard-spheres should exhibit
a phase behavior similar to the one of a simple atomic substance (e.g. Argon, see Figure 2.17
(a)) above its critical point. There is no liquid state, but the low-density fluid freezes directly to a
high-density crystalline solid [Poon et al., 1996]. At high colloid volume fraction (typically ∼ 50%),
the crystallization of hard spheres is entropically favored over the metastable fluid phase at the
same density, since the particles have more freedom of movement in the crystal phase. Hence, the
entropy-driven phase behavior of a simple system of N hard spheres with radius R is independent
of the temperature and only controlled by the colloids volume fraction, Φ = 4

3πR
3
(
N
V

)
. Here, V

is the volume of the system.
To provide the cohesive energy for the transition into the stable liquid phase, attractive interpar-
ticle forces with a sufficiently large spatial range d have to be present, since the gap between Tc

and the triple point temperature, where the liquid state exists, decreases with the range of the
interparticle attraction. [Hagen and Frenkel, 1994] and [Foffi et al., 2002] investigated the phase
behavior of particles interacting through short-range attractive potential in Yukawa form for dif-
ferent values of the potential range d. As depicted in Figure 2.17 (c), the ratio of range of the
interaction to the diameter of the particle is the main parameter in describing the phase diagram.
If the range of attraction is long in comparison to the hard core diameter of the colloid, d > σ/6,
the critical point is well above the triple point temperature and the phase diagram of the colloidal
suspension resembles that of an atomic substance (e.g. Argon, see Figure 2.17 (a)). The two
characteristic temperatures coincide when the range of attraction equals roughly one sixth of the
range of repulsion (i.e. effective hard-core diameter σ). The gas-liquid coexistence region survives
by moving underneath the fluid-crystal coexistence curve, forming a metastable state [Muschol and
Rosenberger, 1997]. For d < σ/6 the critical point has crossed the sublimation line and no stable
liquid phase can exist [Hagen and Frenkel, 1994]. Only the fluid and crystal phases are found
as the triple point vanishes and the liquid region ceases to exists [Poon et al., 1996, Hagen and
Frenkel, 1994,Foffi et al., 2002]. By reducing the range of the attractive interaction, the gas-liquid
phase transition becomes more and more hindered by the solid-liquid coexistence line [Hagen and
Frenkel, 1994, Rosenbaum et al., 1996, Noro and Frenkel, 2000, Foffi et al., 2002]. To conclude,
the occurrence of a metastable liquid-gas region in the the Φ-T -phase diagram is the direct conse-
quence of the short-ranged nature of the forces acting on the particles and crucially depends on the
range of the attractive interaction potential relative to the particles diameter [Hagen and Frenkel,
1994,Foffi et al., 2002].

Hence, theoretical predictions of the protein phase behavior in a completely charge-screened
system can be made with a simple model of colloidal particles displaying short-ranged attractive
pair-interactions [Rosenbaum et al., 1996] as proteins can be considered as colloids in many aspects.
For small proteins, the van der Waals interaction potential (including other contributions such as
hydrogen bonding, hydration forces, etc.) tend to be short ranged in comparison to the protein size
and can be modeled by an attractive short-ranged Yukawian potential (see section 2.2.3) [Malfois
et al., 1996,Tardieu et al., 1999]. Van der Waals interactions quantified by Hamaker constants in
the order of a few kBT become significant at surface-to-surface separations of ∼ σ/10. Solvation
and structural forces act over the range of 1-5 solvent diameters, whilst hydrogen bonds and salt
bridges become relevant at separations of one solvent layer, only. The phase diagram shown in
Figure 2.17 (c) (d ∼ 1/6 σ) is most appropriate to describe protein phase behavior qualitatively.
In full analogy to molecular fluid phase behavior, the fluid-crystal equilibrium (sublimation line)
corresponds to the equilibrium of the protein crystals with their supernatant (i.e. crystal solubility
line) and the liquid-liquid binodal can be understood as the gas-liquid coexistence curve (see Figure
2.16 (a)). In the LLPS region, a dense liquid rich in protein (the theoretical liquid) separates from
a liquid dilute in protein (the theoretical gas8) [Dumetz et al., 2008].
As stated earlier, there is a close linkage between the existence of a liquid state and the range of
interparticle attraction relative to the hard-sphere repulsion. The range of the effective protein-
protein interaction can be changed by changing the pH and the salt concentration. Further, in

8The theoretical gas phase corresponds to a liquid in which protein motion shares characteristics of the Brownian
motion of gas molecules [Dumetz, 2007].
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binary system such as a size-asymmetric dispersion of colloid hard spheres or mixtures of colloids
and non-adsorbing polymer (i.e. polyethylene glycol) a liquid-gas demixing transition may occur
due to the entropy-driven depletion mechanism [Nägele, 2008, Ilett et al., 1995,Poon et al., 1997].
In the case of a polymer-colloid mixture, the entropically favored depletion of polymer from the
intermediate region of two colloidal particles induces an attractive interaction between the colloids,
whose range is determined by the effective polymer size and strength is set by the polymer con-
centration (see section 2.2.2) [Asakura and Oosawa, 1958, Vrij, 1976]. Under suitable conditions
(i.e. the range of the depletion attraction exceeds ∼25 - 30% of the particle’s radius) the colloid-
polymer mixtures can undergo phase separation into colloid-rich and colloid poor regions [Poon
et al., 1996, Ilett et al., 1995].
In this thesis, by employing more than three orders of magnitude of the polymer’s molecular weight
(Mw ∼ 200 – 35000 g mol−1) at concentrations crossing from the dilute to the semi-dilute polymer
regime and the polysaccharide Ficoll PM 70, we explore their effect the protein’s phase behavior
by the impact of the size and shape of the crowding agent (see chapter 4 and 7). Changes in
the phase boundaries reveal modulations in the intermolecular interaction forces, which drive the
phase transition.

Pressure Effects on the Protein Phase Behavior

(a) (b)

c  protein

T / °C

p / bar16001
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HP-LLPSLP-LLPS
homogeneous
       phase

- p + p 

Figure 2.18: (a) p-T -c phase diagram for the monomeric protein lysozyme in the LLPS region.
Picture reprinted with permission from [Schulze et al., 2016]. (b) Sketch of the Pressure dependent
re-entrant liquid-liquid phase separation at constant protein concentration, cprotein, and tempera-
ture, T .

Crystallization requires the protein’s chemical potential to exceed the chemical potential of
the protein crystal (e.g. by temperature, protein concentration, salt concentration, addition of
cosolutes, pressure) whilst not reaching the level where amorphous precipitates are formed. Previ-
ous studies have shown, that an increase of the protein solubility and the concomitant decrease of
chemical potential of the protein upon pressurization reduces the proteins activity coefficient [Webb
et al., 1999,Waghmare et al., 2000,Gross and Jaenicke, 1994]. The pressure-induced linear increase
of lysozyme solubility at ∼ 2500 bar averages 40% over that at atmospheric pressure [Webb et al.,
1999, Lorber et al., 1996, Takano et al., 1997]. In situ-observations on the crystallization of hen
egg white lysozyme report a non-linear decrease in crystal growth rate with increasing pressure to
value of nearly zero at ∼ 1 kbar, arresting upon further pressurization in a wide pressure range
until crystal dissolution into the solvent occurs [Takano et al., 1997,Suzuki et al., 1994].
Previous HHP small-angle X-ray studies on the effect of pressure on the liquid-liquid phase sep-
aration boundaries of dense lysozyme solutions [Möller et al., 2014a, Schulze et al., 2016], report
a re-entrant HHP-LLPS region at elevated pressures. For temperatures right below room temper-
ature and ambient pressure, lysozyme solutions at intermediate protein concentration and high
ionic strength (I = 500 mM) enter the LLPS region. An increase in pressure causes a phase
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transition to the homogeneous phase and upon further pressurization this effect is reversed. This
non-monotonous phase behavior is consistent with the finding that pressure has a increasing re-
pulsive effect on the intermolecular interactions of proteins [Ortore et al., 2009,Russo et al., 2013],
followed by a solvent-mediated rise in attractivity of the protein-protein effective interaction po-
tential at kbar pressures [Schroer et al., 2011a]. This pressure-induced modulation of the inter-
molecular interactions was shown to persist even at high ionic strength [Möller et al., 2012] (see
section 2.3.3). Notably, the non-monotonous pressure dependence of the LLPS boundaries with a
turnover pressure from the low pressure LLPS to the high pressure LLPS at ∼ 1.6 kbar, has been
found to persist even at a high level of self crowding (see Figure 2.18, dashed green line), i.e. the
pressure effect is essentially solvent-mediated. The shift of the phase boundaries to higher temper-
atures with increasing lysozyme concentration, as already found for ambient pressure [Muschol and
Rosenberger, 1997, Taratuta et al., 1990, Broide et al., 1996, Cardinaux et al., 2007], is preserved
upon pressurization.
These studies provide valuable insight into the effects of hydrostatic pressure and self-crowding on
the phase behavior of highly concentrated protein solutions. However, the intracellular environment
is rather multicomponent and better described by a ’crowded’ rather than ’concentrated’ milieu,
as, in general, no individual species may be present at high concentrations [Minton, 1997,Minton,
2000]. Little is known about the intermolecular interactions governing LLPS in more complex
biomolecular systems. Especially their role in maintaining cellular function facing internal and
external stresses factors, such as high osmotic pressure induced by the high fractional occupancy
(> 30%) of ‘background’ molecules, extreme temperatures or high hydrostatic pressures as encoun-
tered in the deep sea, is still largely terra incognita. In this thesis, we have quantified the effect
of multiple crowding scenarios, as encountered in the heterogeneous biological cell, on the protein-
protein interaction potential and the protein’s phase behavior over a wide range of temperatures
and pressures (see section 4 and 7).
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2.4 Small Angle X-ray Scattering (SAXS)

(Ultra) small-angle X-ray scattering is a well established, non-invasive method for analyzing struc-
tures of systems with random arrangement at the mesoscopic scale (1 nm to 1 µm), yielding
physical quantities averaged over the whole sample with almost no approximation or model. This
section introduces the small-angle X-ray experiment as applied to the investigation of soft con-
densed matter as well as the main concepts and methods for the interpretation of SAXS data of
biological macromolecules in solution. The basic principle of small-angle X-ray scattering is, that
charge density fluctuations in the medium (e.g. proteins in solution, inclusions in porous materials,
etc.) give rise to X-ray scattering at small angles (≤ 5◦). Thus, the measurement of the averaged
scattered intensity in dependency of the scattering angle yields so-called ’low-resolution’ structural
information on the medium under investigation. As described in the following sections, in depen-
dency of the wave vector transfer q, various levels of structural organization in the sample can
be resolved from the scattered intensity, I(q) (see Figure 2.19). In a dilute system, this includes
the shape, size and specific surface of the individual particles as well as the spatial arrangement
of material within them. In concentrated systems, we learn from the so-called structure factor
about the mean spatial arrangement of macromolecules in solution and thereby the intermolecular
interaction forces governing them. In this work, small angle X-ray scattering is applied for probing
the tertiary structure of dissolved oligomeric and monomeric proteins, like shape and size, as well
as their spatial arrangement in dense solutions, correlated to the intermolecular forces acting in
solution.
This section is oriented on [Lindner and Zemb, 2002], [Feigin and Svergun, 1987] and [Schroer
et al., 2011b].
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Figure 2.19: Theoretical small-angle X-ray scattering intensities, I(q), computed for various pro-
teins with molecular weights, Mw, ranging from 10 to 300 kDa. The upper axis displays the spatial
resolution ∆ = 2π/q in real space. Picture adapted from [Svergun and Koch, 2002].
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2.4.1 Xray Scattering from Discrete Particles in Dilute and Concen-
trated Suspensions

Figure 2.20 shows the sketch of a typical small-angle X-ray experiment. A plane monochromatic
electromagnetic wave,

EI(R
′, t) ≡ E0 · exp(i(k0 ·R′ − ωt)), (2.31)

characterized by angular frequency ω and wave vector k0, is incident on the system of interest (e.g.
suspension of colloids or a solution of proteins or polymers) at position R′. The wave vector k0

specifies the direction of wave propagation. For the remainder, we consider the electric vector E0

being polarized perpendicular to the scattering plane (plane of the paper). Inhomogeneities within
the medium, associated with (electric charge) density fluctuations, cause some of the radiation to
scatter (with the same polarization) away from the incident direction. The intensity of the scattered
wave with wave vector kS is recorded at the scattering angle 2Θ by a detector, which is separated
from the sample by the distance L. In the experiment, the part of the beam not interacting with
the medium is removed by a beamstop (see section 3.2.1). The wave vector transfer, q , is defined
as the difference between the wave vectors of the incident and the scattered wave

q = kS − k0. (2.32)

We assume a ’quasi-elastic’ scattering process with only very small changes in the incident beams
wavelength, λ, by the medium. Hence, the moduli of the wave vectors of both incident, k0, and
scattered wave, k0, are described by

|kS | = |k0 | = k =
2π

λ
. (2.33)

The magnitude, q, of the wave-vector transfer (Eq. (2.32)) results in

q = |q | = 4π

λ
sin(2Θ/2). (2.34)

2θ

kS

k0

q

L

Figure 2.20: Scattering geometry of a typical small-angle X-ray scattering experiment.

We now consider a sample of N discrete particles (e.g. proteins, polymers or colloids) with
Volume Vj suspended in a liquid (see Fig. 2.21). The center of mass of a particle j in the overall
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scattering volume V , relative to an arbitrary origin O, is described by the position vector Rj(t).
In general, the X-ray scattering ability of a sample is related to its direct structure, described
by the local electric charge density, ρ(R′, t), at the position R′ relative to the average electric
charge density, ρ0, of the medium. As the incident plane wave propagates through the medium, its
alternating electric field (Eq. (2.31)) induces a dipole moment of the strength E0[ρ(R′, t)− ρ0]dV
in the infinitesimal volume element dV [Als-Nielsen and McMorrow, 2011]. The elementary dipole
oscillates with frequency ω and emits (scatters) a spherical secondary wave propagating in all
directions. For weak scattering fields it can be assumed that the incident wave is only scattered
once and the probability of higher-order scattering of the secondary waves is negligible. The
superposition of the secondary waves gives the first approximation to the scattering wave (first
Born approximation) [Landau and Lifshitz, 1985]. Hence, the amplitude of the electric field,
ES(R, t), of the radiation scattered by a sample of volume V to a observation point at position R
in the far field, corresponds to the sum of the amplitudes of the electric fields, dES(R, t), scattered
by the volume elements dV placed at R′.

ES(R, t) =

∫
V

dES(R, t) (2.35a)

dES(R, t) = −k
2E0

4π
· exp[i(kS · (R −R′)− ωt)]

|R −R′|
·
[
ρ(R′, t)− ρ0

ρ0

]
dV · exp(ik0 ·R′)

= −k
2E0

4π
· exp(i(kR− ωt)

L
·
[
ρ(R′, t)− ρ0

ρ0

]
dV · exp(−iq ·R′).

(2.35b)

Here, we used Eq. (2.32) and the ’far field approximation’ |R−R′| ≈ |R| = L, which is appropriate
for a large distance between sample and observation point in comparison to the dimensions of the
scattering volume.

k0

O R  j

R  j+1

dV  j

r   j+1

V 

r   j

r 
r - r  j

Vj+1

k  || (r - r ) S j

R‘ 

q

2θ

R

Figure 2.21: Coordinates for discrete scatterers suspended in a liquid. Relative to an arbitrary
origin O, Rj(t) is the position of the center of mass of the particle j and R′ = Rj(t) + rj the
position of the volume element dVj(=d3rj) in particle j. The scattered radiation emanating from
dVj is detected at the observation point at the position R with |R| = L.

In a totally homogeneous medium with constant electric charge density, ρ(R′, t) = ρ0, the
radiation would pass the sample undeviated. For particles with dimensions much larger than

45



internal structural inhomogeneities, the scattering ability of a single particle j by X-rays can be
characterized by a continuous electric charge density distribution ρ(P )(R′, t) [Porod, 1982]. In a
solution of N particles in the scattering volume V , the scattering arises from three contributing
parts [Pusey, 2002]:

ρ(R′, t)− ρ0 = ρ(P )(R′, t)− ρ(L) (R′ inside any particle)

+ ρ(L)(R′, t)− ρ(L) (R′ outside all particle)

+ ρ(L) − ρ0 (R′ anywhere in V ).

(2.36)

The first term in Eq. (2.36) accounts for the scattering by the difference between the electric charge
density of the particle, ρ(P )(R′, t), and that of the liquid in which the particle is suspended, ρ(L).
The second contribution arises from density and/or concentration fluctuations in the suspension
medium itself, ρ(L)(R′, t), as found for mixtures of liquids or solutions of small molecules. For
solvent molecules much smaller than the particle, as being the case for water molecules in aqueous
protein solutions, the signal is constant in the relevant q-range and is simply proportional to the
isothermal compressibility [Orthaber et al., 2000]. In the further course of this section, the intensity
of this ’background’ scattering is assumed to be negligible. Inserting the third term of Eq. (2.36)
in Eq. (2.35), results in a contribution proportional to

∫
V

exp(−iq ·R′) dV , since (ρ(L)− ρ0) does
not depend on the position R′:9

(ρ(L) − ρ0)

∫
V

exp(iq ·R′) dV = (ρ(L) − ρ0) δ(q). (2.37)

This integral describes the diffraction of the beam by the entire scattering volume, V . For scattering
volume dimensions much larger than the wavelength of the incident radiation, Eq. (2.37) peaks at
q = 0 and therefore this contribution can be neglected [Goodisman and Brumberger, 1973]. The
local electric charge distribution at position rj in particle j can be described by

ρ(P )(R′, t) =

N∑
j=1

δ[R′ − (Rj(t) + rj)] ρ
(P )(rj , t)dVj . (2.38)

The total electric field, scattered by the particle j to the observation point R, emerges to

Ej(R, t) = −k
2E0

4π
· exp(i(kR− ωt))

L
·

[∫
Vj

[
ρ(P )(rj , t)− ρ(L)

ρ0

]
exp(−iq · rj) d3rj

]
exp(−iq ·Rj(t))

= −E0 ·
exp(i(kR− ωt))

L
·

[∫
Vj

∆ρ(P )(rj , t) exp(−iq · rj) d3rj

]
exp(−iq ·Rj(t)).

(2.39)

For a given orientation, the normalized amplitude scattered by the particle j, is given by

Fj(q , t) =

∫
Vj

∆ρ(P )(rj , t) exp(iq · rj) d3rj . (2.40)

Thus, the scattering amplitude, Fj(q , t), of the particle j is the Fourier transform of its electric
charge distribution, ∆ρ(P )(rj , t), characterizing its shape and size. Expanding to a system of j =
1 ... N particles, the sum of the fields, Ej(R, t), scattered by the individual particles j yields the
total scattered electric field

ES(R, t) =

N∑
j=1

Ej(R, t)

= −E0 ·
exp(i(kR− ωt))

L

N∑
j=1

Fj(q , t) exp(−iq ·Rj(t)).

(2.41)

9Basic properties of δ-distribution:∫ ∞
−∞

δ(x)dx = 1 and δ(x− a) = 0 when x 6= a
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In the experiment, the intensity of the scattered radiation is measured rather than the electric
field. Intensity and electric field of the wave scattered to the observation point R are related by

I(q , t) = |ES(q , t)|2

=
I0
L2

N∑
j=1

N∑
k=1

Fj(q , t)F
∗
k (q , t) exp(−q · (Rj(t)−Rk(t)),

(2.42)

wherein I0 = E2
0 is the intensity of the incident beam. Squaring the scattering amplitudes, ES(q , t),

cancels out the imaginary part specifying the phase relations. The scattering intensity, I(q , t),
recorded in a scattering experiment is a real number and cannot be simply inverted to yield the
electron distribution within the sample [Als-Nielsen and McMorrow, 2011]. Moreover, the sign
of the scattering contrast ∆ρ(P ) in (Eq. (2.40)) is lost. As a consequence, two complementary
structures with electron densities equal according to amount and of opposite sign produce the
same scattering signal. This is also referred to as the Babinet Principle in optics [Spalla, 2002].
Due to Brownian dynamics, the particles are diffusing in time through the volume within in
sample exposed to the beam. Since the scattering intensity changes for the different positions
and orientations of the particles, the average in time is the measured quantity. For an ergodic
system, the time average is equal to the statistical average10 〈...〉Ω over the available positions and
orientations of the particles [Spalla, 2002]. This applies to an assembly of discrete particles in a
liquid, which is spatially isotropic on average, and the average intensity scattered by this kind of
system is generally described by

I(q) := 〈I(q)〉Ω

=
I0
L2

〈
N∑
j=1

N∑
k=1

Fj(q)F ∗k (q) exp(−q · (Rj −Rk))

〉
Ω

.
(2.43)

Assuming an isotropic system, the average scattering intensity is written as a function of the
modulus q = |q | of the scattering vector. Concomitant with I(q) not being dependent on the
orientation of q , the information on the spatial order of the particles is lost. In the general case of
polydisperse and non-spherical particles, the form factors Fj(q) vary from particle to particle. To
simplify the description, only identical (non-spherical) particles are treated in the remainder of this
section, only differing in their spatial location and orientation. We assume the relative orientation
of the particles is not influenced by their separating distance. Thus, the form amplitudes, Fj(q),
are uncorrelated. Within this so-called decoupling approximation, which is valid for not too high
particle concentrations, Eq. (2.43) can be written as

I(q) =
I0
L2

〈
N∑
j=1

N∑
k=1

〈Fj(q)F ∗k (q)〉Ω exp(−q · (Rj −Rk))

〉
Ω

. (2.44)

The average of the form amplitudes 〈Fj(q)F ∗k (q)〉Ω, weighted by the distribution of particle ori-
entations, can be decomposed to11

〈Fj(q)F ∗k (q)〉Ω = [
〈
|F (q)|2

〉
Ω
− |〈F (q)〉Ω|

2]δjk + |〈F (q)〉Ω|
2. (2.45)

The terms with index (j = k), correspond to scattering contributions from only one particle as the
terms (j 6= k) describe scattering contributions from two different particles. Inserting Eq. (2.45)

10 Statistical average, 〈...〉Ω, over all orientations for a given function F (q):

〈F (q)〉Ω =
1

4π

∫ 2π

0

∫ π

0
F (q,Θ,Φ)sin(Θ)dΘdΦ,

wherein Θ and Φ denote the solid angles.
11Basic properties of the Kronecker delta:

δjk =

{
0 if j 6= k,

1 if j = k.
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in Eq. (2.44) and introducing the average interparticle structure factor, S(q), defined by

S(q) = N

〈
N∑
j 6=k

N∑
j=1

exp(−q · (Rj −Rk))

〉
Ω

. (2.46)

yields for the intensity scattered by monodisperse solutions of non-spherical particles [Kotlarchyk
and Chen, 1983]:

I(q) =
I0
L2

N [〈|F (q)|2
〉

Ω
− |〈F (q)〉Ω|

2
]

+N |〈F (q)〉Ω|
2 ·

〈
N∑
j 6=k

N∑
j=1

exp(−q · (Rj −Rk))

〉
Ω


=
I0
L2

[
N
[〈
|F (q)|2

〉
Ω
− |〈F (q)〉Ω|

2
]

+N |〈F (q)〉Ω|
2 · S(q)

]
.

(2.47)

The structure factor, depending on the distance Rj −Rk between the particles j and k, represents
the modification of the scattering intensity due to the particles spatial correlation. The suppression
of the oscillations in the course of the structure factor, S(q), caused by orientation averaging, is
described by the q-dependent factor

β(q) =
|〈F (q)〉Ω|2

〈|F (q)|2〉Ω
with (0 < β(q) < 1). (2.48)

Introducing the effective structure factor,

Seff(q) = 1 + β(q)[S(q)− 1], (2.49)

yields a more compact notation of Eq. (2.47):

I(q) =
I0
L2
N
〈
|F (q)|2

〉
Ω
Seff(q). (2.50)

In the case of scattering from monodisperse spheres (β(q) = 1), Eq. (2.50) is reduced to

I(q) =
I0
L2
N
〈
|F (q)|2

〉
Ω
S(q). (2.51)

As can be seen, the general overall scattering intensity (Eq. (2.50)) is proportional to the product
of two q-dependent scattering contributions: The square of the Fourier transform of the particles
electric charge distribution averaged over all orientations,

〈
|F (q)|2

〉
Ω

, yielding information about
size and shape of the scattering particles, and the (effective) structure factor, Seff(q), sensitive
to the spatial arrangement of the particles and therefore the intermolecular interactions between
them.

2.4.2 Dilute solutions

In the dilute limit, the particles spatial separation is sufficiently large for them to be entirely
uncorrelated. Over time, the particle j can take up any position in the sample and is unaffected
by any other particle k. At diminishing correlations between the particles cross terms (j 6= k)
vanish and S(q) −→ 1. The average intensity (Eq. (2.50)) can be written as the sum of averaged
intensities scattered by the individual particles in the solution. Thus, the measured intensity,
scattered by a monodisperse solution of N identical particles, yields the particles shape, size and
structure averaged over orientation. The intensity, I(q), is given by

I(q) =
I0
L2

N ·
〈
|F (q)|2

〉
Ω

=
I0
L2

N · P (q),

(2.52)
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introducing the particles form factor,

P (q) =
〈
|F (q)|2

〉
Ω
. (2.53)

Using Eq. (2.40), the form factor can be written out as:

P (q) = 〈F (q) · F ∗(q)〉Ω

=

〈∫ ∫
VP

∆ρ(P )(r1) ∆ρ(P )(r2) exp(iq · (r1 − r2)) dr1 dr2

〉
Ω

=

〈∫ ∫
VP

∆ρ(P )(r1) ∆ρ(P )(r1 − r) exp(iq · r) dr1 dr

〉
Ω

.

(2.54)

Here, the relations r1 − r2 = r and r2 = r1 − r were used. Introducing the convolution square
∆ρ̃2(r) of the density fluctuations (≡ auto-correlation function γ(r)) [Glatter, 2002,Debye and
Bueche, 1949],

γ(r) ≡ ∆ρ̃2(r) =

∫
VP

∆ρ(P )(r1) ∆ρ(P )(r1 − r) dr1, (2.55)

into Eq. (2.55) gives

P (q) =

〈∫
VP

γ(r) exp(iq · r) dr

〉
Ω

. (2.56)

For a particle fixed in space with electron density contrast, ∆ρ(P )(r), the convolution square
γ(r) = ∆ρ̃2(r) describes the overlapping volume between the particle itself and its identical ghost
with centers shifted by r (see Figure 2.22 (a)). Clearly, for non-spherical particles the overlap
volume depends on the mutual orientation of the particles. Consequently, the spatially averaged
convolution square, γ(r) =

〈
∆ρ̃2(r)

〉
Ω

, accounts for all possible directions in space the ghost can
be shifted to by the distance r = |r | and thus for all possible mutual particle orientations (see
Figure 2.22 (b)) [Glatter, 2002].

r  

(a)  (b)  

r  r  

Figure 2.22: (a) For a particle fixed in space with electron density contrast, ∆ρ(P )(r), the convo-
lution square ∆ρ̃2(r) describes the overlapping volume between the particle itself and its identical
ghost with centers shifted by r . (b) The spatially averaged convolution square averages over all
possible directions in which the ghost can be moved by the distance r = |r | [Glatter, 2002].

By averaging over all orientations [Debye, 1915], information about the system gets lost, as the
auto-correlation function only remains dependent on the magnitude of the distance r = |r | and
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the scattering intensity on the magnitude of the scattering vector q = |q |, respectively:

P (q) = 4π

∫ ∞
0

γ(r) · r2 · sin(qr)

qr
dr. (2.57)

As mentioned above (see Eq. (2.40)), the scattering amplitude, F (q), is the Fourier transforma-
tion of the particles electron density fluctuation, ∆ρ(P )(r). Now we find (see Eq. (2.57)), that
the scattering intensity, P (q) = 〈F (q) · F ∗(q)〉Ω, is the Fourier transform of the auto-correlation
function, γ(r), averaged over all directions in space.
By introducing the pair distance distribution function, p(r), with

p(r) := γ(r) · r2, (2.58)

in Eq. (2.57) the form factor is given as

P (q) = 4π

∫ ∞
0

p(r) · sin(qr)

qr
dr. (2.59)

Conversely, γ(r) and p(r) can, in principle, be obtained from the inverse Fourier transformation of
the scattering intensity:

γ(r) =
1

2π

∫ ∞
0

P (q) q2 sin(qr)

qr
dr, (2.60)

p(r) =
1

2π2

∫ ∞
0

P (q) qr sin(qr) dr. (2.61)

If the electron denisty is constant inside the particle (∆ρ(P )(r1) ≡ ∆ρ(P )) we find [Glatter, 2002]

γ(r = 0) =
〈
∆ρ̃2(r = 0 )

〉
Ω

=

〈∫
VP

∆ρ(P )(r1) ∆ρ(P )(r1 − 0 ) dr1

〉
Ω

=
(

∆ρ(P )
)2

· Vp.

(2.62)

Correspondingly, for homogeneous particles the normalized auto-correlation function γ0(r) =
γ(r)/VP can be geometrically interpreted as the probability to find at a distance r, starting from
an arbitrary point inside the particle volume, again another point inside the particle. To obtain
the number of distances from the probability, the volume of a spherical shell, Vshell = 4

3πr
2dr, with

radius r and thickness dr is multiplied with γ(r), yielding

4π γ(r) r2 dr = 4π p(r) dr. (2.63)

Herein, we employed Eq. (2.58). Accordingly, the pair distance distribution function, p(r), can
be interpreted as a distance histogram if the particle is homogeneous. The height of p(r) is
proportional to the number of connection lines between two points inside a particle with a length
between r and r + dr [Glatter, 2002]. For homogeneous particles, Eq. (2.59) is reduced to

P (q) = 4π

∫ Dmax

0

p(r) · sin(qr)

qr
dr, (2.64)

since γ0(r = 0) = 1 and γ0(r > Dmax) = 0 for distances exceeding the maximum particle extension,
Dmax.
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r = σr = σ/2r = 0

σ

Figure 2.23: (a) Form factor, P (q), of a homogeneous sphere with radius R (= σ/2) = 5 nm ,
shown together with (b) the corresponding normalized auto-correlation function, γ0(r), and radial
pair-distance distribution function, p(r). The geometrical interpretation is depicted as well.

Exemplarily, the case of an homogeneous sphere of radius R = 5 nm is shown in Figure 2.23.
The normalized auto-correlation function for an homogeneous sphere is given by [Glatter, 2002]

γ0(r) =

(
1− 3

4

r

R
+

1

16

r3

R3

)
. (2.65)

and correspondingly

p(r) =
3

4π2

r2

R2

(
2− 3

2

r

R
+

r3

8R3

)
(2.66)

As shown in Figure 2.23 (b), at r = 0 the overlap volume equals the overall volume and thus
γ0(r) = 1. With increasing distance of the particles centers, the overlap volume decreases till it is
completely vanished for distances exceeding the maximal particle extension Dmax (here: the diam-
eter σ = 2R). The shape of the radial pair distribution function is nearly symmetric, exhibiting a
pronounced maximum at a distance, rmax, comparable to the radius of the sphere. With increasing
asphericity (e.g. prolate/oblate ellipsoid of revolution, rod) the ratio Dmax/rmax increases and the
maximum of p(r) shifts to smaller rmax values.
In Figure 2.24, the scattering intensity curves for various simple geometric bodies (e.g. a homoge-
neous sphere (red), a long rod (green), a flat disc (yellow), a hollow sphere (blue) and a dumbbell
(magenta)) are shown in semi-logarithmic representation (left side) together with the correspond-
ing pair distance distribution function (right side). Even though the information content of the
displayed functions P (q) and p(r) is, in principle, the same, the particles shape can be much more
easily accessed from the pair distribution function than the form factor: The maximal extension
of each object can be obtained directly from the p(r) functions as p(r ≥ Dmax) = 0.
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Figure 2.24: Scattering intensities, P (q), (left) and radial pair-distance distribution functions, p(r),
(right) of various geometrical bodies with maximal dimension Dmax = 10 nm. Picture adapted
from [Svergun and Koch, 2003].

The sharp minima in the form factors of the sphere, the hollow sphere as well as the dumbbells
(see Figure 2.24, left side) are typical for central-symmetric bodies. The location of the first
minimum, qc, is correlated with the maximal dimension of the particle, Dmax, via

qc =
2π

Dmax
. (2.67)

Due to the finite resolution obtainable in a SAXS experiment on e.g. proteins, these pronounced
minima are not detectable.
In the following we shall focus on the problem to extract structural information on the particle in
real space from the measured scattering signal P (q). Equation (2.64) implies that P (q) is measured
as a continuous function over the whole q-range. However, in a real scattering experiment the acces-
sible q-range is limited as well as the spatial resolution of the detector providing only discrete data
sets. Thus, instead of performing the direct Fourier transformation (Eq. 2.64), often a so-called
indirect Fourier transformation is carried out [Glatter and Kratky, 1982]. Here, the exact radial
pair distance distribution function, p(r), is approximated by the finite sum pA(r) =

∑
i ciSi(r) of

discrete splines, Si(r), weighted by the coefficients, ci. The theoretical scattering intensity, calcu-
lated from pA(r), is refined to the experimental data, P (q), by adjusting the coefficients, ci. The
grand advantage is that this analysis method is model-free in respect of the shape of the scatter-
ing object, only an initial guess of the particles maximum extension, Dmax, is needed to obtain
reasonable results. In this thesis, this approach was chosen for the data analysis of dilute protein
solutions employing the program GNOM [Svergun et al., 1988,Svergun, 1992].

If the refinement of the whole scattering curve is not possible, still information on the struc-
ture of the sample can be obtained from the asymptotic behavior of the form factor at small wave
vector transfer via the Guinier approximation and at large wave-vector transfer via the Porod
Law.

Guinier Approximation: The Radius of Gyration RG

To examine the behavior of the form factor, P (q), at very low angles, one can substitute the first
two terms of the Mclaurin series

sin(qr)

qr
= 1− q2r2

6
+
q4r4

120
− ..., (2.68)
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into Eq. (2.64), yielding

P (q) ≈ P (0) ·
(

1− q2R
2
G

3

)
≈ P (0) · exp

(
−q2R

2
G

3

) (2.69)

in the low q limit12. This is the so-called Guinier approximation for the scattering intensity of
dilute solutions of non-interacting particles [Feigin and Svergun, 1987]. Herein,

P (0) = 4π

∫ Dmax

0

p(r) dr (2.70)

denotes the scattering intensity at vanishing q and

R2
G =

∫Dmax

0
p(r)r2 dr

2
∫Dmax

0
p(r) dr

(2.71)

the squared radius of gyration, RG. When all the secondary waves, scattered from a particle
in solution, are in phase, the constructive interference develops the scattering intensity to the
maximum at vanishing q. For homogeneous particles in solution the radial pair distribution function

reads p(r) =
(
∆ρ(P )

)2 ·VP · r2 (see Eqs. (2.58) and (2.62)). Inserting this expression in Eq. (2.70),
yields the parameter

P (0) = (∆ρ(P )VP )2, (2.72)

which characterizes the total amount of scattering matter. In a real SAXS experiment the forward
scattering cannot be measured since it is superimposed by the primary beam and eventually masked
by the beam stop. A more general expression for the radius of gyration, RG, of a particle about
its center of mass is given by [Feigin and Svergun, 1987]

R2
G =

∫
VP

∆ρ(P )(r) r2dr∫
VP

∆ρ(P )(r) dr
. (2.73)

In full analogy to the radius of inertia in mechanics, RG, bears information on the particles distri-
bution and electronic extend with respect to its center of mass [Kataoka et al., 1995]. Employing
Eq. (2.69), the radius of gyration, RG, can be determined with the so-called Guinier plot (ln P (q)
vs. q2) from the slope,

(
R2

G/3
)
, in the low q limit (RG · qmax ≤ 1) [Guinier and Fournet, 1955].

In case of proteins, this range can reportedly be extended to RG · qmax ≤ 1.3 [Svergun and Koch,
2003]. As an example, the form factor of an homogeneous sphere with radius R = 5 nm and the
refinement made within the Guinier approximation are shown in Figure 2.25 together with the
corresponding Guinier plot (inset).
Since RG describes only the electronic extend of the particle (e.g. size) and not its shape, two
different bodies (e.g. sphere and cube) with equal radius of gyration, give rise to the same scat-
tering in the Guinier regime. The Guinier plot can also be employed to detect polydispersity,
which induces an increase in scattering intensity at small q values, deviating from the linear course
distinctive of monodisperse systems [Guinier and Fournet, 1955]. For diluted solutions of native
protein, the assumption of monodispersity is reportedly valid as long as the solution is clear of
aggregates [Svergun and Koch, 2003]. Thus, the radius of gyration is a powerful probe in the
investigation of proteins, since the unfolding of a protein as well as the presence of aggregates give
rise to an increased scattering at low angles e.g. increase of RG.

12The Maclaurin series of exp(x):

exp(x) =
∞∑
k=0

xk

k!
= 1 + x+

x2

2!
+
x3

3!
+
x4

4!
+ ...
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Figure 2.25: Form factor, P (q), of an homogeneous sphere (R = 5 nm, solid violet line), shown
together with the results of the refinement made within the Guinier approximation (light green
line) and the power law decay P (q) ∼ q−α with α = 4 (solid grey line) at large q values. The inset
shows the corresponding Guinier fit (ln P (q) vs. q2).

The Porod law

The Porod law [Porod, 1951,Debye and Bueche, 1949],

lim
q−→∞

I(q) =
2π
(
∆ρ(P )

)2
q4

S

VP
(2.74)

allows the measurement of the surface of objects, S, in diluted and concentrated solutions as
well as in bi-continuous phases with no distinguishable particles. The Porod law only deals with
the existence of an ’interface’ regardless its distribution over the scattering medium. When we
consider an object with uniform density which is bounded by a surface of area S, the interface
displays simply a discontinuity of the electron density distribution. In principle, one can always
go to larger q values to meet the assumption of part of the surface being plane, isolated and
uncorrelated to other parts [Spalla, 2002]. In the so-called Porod limit of sharp (in normal
direction) and smooth (in any parallel direction) surface with negligible curvature, the scattering
intensity is simply decreasing as

I(q) ∝ q−α, (2.75)

with α = 4 in the large q range. Exemplarily, the Porod law regime is shown in Figure 2.25 for
an homogeneous sphere with radius R = 5 nm. Besides the oscillations, the form factor shows a
power law decay of ∝ q−4 at large q values (gray straight line).
However, the exponent α is related to the structure of the scattering medium. Hence, the analysis
of the scattering signals power law dependence ∝ q−α at large scattering angles gives a deeper
insight into the particle and solution structure when a suitable model is not available (e.g for
an entangled polymer or polysaccharide network, surface fractals, mass fractals etc.). Surface
and mass fractals correspond each to a characteristic power law exponent α: For mass fractals
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1 < α < 3 and for surface fractals 3 < α < 4 [Martin and Hurd, 1987]. A mass fractal can be
employed to describe e.g. an entangled polymer mesh, as surface fractals correspond to rough
interfaces and surfaces of e.g. biochemical materials. Figure 2.26 (a) depicts exemplarily the form

Figure 2.26: (a) Form factors, P (q), of a homogeneous sphere (+ Guinier fit (light green line)), an
ellipsoid of revolution (axial ratio b/a ∼ 1.54) and of a random coil (all RG = 5 nm). The power
law decays ∼ q−α (sphere, ellipsoid: α = 4, random coil: α = 2) are shown as well (solid gray
lines). (b) The corresponding Kratky plot (q2P (q) vs. q) comprising the scattering intensities of
all objects.

factors of a homogeneous sphere, a prolate ellipsoid of revolution and a random coil with radius
of gyration RG = 5 nm together with the corresponding power law decays in double-logarithmic
representation. The refinement to the form factor of the homogeneous sphere made within the
Guinier approximation is depicted as well.
Since the scattering signal of a random coil exhibits a power law decay with the exponent α = 2
at large q values, in Kratky representation (q2P (q) vs. q) the form factor appears as a plateau
(see Figure 2.26 (b)). As more compact objects (e.g. colloids, proteins, etc.) have a asymptotic
behavior with stronger decay (α > 2), they can easily be distinguished from more open structures
(e.g. polymers, unfolded proteins, etc.) in this representation. The Kratky plots of a sphere and
an ellipsoid of revolution exhibit one pronounced maximum at qK followed by higher order maxima
at large q. The first maximum can be linked to the radius of gyration, RG, via

qK =

√
3

RG
, (2.76)

and, hence, yield a first estimate of the particles dimension, considering the Guinier approximation
being valid in the corresponding wave vector transfer range (see Figure 2.26 (b) for the example
of an homogeneous sphere).

Modeling the form factors of simple geometrical bodies

With the coordinates of all atoms within a particle being given, the form factor can be calculated
by the Debye formula for discrete scatterers [Debye, 1915]. The averaged intensity scattered by an
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isolated particle then reads

P (q) =
∑
j

∑
k

fj fk
sin(qrjk)

qrjk
. (2.77)

Here, the sum is taken over all the atoms in the particle and rjk = |ri − rj | denotes the distance
between two atomic point scatterers j and k with scattering lengths fj and fk within the particle.
However, often the scattering medium is described by continuous charge density distributions,
ρ(r), instead from a set of discrete atomic scatterers and the Debye equation takes the form

P (q) =

∫ ∫
VP

ρ(r1) ρ(r2)
sin(qr12)

qr12
dr1dr2. (2.78)

The experimental scattering intensities of macromolecules like proteins or polymers in solution
are often modeled by the theoretical form factors computed for simple geometrical objects (e.g.
homogeneous sphere, tri-axial ellipsoid, ellipsoid of revolution, rod, cylinder, etc. (see Figure
2.24)) using their specific features of shape and structural organization. Here, it is sufficient to
employ an averaged homogeneous charge density ∆ρ(P )(r) = ∆ρ(P ) to describe the scattering of
the particle at small angles. In the modeling, the object dimensions serve as fitting parameters.
The form factors of the geometric bodies, employed in this thesis to model the protein lysozyme,
the polysaccharide Ficoll and the polymer polyethylene glycol are presented in the following.

Homogeneous sphere: The radius of gyration, RG, for an homogeneous sphere with radius R
is given by

RG =

√
3

5
R. (2.79)

For a sphere with radius R and homogeneous charge density fluctuations ∆ρ(P )(r) = ∆ρ(P ) the
form factor (Eq. 2.57) reads using (Eq. 2.62):

P (q) = 4π

∫ ∞
0

γ(r) · r2 · sin(qr)

qr
dr

= 4π
(

∆ρ(P )
)2

VP

∫ 2R

0

r2 · sin(qr)

qr
dr

=
(

∆ρ(P )
)2

V 2
P ·
[

3(sin(qR)− qR cos(qR))

(qR)3

]2

=
(

∆ρ(P )
)2

V 2
P P0(q).

(2.80)

Herein, the normalized form factor,

P0(q) =

[
3(sin(qR)− qR cos(qR))

(qR)3

]2

, (2.81)

is the square of the Bessel function of order 3/2 J3/2(qR). Therefore, under the assumption of
an homogeneous sphere, the relation for the position of the Bessel functions minima qR = 4.493,
7.725, ... can be employed to estimate the size of the sphere [Guinier and Fournet, 1955, Glatter,
2002]. Assuming a plane surface, the form factor of an homogeneous sphere follows the power law
decay P (q) ∝ q−α with α = 4 at large wave vector transfer q. The polysaccharide Ficoll (PM 70
/ PM 400) is reportedly a particle with spherical symmetry, however, since Ficoll has a fractal
surface, the asymptotic behavior at large q will deviate from the standard (see Figure 2.27).
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Ficoll PM 70 / PM 400

R 

Øneutral, highly branched copolymer of 
   sucrose and epichlorohydrin
Øshaped like a sphere with fractal surface
ØStokes radius RS

     ~ 5.1 nm (PM 70) 
     ~ 10 nm (PM 400)
ØMolecular weight MW

    ~ 70 kDa (PM 70) 

    ~ 400 kDa (PM 400) 

Figure 2.27: Sucrose-epichlorohydrin copolymer Ficoll PM 70 and Ficoll PM 400, approximated
by the form factors of homogeneous spheres with radii R = 5 nm and 10 nm.

Ellipsoid of revolution: The radius of gyration, RG, and form factor, P (q), for an ellipsoid of
revolution with semi-axes a, b are described by

RG =

√
2a2 + b2

5
(2.82)

and

P (q) =

∫ 1

0

P 2
0 (q
√
a2 + x2(b2 − a2))dx

=

∫ 1

0

J1(q
√
a2 + x2(b2 − a2))

(q
√
a2 + x2(b2 − a2))4

,

(2.83)

wherein J1 denotes the first order Bessel function [Guinier, 1939,Mittelbach and Porod, 1962]. In
contrast to the form factor of a sphere (Eq. (2.80)), the form factor of the ellipsoid of revolution
is only numerical solvable. Figure 2.28 depicts the form factor, P (q), of a homogeneous ellipsoid
of revolution with semi-axes a = 1.57 nm and b = 2.42 nm, which provides a good model for the
monomeric protein lysozyme (RG,lys = 1.45 ± 0.05 nm) [Svergun et al., 1998]. The sharp min-
ima as observed for monodisperse spheres (see Figure 2.27) are smeared out in the form factor of
monodisperse ellipsoids due to its anisotropy and the orientational averaging. The same effect can
be observed for shape and size polydispersity. As SAXS reflects the proteins global shape and size,
the scattering at wider angles (Wide-angle X-ray scattering (WAXS)) yields more detailed struc-
tural features in the protein (e.g. information on the quaternary, tertiary or secondary structure).
Thus, for macromolecules like proteins, the density fluctuations within the particle give rise to an
additional scattering contribution in the high q range which leads to deviations from the Porod
limit α = 4 [Fischetti et al., 2003,Sobry and Ciccariello, 2002].
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b 

a 

ØMonomeric protein
ØMolecular weight M  W

   14.3 kDa
Øshaped like a prolate ellipsoid of 
   revolution with semi-axes a, b: 

3   V = (π/6) 4.5 x 3 x 3 nm
   
ØHydrodynamic diameter
   σ  = 3.78 ± 0.05 nmlys

ØRadius of gyration:
    R  = 1.45 ± 0.05 nmG,lys

hen egg-white lysozyme

Figure 2.28: Tertiary structure of the monomeric protein hen egg-white lysozyme (PDB: 1AKI,
[Artymiuk et al., 1982]), approximated by a prolate ellipsoid of revolution with semi-axes a, b
[Broide et al., 1996]. The value for the protein hydrodynamic diameter, σlys, was obtained from
[Parmar and Muschol, 2009] and the protein radius of gyration, RG,lys, from our own SAXS
measurements.

Random coil: The form factor and radius of gyration of a Gaussian random coil are given by

RG =

√
N

6
a, (2.84)

and

P (q) =
2

q4R4
G

(exp(−q2R2
G)− 1 + q2R2

G). (2.85)

Herein, N denotes the number of monomer chain segments (e.g. degree of polymerization) and
a the length of the monomeric subunit [Debye, 1947]. Figure 2.29 depicts the theoretical form
factors of Gaussian random coils approximating the polymer polyethylene glycol of various radii of
gyrations [Devanand and Selser, 1991], corresponding to the molecular weights 200 < Mw < 35000
g mol−1. The monomer segment length of the polymer PEG is a = 0.4 nm and its molecular weight
Mw,monomer = 44 g mol−1. Consequently, N ≈ Mw/44 g mol−1 defines the number of segments
per chain [Takahashi and Tadokoro, 1973]. For the random coil, the power law exponent is α =
2. Changes in the polymer solution structure are mirrored in the power law exponent: e.g. α <
2 corresponds to a swollen polymer chain and α > 2 to a collapsed chain [Kirste and Oberthür,
1982, Beaucage, 1996, Israelachvili, 2011]. Therefore, fractals are often used to describe polymers
like polyethylene glycol.
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Poly (ethylene glycol)

ØPolyether compound 
 ( -(CH -CH -O) - )2 2 N

 N: degree of polymerization 
Øbehaves like a swolen globule
   in dilute solutions
Ømonomeric subunit length:
   a = 0.4 nm

ØHydrodynamic radius:
(0.571±0.009)    R  = 0.0145 M nm H w

ØRadius of gyration:
(0.583±0.031)    R  = 0.0215 M nmG,PEG,0 w

     
 
     R  G

Figure 2.29: Synthetic polymer polyethylene glycol, approximated by a Gaussian random coil
with a monomeric subunit of the length a and a degree of polymerization N . The experimentally
derived relations between polymer molecular weight, Mw, hydrodynamic radius, RH and radius of
gyration, RG,PEG,0, are obtained from [Devanand and Selser, 1991].

2.4.3 Dilute polydisperse solutions

Now we consider a polydisperse mixture of K species of non-interacting particles which distinctly
differ in shape and size. A typical system of this type of are oligomeric mixtures (e.g. monomer-
dimer equilibrium). As in a system consisting of different types of non-interacting particles inter-
ference effects can be neglected and all particles scatter independently, the scattering intensity can
be written as a linear combination of the form factors, Pk(q), from the kth component (type of
particle), weighted by their number concentration, nk:

I(q) =

K∑
k=1

nkPk(q). (2.86)

Introducing the volume fraction, Φk = nkVk, of the kth species with particle volume Vk, Eq. (2.86)
can be rewritten as

I(q) =

K∑
k=1

Φk
Pk(q)

Vk
. (2.87)

The volume fractions, Φk, of the species can be obtained by the refinement of the experimental
intensity scattered by the mixture if the form factors Pk(q) are known [Svergun et al., 2013].
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2.4.4 Concentrated solutions

We have shown, that the product N · P (q) describes the scattering by N uncorrelated particles in
dilute solutions, whilst spatial correlations between the particles at high concentrations give rise
to a modification of the scattering intensity, represented by the structure factor (Eq. 2.50).
The microstructure of a system can also be described by means of the radial distribution func-
tion, g(r), which is related to the probability of finding any particles center of mass at a distance
r from the center of a given particle. Specifically, out of N particles in the overall volume V , a
number of (N/V )g(r)dV particles are comprised in the volume element dV at the distance r from
a given particle. In homogeneous and isotropic systems, like central-symmetric particles dispersed
at moderate concentrations in a liquid, the structure factor is related to the radial distribution
function, g(r), by

S(q) = 1 + 4π
N

V

∫ ∞
0

r2 (g(r)− 1)
sin(qr)

qr
dr (2.88)

[Hansen and McDonald, 2013, Spalla, 2002]. As mentioned above, for anisotropic as well as
for polydisperse particles, the decoupling approximation [Kotlarchyk and Chen, 1983] has to be
considered additionally. The Fourier inversion of Eq. (2.88) gives the radial distribution function
in terms of the structure factor:

g(r) = 1 +
V

2π2N

∫ ∞
0

q2 (S(q)− 1)
sin(qr)

qr
dq. (2.89)

To calculate the pair correlation function, g(r), of dense liquids for a given pair interaction potential,
V (r), one uses the so-called Ornstein-Zernike (OZ) integral equation. The OZ equation of a
homogeneous and isotropic system is given by [Hansen and McDonald, 2013,Klein, 2002]

h(r12) = c(r12) + n

∫
c(r13) h(r23) dr3, (2.90)

and defines the direct correlation function, c(r), in terms of the total correlation function, h(r) =
g(r)− 1, of two particles separated by the distance r = r12. Here, n = N/V describes the particle
number density. The OZ equation states, that the correlation of two particles depends also on the
contributions of the other (N − 2) particles. The identities of these indirect particle correlations,
contributing to the total correlations, h(r12), between the two particles 1 and 2 positioned at r1

and r2, become more apparent when Eq. (2.90) is recursively solved for h(r12) [Nägele, 2008]:

h(r12) = c(r12) + n

∫
c(r13) c(r23) dr3 + n2

∫
c(r13) c(r24) c(r34)dr3dr4 +O(c4). (2.91)

The total correlation between the particles 1 and 2 is composed of the direct correlation between
themselves, c(r12), the direct correlation, c(r13), of the particle at r1 with an intermediate one at
r3 and its correlation with the particle at r2, etc. That way, the indirect correlation is propagated
by direct correlations via an increasingly large numbers of intermediate particles. In order to make
Eq. (2.90) a closed integral equation for h(r), it is necessary to interrelate the direct correlation
c(r), the pair correlation g(r) (and accordingly h(r)) as well as the pair interaction potential V (r)
in some physically appealing manner, by the so-called closure relations. From the resulting
closed integral equation for h(r), combined with computer simulation results and scattering data,
the full r-dependence of g(r) and the thermodynamic properties of dense liquids can be calculated.
When the direct correlation function, c(r), is known via a closure relation, it can be used to
calculate the static structure factor, S(q). In order to relate S(q) to c(r), the OZ equation (2.90)
is rewritten in terms of r = r12, r ′ = r23 and |r − r ′| = r13, yielding

h(r) = c(r) + n

∫
c (|r − r ′|) h(r′) dr ′. (2.92)
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Taking the Fourier transformation13 of both sides of Eq. (2.92), one obtains

h̃(q) = c̃(q) + n c̃(q) h̃(q)

=
c̃(q)

1− nc̃(q)
.

(2.93)

From noting that S(q) = 1 +nh̃(q), the result for the static structure factor, S(q), in terms of c(r)
is

S(q) =
1

1− nc̃(q)
≥ 0. (2.94)

This entails that nc̃(q) ≤ 1.
In the modeling of the structure factor, the choice of the closure relation depends on the particle
density as well as strength and range of the intermolecular interaction potential governing the
spatial distribution of the particles in solution. These relations can be obtained by diagrammatic
and density functional theory methods [Nägele, 2008].
For a system described by an effective interaction potential, V (r), comprising a repulsive hard-core
excluded-volume part, VHS (see Eq. (2.19)), any closure relation should be consistent with

h(r < σ) = −1;

g(r < σ) = 0,
(2.95)

since two spheres of diameter σ can not interpenetrate. For a wide class of pair potentials the
asymptotic closure relation

c(r) = −βV (r), with r −→∞ and n −→ 0, (2.96)

is valid for large separations (e.g. vanishing number density). This exact asymptotic form for c(r)
forms the basis for the mean-spherical approximation (MSA) [Lebowitz and Percus, 1966].
In the MSA, the direct correlation function is assumed to be approximately described by

cMSA(r) ≈ −βV (r), r > σ, (2.97)

yielding analytical solutions for various, even many-component, pair potential models. These
include the square well potential, hard and sticky hard-sphere potentials, the Coulomb potential
as well as attractive and repulsive Yukawa-type potentials [Hansen and McDonald, 2013, Nägele,
2008]. The MSA closure is well suited for mid-range interaction potentials and moderate particle
densities. Whilst the hypernetted-chain (HNC) closure,

cHNC = −βV (r) + h(r)− ln[1 + h(r)], (2.98)

reportedly shows a better accuracy for systems with a strong, short ranged attraction, the structural
properties of predominantly repulsive systems measured in SAXS experiments can be modeled
satisfactory by both the numerically HNC method and the analytical MSA approximation [Chen
et al., 2007,Broccio et al., 2006]. Since the systems investigated in this thesis fulfill this condition,
the simple analytical MSA approximation is employed in computing the static structure factor to
capture the relative changes of the potential parameters in complex protein-cosolvent systems as
studied here, allowing us to semi-quantitatively assess the impact of the cosolutes identity and
concentration.
Within the Percus-Yewick (PY) closure relation [Percus and Yevick, 1958],

cPY(r) = (1− exp(V (r))) g(r), (2.99)

13 Convolution theorem for the convolution, f1 ∗ f2, of two integrable functions f1(r), f2(r) [Nägele, 2008]:∫
(f1 ∗ f2)(r) exp(iq · r)dr = f1(q)f2(q).

(f1 ∗ f2)(r) :=

∫
f1(r ′)f2(r − r ′)dr ′ =

∫
f2(r ′)f1(r − r ′)dr ′.
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an analytical solution can be calculated for the important case of hard spheres, which serves as a
reference system in the theory of uncharged liquid. For moderate volume fractions (Φ ≤ 0.35), the
PY approximation

cPY,HS(r) =

{
(1− exp(V (r))) g(r), r > σ,

0, r ≤ σ,
(2.100)

provides a good representation of the static structure factor, S(q), and radial distribution function,
g(r), of hard spheres.

r 

2R 

2R 

Figure 2.30: (a) Radial distribution function g(r) for a suspension of hard-sphere colloids with
raidus R = 1.5 nm at various volume fractions, Φ, calculated by using the PY approximation. The
geometrical interpretation is depicted as well. (b) The corresponding structure factor, S(q). (c)
The resulting scattering intensity, I(q), which is proportional to the product of the form factor,
P (q) and the structure factor, S(q).

The radial distribution function, g(r), and structure factor, S(q), for a suspension of strongly
interacting hard spheres with radius R = 1.5 nm at various particle volume fractions, Φ, calculated
using the PY approximation, are displayed in Fig. 2.30. As two impenetrable spheres cannot
occupy the same space, the radial distribution function, g(r), equals zero for center-to-center
separations below the particles diameter (r < σ = 2R) (Fig. 2.30 (a)). The main peak in g(r) at
r = σ describes the nearest-neighbor shell of particles surrounding a given particle. In disordered
systems like liquids exists no long range order. For two particles, separated by distances larger
than the correlation length r > ξ of the suspension, there is no spatial correlation anymore and
g(r) −→ 1. Concomitantly, S(q) −→ 1 for large q.
The corresponding intermolecular structure factors, S(q), are depicted in (Fig. 2.30 (b)). The
information on the structure factor, S(q), at a particular momentum transfer q is stored in the
oscillations of g(r) at all r (see Eq. (2.88)). However, as a ’rule of thumb’, a scattering experiment
operating at the momentum transfer q, measures structural organizations with spatial resolution
of ∆ = 2π/q. In this sense, approximating the first peak of the structure factor, S(q = qmax), by a
’Bragg reflection’ from planes of particles separated by the distance r equal to the center-to-center
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distance, dp, of the nearest neighbors, yields the ’Bragg condition’ qmax · dp ≈ 2π for the positions
of the main peaks of g(r = dp) and S(q = qmax) [Pusey, 2002]. The extrema of S(q) (and g(r))
are more pronounced and shift to higher q (smaller r) values as the volume fraction increases.
Concomitantly, the limit for small q values

lim
q−→0

S(q) = nkBTκT , (2.101)

decreases in magnitude due to the change of the isothermal compressibility, κT , of the system
[Hansen and McDonald, 2013].
As shown in Fig. 2.30 (c), the resulting structure factor of the suspension of hard-spheres at
volume fraction Φ modulates the scattering signal, I(q), which is proportional the product of the
theoretical form factor, P (q), and structure factor, S(q) (see Eq. (2.51)). The structure factor
causes the presence of a so-called correlation peak in the scattering signal at the wave vector transfer
qcorr, which is most pronounced for large volume fractions. The lowest particle concentration, Φ
= 0.01, allows a measure of the form factor, P (q), since at this level the interparticle interactions
and ordering are very weak:

lim
n−→0

S(q) −→ 1, (2.102a)

lim
n−→0

g(r) −→ 1. (2.102b)

In a real SAXS experiment, the effective structure factor, describing the spatial correlation of the
proteins in solution, is implicitly given by the scattering intensity

I(q) ∝ ∆ρ2 · n · V 2
p · P (q) · Seff(q). (2.103)

The form factor, P (q), can be determined by measuring the scattering of a diluted solution and
modeled by a simple geometrical body. In this thesis, the theoretical effective structure factors,
Seff(q), are calculated in MSA using the MATLAB R© code of [Liu et al., 2005b] and refined to
the experimental data by a model based on a 2-Yukawa (DLVO) potential (see section 2.2.3,
Eq. (2.18)), which accounts for the attractive and repulsive pair-interactions between spherical
colloidal particles. From the potential parameters, obtained from the refinement of the SAXS
data, the osmotic second viral coefficient, B22, can be calculated employing Eq. (2.3).

Triplet correlation function

Correlation functions of more than two particles play a significant part in many macroscopic
properties like thermal expansion, specific heat as well as thermal pressure coefficient. Three-body
correlations are described by the triplet correlation function (TCF) g3(r1, r2, r3), which defines
the probability of finding three particles simultaneously in space at the positions r1 ,r2 and r3.
Since TCFs are largely contributing to the above-mentioned properties, they may not be evaluated
without reasonable knowledge of that function [Egelstaff, 1973]. The understanding of TCFs is
also crucial to describe the structure of a complex liquid like water adequately (e.g. the local
tetrahedral order) [Dhabal et al., 2014,Dhabal et al., 2017].
We already showed for the case of an homogeneous, isotropic liquid, that the Fourier transform
pairs, S(q)− 1 and g(r)− 1, are related as (Eq. 2.88) and (Eq. 2.89). Hence, the pair correlation
function, g(r), can be calculated straight-forward from the structure factor, S(q), and vice versa.
However, unlike the pair correlation function, the triplet correlation function cannot be measured
directly in X-ray scattering experiments since the radiation scattering cross sections of higher-
order correlations are too small. Still, information about the importance of the triplet correlation
functions can be obtained through measurements of the isothermal pressure derivative of the pair
correlation function, g(r), or its experimentally determined Fourier-transform, the structure factor,
S(q) [Egelstaff et al., 1969, Egelstaff et al., 1971]. The basic principle of this method will be
described in the following.
For a homogeneous, isotropic fluid, the triplet correlation function can be written as a function
of the relative distances r = |r | = |r2 − r1|, s = |s| = |r3 − r1| and t = |t | = |s − r |, yielding
g3(r1, r2, r3) = g3(r, s, t). For a canonical ensemble of N particles the pair and triplet correlation
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functions are related as [Hansen and McDonald, 2013,Egelstaff, 1994]

n

∫
g3(r, s, t)ds = (N − 2) g(r). (2.104)

Here, n denotes the particle number density. According to [Schofield, 1966], in the grand canonical
ensemble Eq. (2.104) can be rewritten as

n

∫
[g3(r, s, t)− g(r)]ds + 2g(r) = npkBT

(
∂g(r)

∂p

)
T

. (2.105)

Thus, the three-body correlations, integrated over the coordinates of the third particle, s, are
linked to the isothermal pressure derivative of the radial pair distribution function, g(r). Following
[Egelstaff et al., 1971,Egelstaff, 1973,Egelstaff et al., 1969], we define a function H(r, s, t) as

H(r, s, t) = g(r)g(s)g(t)− g3(r, s, t), (2.106)

which expresses the deviation from the superposition approximation, g(r)g(s)g(t), as proposed
by [Kirkwood, 1935]. On using Eq. (2.106) in Eq. (2.105) and Fourier transforming we obtain

H̃(q) = n

∫
exp(iq · r)dr

∫
H(r, s, t)ds

=
1

(2π)3n
[S(q)− 1] ∗ [S(q)− 1]2 + [S(q)− 1][S(0) + S(q)− 1]− nkBT

(
∂S(q, p)

∂p

)
T

.

(2.107)

Here, the limiting value S(0) for q −→ 0 is related to the isothermal compressibility, κT , via Eq.
(2.101) and the star * indicates the convolution of the two terms. We find, the quantity H̃(q) can
be directly obtained from the information of the structure factor, S(q), and its isothermal pressure
derivative, (∂S(q, p)/∂p)T , both accessible through neutron or X-ray diffraction experiments [Egel-
staff et al., 1971,Egelstaff, 1973,Egelstaff et al., 1969].
It was recently shown, that this method can also be applied to complex systems like aqueous
protein solutions. Following [Schroer et al., 2012], the experimentally derived effective structure
factor of proteins in solution, even though it contains only information on the pair correlations of
the proteins (see Eq. (2.88)), can provide insight into three-body correlations between the parti-
cles through its isothermal pressure derivative. The analysis of (∂Seff(q, p)/∂p)T allows to disclose
changes in intermolecular interactions that are hardly visible in the corresponding static effective
structure factor, Seff(q, p).
Detailed structural features of liquids of small molecules (e.g. water) are obtained from the scat-
tering at much wider angles (WAXS) than for the larger protein molecules and, in this thesis, the
accessible q-range in the SAXS experiment ( 0.03 . q . 6.6 nm−1, see section 3.2.2) does not
allow the investigation of the solvents structure factor. Furthermore, biological macromolecules
like proteins modulate the scattering at wider angles due to internal structural fluctuations (e.g.
secondary structure). However, since the intermolecular pair-interactions between proteins are as-
sumed to be solvent-mediated to a great extend [Schroer et al., 2011a,Schroer et al., 2011b,Julius
et al., 2018b], the experimental isothermal pressure derivative of the protein structure factor can
still be indicative of changes in the solvents structure and used to differentiate protein solution
structures with different three-body correlations in dependency of the solvent properties (e.g. the
impact of additives). Moreover, it can be used in gauging structural rearrangements in the water
structure close to biological interfaces under pressure and the effects of cosolvents thereon.
Considering the experimental effective structure factors recorded at two different pressures, say
p1 and p2, the effective structure factor at the intermediate pressure, pm = (p1 + p2)/2, can be
calculated via

Seff(q, pm) ≈ Seff(q, pm + ∆p/2) + Seff(q, pm −∆p/2)

2
. (2.108)

Its derivative at the mean value pm can then be calculated by the central difference approximation
as (

∂Seff(q, pm)

∂p

)
T

=
Seff(q, pm + ∆p/2)− Seff(q, pm −∆p/2)

∆p
, (2.109)
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where ∆p = p2 − p1. [Egelstaff et al., 1971]
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Chapter 3

Experimental Setup

3.1 Materials and Sample Preparation

Chapter 4: Impact of Macromolecular Crowding and Compression on Protein-Protein
Interactions and Liquid-Liquid Phase Separation Phenomena

The protein, buffer and crowder used in the experiments were purchased from Sigma Aldrich, St.
Louis, MO, USA. Before each measurement, the monomeric protein lysozyme from chicken egg
white (14.3 kDa, pI = 11, dialyzed, lyophilized, powder, ∼100000 U/mg (product code: 62970
SIGMA-ALDRICH)) was freshly dissolved at the concentrations 1 – 10% (w/v) in 25 mM or 50
mM Bis-Tris buffer at pH 7 (B4429 SIGMA) to ensure a stable pH value at all pressure conditions
studied. For some SAXS measurements, sodium chloride (NaCl) (S7653 SIGMA-ALDRICH) was
added to the buffer at the molarity 75 mM. The polymer polyethylene glycol (PEG) of the sizes
PEG 200 (Mw ∼ 190 - 210 g mol−1 (88440 SIGMA)), PEG 600 (Mw ∼ 570 - 630 g mol−1 (87333
SIGMA)), PEG 2000 (Mw ∼ 1900 - 2200 g mol−1 (84797 SIGMA)), PEG 4000 (Mw ∼ 3500 - 4500
g mol−1 (95904 SIGMA)), PEG 6000 (Mw ∼ 5000 - 7000 g mol−1 (81255 SIGMA)), PEG 8000
(Mw ∼ 7000 - 9000 g mol−1 (89510 SIGMA)), PEG 10000 (Mw ∼ 8500 - 11500 g mol−1 (92897
SIGMA)), PEG 20000 (Mw ∼ 16000 - 24000 g mol−1 (95172 SIGMA)), PEG 35000 (Mw ∼ 35000
g mol−1 (94646 SIGMA)) and the dissacharide sucrose (S7903 SIGMA) were added to the solution
at various concentrations:
10% (w/v) lysozyme + 25 mM Bis-Tris (pH 7)
+ 5 – 50% (w/v) sucrose
1% (w/v) lysozyme + 25 mM Bis-Tris (pH 7)
+ 15% (w/v) PEG 200
+ 15% (w/v) PEG 600
+ 15% (w/v) PEG 2000
+ 15% (w/v) PEG 35000
10% (w/v) lysozyme + 25 mM Bis-Tris + 75 mM NaCl (pH 7)
+ 5, 10% (w/v) PEG 200
+ 10% (w/v) PEG 600
+ 5, 10% (w/v) PEG 2000
+ 1 - 10% (w/v) PEG 6000
+ 5, 10% (w/v) PEG 10000
+ 10% (w/v) PEG 20000
+ 5, 10% (w/v) PEG 35000
10% (w/v) lysozyme + 50 mM Bis-Tris (pH 7)
+ 5 - 30% (w/v) PEG 200
+ 5 - 50% (w/v) PEG 600
+ 10 - 30% (w/v) PEG 2000
+ 20% (w/v) PEG 6000
+ 10 - 30% (w/v) PEG 8000
+ 20% (w/v) PEG 10000
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+ 20% (w/v) PEG 20000
+ 20% (w/v) PEG 35000

The Light transmission experiments (see section 3.3) were carried out at a higher protein
concentration. In the case of the protein lysozyme, dialysis is necessary in order to generate
protein concentrations beyond ∼ 150 mg mL−1. The dialysis cassettes (Slide-A-Lyzer G2, 15 mL,
Thermo Scientific) were filled with 15% (w/v) lysozyme, dissolved in 25 mM Bis-Tris buffer (pH
7), and placed into a 250 g L−1 PEG 35k + 25 mM Bis-Tris (pH 7) bath at 25◦C for ∼ 14 h under
constant steering. To determine and adjust the final protein concentration after dialysis to 240
mg mL−1, a Nanovue Plus Spectrometer (Biochrm. Cambridge, UK) was employed. Protein-free
salt-crowder stock solutions are prepared of 7.5% (w/v), 15% (w/v), 30% (w/v) PEG (Mw ∼ 200,
600, 2000, 4000, 6000, 8000, 10000, 20000, 35000 g mol−1), and 3 M NaCl + 25 mM Bis-Tris (pH
7). Before each turbidity measurement, the protein and salt-PEG stock solutions were mixed to
obtain 200 mg mL−1 + 25 mM Bis-Tris (pH 7) + 0.5 M NaCl solutions in the presence of 1.25%
(w/v), 2.5% (w/v) and 5% (w/v) PEG of various sizes and 100 mg mL−1 lysozyme + 25 mM
Bis-Tris (pH 7) + 1 M NaCl solutions in the presence of 5% (w/v) PEG, respectively.

Chapter 5: Water-Mediated Protein-Protein Interactions at High Pressures are Con-
trolled by a Deep-Sea Osmolyte

The protein, buffer and cosolvents used in the experiments were purchased from Sigma Aldrich,
St. Louis, MO, USA. 10% (w/v) (∼ 102.6 mg mL−1) and 1% (w/v) (∼ 10 mg mL−1) lysozyme
from chicken egg white (14.3 kDa, pI = 11, dialyzed, lyophilized, powder, 100000 U/mg, (prod-
uct code: 62970 SIGMA-ALDRICH)) was dissolved freshly before each measurement in 25 mM
Bis-Tris buffer at pH 7 (B4429 SIGMA). The organic osmolytes TMAO (Trimethylamine N-oxide
dihydrate (92277 SIGMA-ALDRICH)), urea (U5378 SIGMA), trehalose (1673715 USP), L-alanine
(05129 SIGMA), glycine (50046 SIGMA), sarcosine (S7672 SIGMA), betaine (61962 SIGMA), β-
alanine (05160 SIGMA), taurine (86329 SIGMA), L-α-glycerophosphorylcholine (GPC) (G5291
SIGMA), myo-Inositol (57570 SIGMA-ALDRICH) and L-proline (81709 SIGMA) were added at
various molar concentrations and compositions.

Shallow living crabs (1 M mixture): 227 mM taurine, 38 mM L-alanine, 67 mM L-proline,
329 mM betaine, 268 mM glycine, and 71 mM TMAO.
Crabs at bathyal (1850 m, 185 bar) trawl sites (1 M mixture): 94 mM taurine, 120 mM
L-alanine, 24 mM L-proline, 35 mM betaine, 236 mM glycine, and 492 mM TMAO.
Abyssal (2900 m, 290 bar) shrimp (0.63 M mixture): 500 mM TMAO, 87 mM glycine, 24
mM betaine, 7 mM L-proline, 9 mM L-alanine.
Shallow living shrimp (0.63 M mixture): 144 mM TMAO, 360 mM, 45 mM betaine, L-proline
32 mM, 25 mM L-alanine, and 22 mM taurine.
Abyssal skate (0.63 M mixture): 8 mM betaine, 18 mM myo-inositol, 12 mM β-alanine, 10
mM sarcosine, 10 mM taurine, 204 mM urea and 369 mM TMAO.
Shallow living skates (0.63 M mixture): 43 mM β-alanine, 47 mM sarcosine, 12 mM taurine,
459 mM urea, and 70 mM TMAO.

Chapter 6: The Effect of Osmolytes and Crowding on the Pressure-Induced Dissoci-
ation and Inactivation of Dimeric Horse Liver Alcohol Dehydrogenase

The protein, buffer and cosolvents used in the experiment were purchased from Sigma Aldrich, St.
Louis, MO, USA. Alcohol Dehydrogenase equine powder (recombinant, expressed in E. coli, ≥ 0.5
U/mg, 80 kDa, pI 6.8, (product code: 55689 SIGMA)) was dissolved in 10 mM Tris-HCl buffer
solution (Trizmar Base (T1503 SIGMA)) in order to keep the pH value constant at pH 8.5 at all
pressure conditions studied. In order to remove aggregates, the freshly prepared protein solution
was filtered through 0.2 µm membrane filter. The concentration after filtration was determined
using a Nanovue Plus Spectrometer (Biochrm. Cambridge, UK), to be approximately 0.7% (w/v).
The cosolvents TMAO (92277 SIGMA-ALDRICH), urea (U5378 SIGMA) and PEG 200 (Mw ∼
190 – 210 g mol−1 (88440 SIGMA)) were added to the 0.7% (w/v) LADH buffer solutions at
various concentrations:
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0.7% (w/v) LADH + 10 mM Tris-HCl (pH 8.5)
+ 5, 15% (w/v) PEG 200
+ 500 mM TMAO
+ 500 mM Urea
+ 250 mM TMAO + 500 mM Urea

Chapter 7: Macromolecular Crowding of Protein Solutions by the Polysaccharide
Ficoll

The protein, buffer and crowder used in the experiments were purchased from Sigma Aldrich, St.
Louis, MO, USA. Before each measurement, the monomeric protein lysozyme from chicken egg
white (14.3 kDa, pI = 11, dialyzed, lyophilized, powder, 100000 U/mg (product code: 62970
SIGMA-ALDRICH)) was freshly dissolved at the concentrations 5 – 15 % (w/v) in aqueous buffer-
crowder mixtures composed of 25 mM Bis-Tris buffer (pH 7) (B4429 SIGMA) and various amounts,
1 < cFicoll < 30 % (w/v), of the polysaccharides Ficoll PM 70 (F2878 SIGMA) or Ficoll PM 400
(F4375 SIGMA).
For the light transmission experiment (see section 3.3), protein-free salt-Ficoll stock solutions are
prepared of 7.5% (w/v) Ficoll PM 70 and 3 M NaCl + 25 mM Bis-Tris (pH 7). To generate
salt-free protein stock solutions, dialysis was applied as described above. Before each turbidity
measurement, the protein and salt-Ficoll stock solutions were mixed, yielding solutions of 285 mg
mL−1 lysozyme + 25 mM Bis-Tris (pH 7) + 0.5 M NaCl with 1.25% (w/v) Ficoll PM 70.

clys / % (w/v) clys / mg mL−1 Φlys / %

0.5 5.01 0.37
1 10.03 0.75
5 50.75 3.77
10 103.00 7.65
15 156.75 11.65
20 212.00 15.75
25 268.75 19.97
30 327.00 24.30

Table 3.1: Lysozyme concentration, clys, unit conversion and the corresponding volume fraction,
Φlys, calculated using the partial specific volume of lysozyme V̄ ◦lys = 0.743 mL g−1 [Orthaber et al.,
2000,Sophianopoulos et al., 1962,Mylonas and Svergun, 2007].
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3.2 (High-Pressure) Small Angle X-ray Scattering Experi-
ment

2θ
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L
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flight tube

Figure 3.1: Typical experimental SAXS setup with the elementary components.

In order to perform a successful measurement of the intensity scattered of biomolecular solutions
at small-angles to gain information on the shape and size of the single components as well as their
spatial arrangement and thus interactions in solution, the experimental setup and the sample have
to meet several technical requirements, which are discussed in the following.
The schematic layout of a typical SAXS experiment with its basic elements is shown in Figure 3.1.
The X-ray source can be a laboratory X-ray tube or an insertion device at a synchrotron radiation
facility. Since a monochromatic beam is required, a monochromator is employed to select a wave-
length of the emitted synchrotron radiation spectrum.
In order to obtain a collimated, well defined beam profile, the beam passes through a system of
optics, tailor-made for the particular beamline. Essentially, two slits are needed for a properly col-
limated beam: At each slit, the beam profile is defined via an arrangement of knife edges made of a
material with high absorbency. However, the knife edges can become source of parasitic scattering
themselves which is most pronounced at small angles near the primary beam. Thus, for SAXS a
third slit is generally located close to the sample holder in order to remove this scattering which
otherwise would superimpose the weak signal scattered of the sample.
In general, the scattering at small angles of an electromagnetic wave by a medium is frequency de-
pendent. For X-rays with an energy close to the characteristic absorption edge of an atom, effects
of anomalous small-angle X-ray scattering (ASAXS) become significant, modulating the scattering
signal. However, the absorption edges for the light atoms frequently found in soft condensed matter
(i.e. carbon, hydrogen, nitrogen, sulfur and oxygen) occur at very low X-ray energies and, hence,
outside the accessible photon energy range. Thus, the contribution of ASAXS effects to the scat-
tering signal of the biomolecular systems, studied in this thesis, can be neglected [Schurtenberger,
2002].
However, generic X-ray attenuation also takes place at frequencies far from the matters charac-
teristic absorption edges and the transmitted intensity of monochromatic X-rays of a constant
wavelength, λ, is proportional to

I ∝ d · exp(−µ(λ) d), (3.1)

wherein d is the thickness of the sample and µ(λ) the linear absorption coefficient [Lindner, 2002].
A maximal amount of the signal is transmitted through the sample when the relation µ(λ) = 1/d
is fulfilled. Since the average electron density of proteins (∼ 0.420 electrons/Å3) does not differ
largely from the electron density of water (∼ 0.334 electrons/Å3), the scattering contrast and ac-
cordingly the signal-to-background ratio are small [Svergun and Koch, 2003]. For example, protein
systems containing sugar as additive especially suffer from a weak scattering contrast (50% (w/v)
sucrose ∼ 0.400 electrons/Å3 [Svergun and Koch, 2003]). The statistics of the measurement can be
increased by choosing a larger sample thickness and therefore a larger number of particles in the
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beam. At the same time the sample cannot be too thick as otherwise the approximation of a single
scattering event looses validity and the absorption increases (see Eq. (3.1)). Since in the case of
aqueous protein solutions the absorption is mainly due to the solvent, the effective transmission
of the sample can be approximated by using the absorption coefficient for water. Essentially, in a
real SAXS experiment all components along the beam path give rise to an additional scattering
contribution and attenuation of the incoming beam (e.g. diamond windows of the pressure cell,
sample carrier, air). The attenuation can be accounted for by increasing the photon energy (An-
other benefit: The beam damage of the sample system declines at photon energies in the range 20
- 30 keV.), by increasing the measurement time as well as by the usage of X-rays of high flux.
Also, the signal strength and the signal-to-noise ratio can be increased by employing a two-
dimensional area detector and by azimuthally averaging over the isotropic SAXS pattern pro-
duced by aqueous biomolecular systems. Moreover, one of the great advantages of the appliance of
two-dimensional resolving area detectors in small-angle X-ray scattering experiments on aqueous
biomolecular solutions is, that the scattering signal is recorded over the whole q-range in one single
detector image. Thereby, the sample exposure time and, hence, beam damage are minimized and
any anisotropy of the signal can be disclosed.
Signal loss due to air scattering and X-ray absorption by the air is prevented by evacuated flight
paths between source and sample as well as between the sample and the detector. The weakness of
the SAXS signal commands highly sensitive detectors which are protected by a beam stop against
destructive overexposure by the much stronger transmitted primary beam.
To summarize, in a real SAXS experiment the recorded scattering intensity (Eq. (2.103)) depends
on the sample transmission, the beam properties as well as on the experimental setup:

I(q) =
I0
L2
· T ·A · d ·∆ρ2 · n · V 2

p · P (q) · Seff(q), (3.2)

with A being the spot size of the X-ray beam (e.g. beam size), d the sample thickness and T the
transmission. At a fixed wavelength, the detectable q-range is determined by the sample-to-detector
distance and detector size.

3.2.1 High-Pressure SAXS Setup

In order to perform SAXS experiments on the proteins shape and size as well as on the protein inter-
molecular interactions in ternary protein-cosolute-buffer systems under high hydrostatic pressure
conditions, two different custom built HHP sample cells, constructed by C. Krywka [Krywka, 2008]
and J. Möller [Möller et al., 2016], were employed. Both sample cells were also used for temperature-
and pressure-dependent light transmission (turbidity) measurements to map metastable liquid-
liquid phase diagrams of protein-cosolute-buffer solutions in the (p-T )-plane (see section 3.3). The
two different HHP SAXS setups will be presented in the following.

HHP SAXS - Setup I

The pressure cell constructed by J. Möller was originally developed for time-resolved solution
SAXS studies of kinetic processes induced by sub-ms HHP jumps [Möller et al., 2016]. However,
in this thesis it was employed for static pressure SAXS measurements and also for temperature-
and pressure-dependent light transmission measurements (see section 3.3) in the pressure range (1
< p < 1250) bar and at temperatures ranging from 4 to 26◦C. The HHP SAXS setup at beamline
ID02 of the ESRF (see section 3.2.2) as well as the technical drawings of the pressure cell are
depicted in Figure 3.2. The body of the pressure cell is machined from F16PH stainless steel with
two openings for the X-ray beam, one opening form the exchange of the sample holder and two
further openings for pressurizing the cell. The X-ray entrance and exit windows are sealed by two
transparent disk-shaped diamonds with 1 mm thickness and 3 mm diameter, which are mounted
on a diamond support and fixed using epoxy glue. Due to the high absorption by the diamonds1,
only hard X-rays, small beam size and with a sufficiently high flux are applicable with the pressure

1A diamond of 2 mm thickness absorbs 40% of the incoming photons at the photon energy E = 15 keV (absorption
is strongly energy dependent) [Henke et al., 1993].
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setup in order to record a meaningful scattering curve within a short time. The effective beam
path throughout the sample has a diameter of 1 mm and the window opening angle measures 20◦.

B

A C

D

E

F

X-ray beam

Figure 3.2: (A) HHP SAXS setup I at beamline ID02 (ESRF) (see section 3.2.2) featuring the
pressure cell by J. Möller mounted on the sample holder in the beam path and connected via high
pressure pipes to a (B) motor-driven pressure pump system. The temperature within the cell is
regulated by a HUBERTM Ministat 230. (C) Exploded view of the X-ray beam path components
and the sample holder. The inset depicts the capillary of the sample holder positioned in the
beam path between the two diamond windows. (D) Sketch of the cross section of the cell from the
top. (E) The sample cell mounted on the setup holder. (F) Sample holder with a polycarbonate
capillary and a closing plug. Pictures of the pressure cell are adapted from [Möller et al., 2016].

The sample holder (see Figure 3.2 (F)), consists of either a polycarbonate capillary (Enki
Microtubes S.r.l. Italy) or a polymide (Kapton, MicroLumen, Inc. USA) capillary, mounted on
the sample carrier, which also serves as a seal of the pressure cell body. The capillary has a length
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of 4 mm, an inner diameter of 1.9 mm and a wall thickness of 50 µm for the polycarbonate and
40 µm for the polymide, respectively. Before use, the ends of the empty capillaries are glued to
the sample holder and a closing plug, respectively. The sample (5 - 10 µl volume) is filled into
the prepared capillary through a small channel in the closing plug, which is then closed by a
small M1 screw. The filled sample holder is placed from the top in the cell body between the
two diamond windows as shown in Figure 3.2 (C). Tightening the sample nut seals the pressure
cell. Remote temperature control of the sample environment is implemented via a water-circulating
temperature jacket around the cell, which is connected to a refrigerated heating circulator bath with
water-cooled cooling machine (HUBERTM Ministat 230). The cell is connected via a standard 1/4
in. high pressure connection to an external motor-driven pressure generating pump (Nova Swissr

550.0301). As pressurizing medium inside the cell (internal cell volume 55 µl) deionized water is
used. With the HHP SAXS setup I, static pressures up to 1.5 kbar can be generated in the sample
environment.

B

A

B

X-ray beam path

X-ray beam

Figure 3.3: (A) HHP SAXS setup II at beamline ID02 (ESRF) (see section 3.2.2) featuring the
pressure cell by C. Krywka (B) Exploded view of the X-ray beam path components and the sample
holder. Reprinted with permission from [Krywka, 2008]. Copyright c© 2008 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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HHP SAXS - Setup II

The design principle of the second setup is similar to the HHP SAXS - Setup I, but the custom-built
high pressure sample cell by C. Krywka [Krywka, 2008] can be employed to generate hydrostatic
pressures up to 5 kbar in the sample environment. Figure 3.3 depicts a photography of the HHP
SAXS setup at beamline ID02 (ESRF) (see section 3.2.2) as well as an exploded view of the
pressure cell. The cell body, made from stainless steel (Inconel 718, 2.4668) is sealed with two flat
diamond windows (type IIa, 1 mm thickness, 6 mm diameter) for entering and exit of the X-ray
beam. The diamonds are mounted with eproxy glue on the window holders, to fix them in place
at low pressures. At elevated pressures, these so-called Poulter-type windows are fixed and sealed
by the pressure [Poulter, 1932]. The diamond window holders are equipped with ∅ 13.00 x 3.00
NBR 90 Shore A precision O-rings to seal the cell at high hydrostatic pressures. Next to the two
diamond windows for the X-ray beam passage, an additional front opening serves the fast exchange
of the actual sample carrier which is placed in the pressure cell body in the beam path between
the two diamond windows, which are separated by a distance of 2 mm (see inset in Figure 3.3
(B)). The area around the sample carrier’s window has a thickness of 1.8 mm and is, before usage,
glued with polymide foil (Kapton R©, thickness 25 µm). The sample carrier can be filled through a
thin channel by a needle and sealed with a M2.5 polyamind screw (TOOLCRAFTr 830415). The
sample carrier holds a sample volume of 55 µl. The seal the sample entrance, ∅ 11.00 x 3.00 NBR
70 Shore A precision O-rings of RALICKS GmbHr are employed. Again, as pressure transmitting
medium ionized water is used. A hand spindle pump (Nova Swissr), connected via a special valve
and tubing to a water reservoir as well as to the pressure cell, is used to increase the pressure (not
shown in Figure 3.3). The pressure is measured at the pump as well as at the cell by two pressure
detectors.

3.2.2 Beamlines

Within this thesis, the HHP SAXS experiments were performed at various synchrotron light sources
to meet the above mentioned special demands of a high pressure setup as well as at one laboratory
X-ray instrument for measurements at ambient conditions. The different end stations at which the
experiments were carried out as well as the experimental procedure are described shortly in the
following.

Laboratory SAXS Instrument GALAXI, Forschungszentrum Jülich (Jülich, Germany)

The high brilliance laboratory Gallium Anode Low-Angle X-ray Instrument (GALAXI) at the
Forschungszentrum Jülich, Germany, is based on the JUSFIA anomalous SAXS instrument, which
was formerly operating at beamline B1 at the storage ring DORIS (HASYLAB, DESY Hamburg,
Germany).

Figure 3.4: Sketch of the X-ray source GALAXI (Forschungszentrum Jülich, Jülich, Germany)
with its main components. Picture adapted from [Kentzinger et al., 2016].

The laboratory X-ray scattering instrument GALAXI is equipped with a METALJET source
by Bruker AXS, utilizing a liquid metal jet of a GaInSn alloy as anode, which provides Ga Kα

radiation at λ = 0.134 nm (E = 9243 eV photon energy).
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Figure 3.5: (A) GALAXI diffractometer with shortest detector distance available. The X-ray
source (GaInSn liquid anode) is located behind the wall. (B) Pilatus 1M 2D-position sensitive
detector located in the SAXS region and the sample position. (C) Close-up of the evacuated
sample position. (D) Standard sample holder for sealed capillaries with outer diameter ranging
from 1.5 to 2.1 mm.

Five different sample-to-detector distances can be adjusted between 0.835 and 3.535 m, yielding
an overall accessible q-range of 0.04 < q < 8 nm−1. Owing to the small X-ray source (20 µm
diameter projected to beam direction), the intrinsic divergence is 0.3 mrad at parallel beam size of
2.4 x 2.4 mm2. At the evacuated sample position, a flux of 1 x 109 photons

s·mm2 is received. As detector
a 2D position sensitive Pilatus 1M detector with an active area of 169 (H) x 179 (V) mm2 and
single pixel size 172 x 172 µm2 is employed [Kentzinger et al., 2016]. The schematic layout of the
instrument is shown in Figure 3.4.
In the framework of the project ’Macromolecular Crowding of Protein Solutions by the
Polysaccharide Ficoll’ (see chapter 7), the SAXS measurements were performed at a sample-to
detector distance of 0.834 m and 3.534 m, corresponding to a q-range of 0.0400 < q < 2.0234 nm−1

and 0.1481 < q < 7.905 nm−1, respectively. The liquid samples were measured at ambient pressure
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and at 25◦C in borosilicate glass capillaries with 2.1 mm diameter and 0.05 mm wall thickness and
sealed with hot glue, using the in-house sample holder (see Figure 3.5). The exposure time was 1
h. The 15% (w/v) lysozyme + 25 mM Bis-Tris (pH 7) solutions and the corresponding background
solvent scattering were measured for the crowder Ficoll PM 70 added to the solution at various
concentrations (see section 3.1).

Beamline SWING, Soleil (Saint-Aubin, France)

At the Small-angle and Wide-angle scatterING beamline SWING at the storage ringe SOLEIL
in Saint-Aubin, France, a U20 in-vacuum undulator provides a beam of the size 20 µm x 20 µm
and divergence 14.5 (H) x 4.6 (V) µrad. The accessible energy range is 5 - 17 keV (Si(111) double
crystal monochromator) with energy resolution of ∆E ' 2 eV. The typical flux on the sample
is of the order 1012 photons

s at 16 keV. For a SAXS setup, the detectors Eiger 4M (Dectris) and
PCCD170170 (AVIEX) are available [Beamline SWING, 2018].
In the SAXS experiment, performed within the framework of the project ’Water-Mediated
Protein-Protein Interactions at High Pressures are Controlled by a Deep-Sea Os-
molyte’ (see chapter 5), a q-range of 0.070 < q < 6.389 nm−1 was obtained at a sample-to-detector
(AVIEX PCCD170170) distance of 2.175 m and with a photon wavelength of λ = 0.8266 Å. The
exposure time was 1 s. The temperature was held constant at 25◦C and the high hydrostatic
pressures in the range 1 - 4000 bar were generated in the sample environment employing the HHP
SAXS - Setup II described in section 3.2.1. The 10% (w/v) and 1% (w/v) lysozyme + 25 mM
Bis-Tris (pH 7) solutions and the corresponding background solvent scattering were measured at
25◦C in 500 bar steps in an overall pressure range from 1 to 4000 bar for single organic osmolytes
at various concentrations, c, and mixtures thereof (see section 3.1).

Beamline I22, DLS (Didcot, United Kingdom)

Figure 3.6: Experimental SAXS setup at beamline I22 (DLS, Didcot, United Kingdom).
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The beamline I22 at the storage ring Diamond Light Source (DLS) in Didcot, United Kingdom,
dedicated to small- and wide-angle scattering and diffraction, operates at an energy range from
3.7 to 20 keV with an energy resolution of (∆E/E) = 1.2 x 10−4, employing a Si(111) double
crystal monochromator. The flux at 12.4 keV on sample is 6 x 1012 photons

s . The beam size at the
sample measures 320 (H) x 80 (V) µm2 and with micro-focusing 10 (H) x 8 (V) µm2. The source
of the beam is an in-vacuum U25 undulator and detection of the SAXS signal is achieved using a
Pilatus-P3-2M (DECTRIS) with an active area of 253.7 (W) x 288.8 (H) mm2 made of 1475 (W) x
1679 (H) total pixels (single pixel size 172 x 172 µm2) [Beamline I22, 2018]. The schematic layout
of the beamline is depicted in Figure 3.7 and the experimental SAXS setup in in Figure 3.6.
For the SAXS experiments serving the projects ’Impact of Macromolecular Crowding and
Compression on Protein-Protein Interactions and Liquid-Liquid Phase Separation
Phenomena’ (see chapter 4), ’Water-Mediated Protein-Protein Interactions at High
Pressures are Controlled by a Deep-Sea Osmolyte’ (see chapter 5) and ’The Effect of
Osmolytes and Crowding on the Pressure-Induced Dissociation and Inactivation of
Dimeric Horse Liver Alcohol Dehydrogenase’ (see chapter 6), the distance of the detector to
the sample was set to 3.752 m. The wavelength of the incident photon beam was λ = 0.6888 Å and
the wave vector transfer covered a range of 0.070 < q < 6.600 nm−1. The exposure time was 1 s.
The measurements were performed at a constant temperature of 25◦C employing the HHP SAXS
setup II lined out in section 3.2.1 and motor driven high pressure pump (SITEC-Sieber, Zürich,
Switzerland) installed at the beamline [Brooks et al., 2010]. The 10% (w/v), 1% (w/v) lysozyme
+ 25 mM (50 mM) Bis-Tris (pH 7) (+ 75 mM NaCl) solutions, the 1% (w/v) LADH + 10 mM
Tris-HCl (pH 8.5) solutions and the corresponding background solvent scattering were measured
in 250 bar steps in an overall pressure range from 1 to 3500 bar for several cosolvents and crowders
added at various concentrations, c, and mixtures thereof (see section 3.1).

Figure 3.7: Schematic layout of beamline I22 (DLS, Didcot, United Kingdom). Picture adapted
from [Beamline I22, 2018].

Beamline ID02, ESRF (Grénoble, France)

At the WAXS and (U)SAXS beamline ID02 at the storage ring European Synchrotron Radiation
Facility (ESRF) in Grénoble, France, the X-ray radiation is delivered by two phased U21.4 undu-
lators or a single U35 undulator. As the U35 device covers the full energy range of the beamline
(8-29 keV), the two U21.4 undulators are primarily operated at a energy between 12.4 - 15.2 keV,
providing a monochromatic flux of the order 6 x 1013 photons

s at the sample position. The beamline
is equipped with a liquid-nitrogen-cooled Si(111) crystal monochromator (∆E/E ' 2 x 10−4) and
three detectors for high resolution USAXS (FReLoN 4M), time-resolved SAXS (Pilatus 300K, Dec-
tris) and workhouse SAXS/USAXS (Rayonix MX 170 HS). The Rayonix MX-170HS CCD detector
has an overall size of 170 x 170 mm2 and a spatial resolution of ∼ 85 µm [Narayanan et al., 2018].
The schematic layout of the beamline is depicted in Figure 3.8.
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Figure 3.8: Sketch of beamline ID02 (ESRF, Grénoble, France). Picture adapted from [Narayanan
et al., 2018].

In the SAXS experiment dedicated to the project ’Macromolecular Crowding of Protein
Solutions by the Polysaccharide Ficoll’ (see chapter 7), the incident photon wavelength was
set to λ = 0.7232 Åand the sample-to-detector (Rayonix MX-170HS CCD) distance to 2.4 m, yield-
ing the wave vector transfer range 0.0396 < q < 4.412 nm−1. To generate HHP (1 < p < 4000 bar)
in the sample environment, the high-pressure setup lined out in section 3.2.1 (HHP SAXS setup
II) was employed at a constant temperature of 25◦C. The sample was exposed to the radiation for
0.5 s.
During beam time allocated to the project ’Water-Mediated Protein-Protein Interactions
at High Pressures are Controlled by a Deep-Sea Osmolyte’ (see chapter 5), an incident
photon wavelength of λ = 0.7293 Å and a sample-to-detector (Rayonix MX-170HS CCD) distance
of 2.3999 m yielded an wave-vector-transfer ranging from 0.0396 < q < 0.7022 nm−1. The exper-
iment was performed using the high-pressure setup section as mentioned above (see section 3.2.1
(HHP SAXS setup II)). The exposure time was 1 s.
For the SAXS experiment, performed during the RESOLV GSS international internship at beam-
line ID02 serving the project ’Impact of Macromolecular Crowding and Compression on
Protein-Protein Interactions and Liquid-Liquid Phase Separation Phenomena’ (see
chapter 4), an in-house high pressure cell was used (see section 3.2.1 (HHP SAXS setup I)).
The distance between the detector (Rayonix MX-170HS CCD) and the sample was 2 m and the
wavelength of the incoming beam was λ = 0.7490 Å. The SAXS curves were recorded over range
0.0519 < q < 4.9837 nm−1. The exposure time was 0.25 s.
During the experimental sessions, the 10% (w/v) and 1% (w/v) lysozyme + 25 mM Bis-Tris (pH
7) solutions and the corresponding background solvent scattering were measured at 25◦C in 100
or 500 bar steps in an overall pressure range from 1 to 4000 bar for single organic osmolytes and
crowders at various concentrations, c, and mixtures thereof (see section 3.1).

Beamline 9, DELTA (Dortmund, Germany)

At beamline 9 at the storage ring Dortmunder ELekTronenspeicherringAnlage (DELTA) in Dort-
mund, Germany, a superconducting asymmetric wiggler (SAW) provides the synchrotron radiation.
The schematic outline of beamine 9 is depicted in Figure 3.9. The beamline is equipped with a
MAR345 2D image plate detector with an active diameter of 345 mm and a pixel size of 100 x 100
µm2. The evacuated flight tube between sample and detector has a length of 1.1 m and a diameter
of 200 mm, effectively limiting the active area of the detector. Employing a Si(311) double crystal
monochromator, the beamline can be operated at X-ray energies between 4 - 30 keV. At a photon
energy of 10 keV, the photon flux is 5 x 107 photons

s mm2 mA . The beam size is typically 1 (H) x 2 (V)
mm2 [Krywka et al., 2007].
In the SAXS experiment performed within the framework of the project ’Impact of Macromolec-
ular Crowding and Compression on Protein-Protein Interactions and Liquid-Liquid
Phase Separation Phenomena’ (see chapter 4), the measurements were performed employing
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the MAR345 image plate detector at a distance of 1.103 m from the sample at an incident photon
wavelength of λ = 1.2399 Å. Here, the HHP SAXS setup II described in section 3.2.1 was employed
without the diamond windows and the accessible momentum transfer was 0.238 < q < 5.769 nm−1

(see Figure 3.10). The exposure time was 10 min. The 1% (w/v) lysozyme + 25 mM Bis-Tris (pH
7) solutions and the corresponding background solvent scattering were measured at 25◦C in 500
and 1000 bar steps in an overall pressure range from 1 to 3500 bar for 15% (w/v) PEG of various
molecular weights (see section 3.1).

Figure 3.9: Schematic outline of the SAXS/WAXS setup at beamline 9 (DELTA, Dortmund,
Germany). Picture adapted from [Krywka et al., 2007].

Figure 3.10: Experimental SAXS Setup at beamline 9 (DELTA, Dortmund, Germany).
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Beamline P03, Petra III (Hamburg, Germany)

Figure 3.11: Sketch of beamline P03 (PETRA III (DESY), Hamburg, Germany). Picture adapted
from [Buffet et al., 2012].

Figure 3.12: Experimental SAXS Setup at P03 (PETRA III, Hamburg, Germany.

The Microfocus and Nanofocus X-ray Scattering (MiNaXS) beamline P03 at the storage ring
PETRA III in Hamburg, Germany, exploits one of a high-β canted 2 m undulator pairs. The
monochromator is equipped with a cryocooled Si(111) double crystal and provides a micro-focused
(H x V ≥ 23 µm x 13 µm) monochromatic X-ray beam in the energy range 8 - 23 keV with a
resolution of ∆E/E ' 10−4 and a photon flux of ≥ 1011 photons

s [Buffet et al., 2012]. A sketch of
the beamline is depicted in Figure 3.11.
In the SAXS experiment performed within the framework of the two projects ’Impact of Macro-
molecular Crowding and Compression on Protein-Protein Interactions and Liquid-
Liquid Phase Separation Phenomena’ (see chapter 4) and ’Macromolecular Crowding of
Protein Solutions by the Polysaccharide Ficoll’ (see chapter 7), a q-range of 0.070 < q <
6.389 nm−1 was obtained at a sample-to-detector (Pilatus 1M pixel detector) distance of 1.630 m
and with a photon wavelength of λ = 0.9480 Å. The exposure time was 0.1 s. The HHP SAXS

79



setup II described in section 3.2.1 was employed to generate pressures up to 3.5 kbar in the sample
environment. The temperature was held constant at T = 25◦C (see Figure 3.12). The 10% (w/v)
lysozyme + 50 mM Bis-Tris (pH 7) solutions and the corresponding background solvent scattering
were measured at 25◦C in 250 bar steps in an overall pressure range from 1 to 3500 bar for the
crowder Ficoll PM 70 (PM 400) and PEG of various molecular weights at various concentrations
(see section 3.1).

3.2.3 Basic Data Treatment and Refinement

(a)  (b)  (c)  

Figure 3.13: (a) Scattering image of the calibrant silver behenate (AgC22H43O2) (b) Raw scattering
image recorded with a Pilatus 1M detector of an aqueous 10% (w/v) Ficoll PM 70 solution. (c)
The same image with the corresponding mask (red) made by the program FIT2D [Hammersley
et al., 1996]. All images were recorded at beamline P03 at PETRA III (see section 3.2.2).

Although the software employed for the detector calibration and raw data treatment of the SAXS
patterns recorded with a 2D area detector differs from beamline to beamline (e.g. FIT2D [Hammer-
sley et al., 1996] at P03 (PETRA III) and bl9 (DELTA), Foxtrott at SWING (SOLEIL), DAWN
at I22 (DLS), SAXSutilities at ID02 (ESRF)), the basic principle is the same and will be discussed
in the following. The first step is the calibration of the sample-to-detector distance and the posi-
tion of the primary beam on the detector with the low-angle diffraction standard silver behenate
(AgC22H43O2, Mw = 447.2287 g mol−1) [Huang et al., 2007]. It has been shown that silver behen-
ate has a set of well defined and regularly spaced (00l) diffraction peaks at 2Θ ≤ 20◦ with d001 =
58.380(3) Å. Figure 3.13 (a) shows the corresponding small-angle section of the powder diffraction
pattern of silver behenate recorded with a Pilatus 1M detector at beamline P03 at PETRA III.
In the next step, the two-dimensional scattering pattern of the sample is azimuthally averaged
whereby various areas of the detector are excluded by a so-called mask. This includes parts of the
area that are shadowed by the beam stop and anisotropies like the so-called Pseudo-Kossel lines,
which emerge from X-ray reflection of the lattice planes of the diamond windows. Figure 3.13 (b)
and (c) show the (un)masked detector image of the scattering pattern.
Then, in order to extract the weak scattering contribution, originating from the proteins, to the
measured SAXS signal of an aqueous protein solution, a background correction is performed. Since
the main focus is on the proteins tertiary and/or quaternary structure as well as the protein-protein
interaction, the solvents signal is treated as background next to the parasitic scattering contribu-
tions from slits, air, the Kapton foil (’Kapton peak’ at q = 3.8 nm−1), the diamond windows, etc.
The SAXS signal of the proteins is obtained by measuring the scattering of a sample carrier filled
with the solvent of the same composition as that used for the protein solution, and subtracting
it from the signal of the corresponding protein solution. For an exact background subtraction,
an accurate normalization of the experimental scattering signals, I(exp)(q), to the incoming flux
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of the X-ray beam, I0, and the transmission of the sample, T , is required. Both quantities differ
significantly from measurement to measurement due to the pressure dependence of the sample
transmission. In general, they are measured by diodes or ion chambers. Alternatively, the inte-
grated scattering signal, recorded with a 2D resolving detector, can be used as well. The normalized
scattering signal is given by

I(norm)(q) ∼=
I(exp)(q)

I0
· 1

T
=
I(exp)(q)

I0
· I0
I(T )

=
I(exp)(q)

I(T )
. (3.3)

Here, it is used that the transmission of the sample is the ratio of the incoming, I0, and the
transmitted, attenuated beam, I(T ). However, a proper background subtraction generally cannot
be obtained by the simple normalization, but scaling the normalized signals from the protein

solution, I
(norm)
prot+solv+bkg(q), as well as the solvent scattering, I

(norm)
solv+bkg(q), by an additional factor,

g, yields the scattering signal emerging solely from the proteins

I(q) =
I

(exp)
prot+solv+bkg(q)

I
(T )
prot+solv+bkg

− g ·
I

(exp)
solv+bkg(q)

I
(T )
solv+bkg

. (3.4)

The factor g is close to unity and the quality of the background subtraction can be evaluated
by the Kratky plot (see section 2.4.2) for dilute solutions. For example, the Kratky plot of a
dilute lysozyme solution should exhibit a sharp maximum as well as a minimum close to zero.
For concentrated solutions, the choice of the value g should be coincidental with the high q-limit,
S(q) −→ 1, of the structure factor (see section 2.4.4).

3.3 Liquid-Liquid Phase Separation (LLPS)-Turbidity Mea-
surement

B

A B

Laser beam

DiodeLaser Sample

Laser

Diode

pressure
   pump

voltmeter

connection to water bath

pressure cell

Figure 3.14: (A) Experimental setup for temperature- and pressure-dependent light transmission
measurements featuring the HHP setup I (see section 3.2.1). The pressure cell is connected to
a pressure pump as well as to a refrigerated heating circulator bath with water-cooled cooling
machine (HUBERTM Ministat 230) for temperature control. (B) Beam path of the laser beam
passing the sample. The intensity of the laser is recorded by a diode and converted to a voltage
signal. The signal is reproduced with a voltmeter.

For temperature- and pressure-dependent light transmission measurements of the protein-crowder
solutions, the HHP setups I and II [Möller et al., 2016,Krywka et al., 2007] (see section 3.2.1) were
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employed together with a laser and diode mounted alongside the optical path of the cell’s diamond
windows. Figure 3.14 depicts the experimental setup for light transmission measurements featuring
the pressure cell by [Möller et al., 2016], exemplarily. Entering the LLPS region, the transparent
homogeneous protein solution becomes turbid due to formation of droplets of higher protein con-
centration dispersed in the lower concentrated bulk solution. A pressure-, temperature- and/or
crowder-induced transition to the liquid-liquid phase separation (LLPS) region of the protein-
crowder solutions and the concomitant increase of the solutions’ turbidity are quantified by the
reduction of laser light transmission in a temperature range from 6 to 28◦C and a pressure range
from 1 to 4500 bar. A detailed description of this ’cloud-point’-determination can be found in [Liu
et al., 1996,Asherie, 2004].

3.4 Refractometry

The refractive indices, ns, of the cosolvents solutions at various concentrations were measured
with an accuracy of ± 0.0002 at ambient pressure and T = 25◦C employing a Brix/RI-Check
Refractometer (RI Range 1.3330 – 1.4465; 589 nm LED) from Reichert Technologies.

3.5 Dielectric Spectroscopy

In this thesis, the static dielectric constants for the cosolvent solutions of protein systems were
determined with two devices, the Dekameter DK 03 (with kind support of the Chemical Practical
Course, TU Dortmund) and the Agilent E4991A RF Impedance/Material Analyzer (with kind
support of the Chair of Experimental Physics E III, AG Böhmer, TU Dortmund), which will be
described in the following.

Calibration

With both the Agilent E4991A RF Impedance/Material Analyzer and the Dekameter DK 03, the
effective capacity of the actual measuring space of the cell cannot be calculated with sufficient
accuracy from the geometric dimensions. For this reason, each cell is calibrated with liquids which
are characterized by a dielectric constant known as precisely as possible, chemically stable and
of a low conductivity. For the calibration of the instruments, measurements of ethanol (εr =
25.43 [Barthel et al., 1983]), dimethyl sulfoxide (εr = 46.48 [Barthel et al., 1990]) and ultra-pure
water (εr = 78.36 [Kaatze and Uhlendorf, 1981]) were carried out at 25◦C and ambient pressure,
which cover a large area of the measuring range. The literature values of the static dielectric
constant of the three calibration substances are plotted against the corresponding read off scale
values. From the linear regression results the conversion formula of the scale value x into the
dielectric constant ε′(1.8 MHz) ' εr.

Dekameteter Type DK 03

The Dekameteter Type DK 03 made by the Wissenschaftlich - Technische Werkstätten (WTW)
GmbH (Welheim Oberbayern, Deutschland) with the sample cell for liquids Type MFL 3/s is
based on the compensation method and provides the real part of the frequency-dependent dielectric
permittivity at a constant measuring frequency of ν = 1.8 MHz. At this frequency for aqueous
solutions at room temperature the area of anomalous dispersion is not reached and thus the quasi-
static dielectric constant εr is measured. Generally, this setup can be employed for liquids with
static dielectric permittivities between 21 < εr < 90 at ambient pressure [Oehme, 1962]. Figure
3.15 depicts the device together with its block diagram as well as the sample cell and its cross-
section. The sample cell Z is a cylindrical capacitor with capacity CZ , made from metal and with
an sample volume of ∼ 10 ml. The sample is filled in the capacitor Z and operates as dielectric
medium. The sample cell is connected in parallel to an adjustable capacitor MK with capacity
CMK without dielectric medium. The total capacity of both is given by C1,2 = CMK + CZ . The
resonant circuit of the capacitor MK and the inductivity L resonates when tuning CMK to the
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constant normal frequency

νN = νE =
1

2π

√
1

LCMK
, (3.5)

equal to the eigenfrequency, νE , of the resonant circuit. By switching on the capacitor Z, the
capacity is increased to C1,2 and the eigenfrequency of the extended resonant circuit reads

ν′E =
1

2π

√
1

LC1,2
6= νN . (3.6)

The resonance condition in Eq. (3.6) can be restored by decreasing the capacity CMK by the
same amount as the capacitor Z has increased the capacity of the resonant circuit. Consequently,
changes in the dielectric permittivity ε′(1.8 MHz) of the sample results in a detuned generator
resonant circuit (see Figure 3.15 (D)). The change in capacity via the dielectric medium can be
compensated by adjusting CMK . A luminescent quartz (see Figure 3.15 (C)) serves as resonance
display and for fine tuning. The scale value is read off the display and converted into an absolute
value ε′(1.8 MHz) ' εr using the above mentioned calibration diagram.

A

B E

C

B

D E

visual display
power supply

measurement
   generator lid

termostatic
 jacket

sample
volume

central connector

Figure 3.15: (A) Dekameter Type DK 03 (WTW Weilheim) with internal calibration means. (B)
Sample cell for liquids, Type MFL 3/s for a measuring range 21 < εr < 90. (C) Luminescent
quartz for fine tuning. (D) Block diagram of the device with G: closed-loop gain, MK: measuring
capacitor, Z: sample cell and Q: luminescent quartz. Picture modified from [Oehme, 1962]. (E)
Cross-section of the sample cell. Picture modified from [Oehme, 1962].
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Agilent E4991A RF Impedance/Material Analyzer

The Agilent E4991A RF Impedance/Material Analyzer is based on the RF (Radio Frequency) I-V
method (see Figure 3.16 (C)). The grand advantages of this method are a high accuracy (1% typ.)
and a high resistance range at high frequencies. The Agilent E4991A Analyzer determines the
dielectric permittivity ε′, the dielectric absorption coefficient, ε′′, and the loss factor, tan(δ), at a
variable measuring frequency in a range from 1 MHz to 3 GHz. With this setup the range beyond
εr > 90 is accessible. The measurements of the dielectric permittivity, ε′(ν), are preceded by a
calibration program specified by the manufacturer [Agilent Technologies, 2016]. Figure 3.16 (D)
depicts the plate capacitor of the measuring cell in open state. A Kapton membrane with 80 µm
thickness and a circular section of 6 mm diameter is located between the parallel plates of the
capacitor. One to two drops of the sample liquid to be examined are pipetted into the center of
the circular section. The two capacitor plates are guided to each other and adjusted with a screw
so that the circuit is closed for measurement. For further analysis, the value of ε′ at a frequency
of 1.8 MHz was used from each spectrum.

A B D E

C RF I-V method

Figure 3.16: (A) Agilent E4991A RF Impedance/Material Analyzer for the measurement of the
dielectric permittivity, ε′(ν), in a frequency range 1 MHz < ν < 3 GHz [Agilent Technologies,
2011] [Agilent Technologies, 2016]. (B) Close-up of the sample holder. (C) Schematic circuit
diagram representing the RF I-V method [Agilent Technologies, 2009]. (D) Open and (E) closed
measuring plate capacitor.

3.6 High-Pressure Isothermal Solvent Compressibility Mea-
surement

Within the framework of the two projects ’Impact of Macromolecular Crowding and Com-
pression on Protein-Protein Interactions and Liquid-Liquid Phase Separation Phe-
nomena’ (see chapter 4) and ’Water-Mediated Protein-Protein Interactions at High Pres-
sures are Controlled by a Deep-Sea Osmolyte’ (see chapter 5) a X-ray transmission exper-
iment was performed at DELTA beamline 8 [Lützenkirchen-Hecht et al., 2009] to investigate the
impact of crowder molecules, like the polymer polyethylene glycol (PEG) of the molecular weights
∼ 200 g mol−1, ∼ 600 g mol−1, ∼ 2000 g mol−1, ∼ 4000 g mol−1 and ∼ 8000 g mol−1 and sucrose
on the compressibility of aqueous 10% (w/v) lysozyme solutions at pressures up to 4500 bar (see
section 3.1 for materials and sample preparation.). With the compressibility data, the volume frac-
tion, Φlys, of the protein in solution can be calculated as a function of pressure, crowder identity
and crowder concentration.
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DELTA (Dortmund, Germany), Beamline 8

The hard X-ray beamline 8 at the Dortmunder ELekTronenspeicherringAnlage (DELTA) storage
ring in Dortmund, Germany, is installed at the superconducting asymmetric wiggler (SAW) and
accommodates a pair of Si(311) crystals for the spectral range of 8 to ∼30 keV as well as a pair of
Si(111) crystals plus an additional pair of YB66(400) crystals for the low-energy range 2.1 - 14 keV.
The flux at the sample position for the Si(111) at 9 keV is ∼ 107 photons

s mA mrad and for the Si(311)

at 20 keV accordingly ∼ 3 x 106 photons
s mA mrad [Lützenkirchen-Hecht et al., 2009]. The layout of the

beamline is shown in Figure 3.17. In the experiment described in the following, the beam size was
1 (H) x 0.5 (V) mm2.

Figure 3.17: Schematic outline of the material science X-ray beamline 8 (DELTA, Dortmund,
Germany). Picture adapted from [Lützenkirchen-Hecht et al., 2009].

High-Pressure X-ray Transmission Setup
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Figure 3.18: (A) Experimental setup of the HHP X-ray transmission experiment at beamline 8
(DELTA) employing a custom-built high-pressure cell by [Wirkert et al., 2014]. (B) Sample holders.
Picture modified from [Wirkert, 2015]. (C) Cross section of the sample cell and sketch of the beam
path. Picture modified from [Wirkert et al., 2014].

The HHP X-ray transmission setup at beamline 8 (DELTA) is depicted in Figure 3.18. For the
pressure dependent X-ray transmission measurements, a custom-built high-pressure cell (devel-
oped for X-ray reflectivity measurements of liquid/solid interfaces under high hydrostatic pressure
conditions by [Wirkert et al., 2014]) was employed (see Figure 3.18). With a layout similar to
the HHP setup II (see section 3.2.1), it was modified to carry larger sample cells with an inner
volume of about 375 µl and a diameter of 1 mm in direction of the beam path (see Figure 3.18)
(B)+(C)). The windows for beam entry and exit are sealed with Kapton foil with 25 µm thickness.
After the filling, the sample carrier is closed by a M3 grub screw covered by a rubber membrane
to compensate for the volume and pressure changes. The experiment has been carried out in a
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pressure range from 50 to 4500 bar in 500 bar steps at a sample temperature of 25◦C. For an energy
range from 16.86 to 16.91 keV with an increment of 1 eV and a counting rate of 5 s, the radiant
flux received and transmitted by the sample of thickness d was measured, employing ion chambers
filled with Ar and Xe at 1 atm. Absorption spectra of 10% (w/v) aqueous lysozyme solutions
in 25 mM Bis-Tris buffer at pH 7 containing polymer polyethylene glycol (PEG) or sucrose were
recorded for crowder concentrations ranging from 0 to 45% (w/v).

Data Treatment and Refinement

The linear absorption coefficient2, µ, and accordingly the mass density, ρ, of a sample with thickness
z1 can be determined by Lambert-Beer’s law [Swinehart, 1962] from the X-ray transmission
through the sample:

I(T)(z) = I0 exp(−µ · z)

⇔ ln

(
I0

I(T)(z)

)
= µ · z

⇔ ln

(
I0

I(T)(z)

)
∝ ρ · z.

(3.7)

Here, I0 is the incident beam intensity at z = 0 and I(T)(z) the intensity of the attenuated X-
ray beam due to absorption after covering the distance z within the sample. In the calculation
of the pressure dependent X-ray transmission through the sample holder with thickness z1, the
whole distance, z2, the beam travels within the pressure transmitting liquid (water) between the
inner sample cell and each diamond window (see Figure 3.7 (C)) must also be taken into account.
Normalization to the transmission at ambient pressure yields for the pressure dependent X-ray
transmission. Using the relation between mass density and attenuation coefficient yields

ρsample(p) =
ln
(

I0(1bar)
I(T)(1bar)

)
ln
(

I0(p)
I(T)(p)

) · ρsample(1bar). (3.8)

The relative mass densities of the samples, ρsample(p), are normalized by Eq. (3.8) to an absolute
scale by complementary density measurements at ambient pressure employing an Anton Paar DSA
5000 densitometer.
Based on the finding that lysozyme is pressure resistant over the whole pressure range cov-
ered [Schroer et al., 2011a], the volume fraction, Φlys, of lysozyme in solution at elevated pres-
sures can be calculated directly from the partial specific volume of lysozyme V̄ ◦ [Orthaber et al.,
2000,Sophianopoulos et al., 1962, Mylonas and Svergun, 2007], the protein concentration and the
measured mass density, ρ(p), of the solution via

Φlys(p) = V̄ ◦lys ·
mlys ρ(p)

msol
. (3.9)

Here, mlys and msol describe the mass of the protein powder dissolved in buffer and of the whole
protein solution, respectively, and ρ(p) the experimentally derived pressure dependent density of
the protein solution. At 25◦C and ambient pressure, the partial specific volume of lysozyme at
infinite dilution was found to be V̄ ◦lys = 0.743 mL g−1 [Orthaber et al., 2000,Sophianopoulos et al.,
1962,Mylonas and Svergun, 2007,Millero et al., 1976].

2For a composite material with several kinds of atoms j, the absorption coefficient,

µ =
∑
j

(
ρNA

M

)
j

· σj ,

is determined by the product of number density, nj =
(
ρNA
M

)
j
, and cross section, σj , summed over all atom types

j present in the sample. Here, NA is the Avogadro constant, M the molar mass and ρ the mass density [Als-Nielsen
and McMorrow, 2011].
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Chapter 4

Impact of Macromolecular
Crowding and Compression on
Protein-Protein Interactions and
Liquid-Liquid Phase Separation
Phenomena

Inside cells, the conformational stability of biomolecules as well as equilibria and rates of biochem-
ical reactions are strongly influenced by the high fractional occupancy (> 30%) of ‘background’
species like proteins, osmolytes, nucleic acids and other biopolymers [Ellis and Minton, 2003,Zim-
merman and Trach, 1991] (see section 2.1.1). Moreover, the size, shape and concentration of such
crowder molecules modulate the intermolecular interactions between biomolecules such as proteins
and hence affect their dynamics, phase behavior and spatiotemporal organization. Spatiotemporal
control of biological processes is vitally important for cellular function. Recently, next to lipid
vesicles also membrane-less organelles were found to play a major role in compartmentalizing the
cell, thereby achieving the necessary physical separation of the cellular compounds and processes.

Figure 4.1: The intermolecular interaction potential, V (r), of dense lysozyme solutions (left side),
which governs the spatial distribution of the protein molecules in solution and the location of the
(pressure-dependent) liquid-liquid phase separation (LLPS) region (right side), in various crowding
environments (i.e. 20% (w/v) PEG solutions of various molecular weights, Mw,PEG).
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These membrane-less organelles consist of multicomponent viscous liquid droplets (coacervates)
formed via segregation of molecules from complex protein or protein-nucleic acid mixtures by
spontaneous liquid-liquid phase separation (LLPS) [Brangwynne et al., 2015]. The occurrence of
a metastable LLPS region of coexisting dilute and protein rich liquid phases has been reported
for highly concentrated protein solutions at low temperatures and in the presence of precipitating
additives such as salt [Muschol and Rosenberger, 1997,Möller et al., 2014a,Schulze et al., 2016] or
polymers [Annunziata et al., 2002,Annunziata et al., 2003,Wang and Annunziata, 2007] (see sec-
tion 2.3.4). The propagation by division and subsequent growth of such active self-organized liquid
droplets may also have served as prebiotic protocells [Zwicker et al., 2017]. By studying the physics
of LLPS phenomena we gain insights into mechanisms underlying the assembly and disassembly
of such biomolecular condensates present in the living cell [Banani et al., 2017, Long et al., 2005]
and into their particular role for cellular function when exposed to internal and external stressors,
such as high osmotic pressure due to high osmolyte and crowder concentrations (see section 2.1),
extreme temperatures or high hydrostatic pressure (see section 2.3). The intermolecular interac-
tions and microscopic structure of ternary protein-cosolute-buffer systems and their effects on the
temperature- and pressure-dependent phase behavior of crowded protein solutions are still largely
unknown. In addition to direct intermolecular interactions resulting from electrostatic, van der
Waals or hydrophobic forces, the entropically driven excluded volume effect can induce attractive
forces between proteins in the presence of crowder molecules (see section 2.1.1).
In this chapter we investigate the intermolecular interactions that govern the spatial arrangement
of proteins in solution and their effects on the temperature- and pressure-dependent boundaries
of the (metastable) liquid-liquid phase separation region in various crowding environments. Since
we focus on the crowding effect, the well-characterized monomeric protein lysozyme of chicken
egg white is employed as a model protein. The conditions prevailing in the crowded cellular en-
vironment are mimicked by macro- and nanomolecular crowding agents such as the synthetic,
biocompatible polymer polyethylene glycol (PEG) and the disaccharide sucrose. To investigate to
what extent the polymer properties play a role in the description of crowding by smallest polymer
molecules, sucrose was chosen for reference as an inert nanomolecular crowder only, with a similar
molecular weight, size and osmotic coefficient as PEG 200 and PEG 600. The non-ionic straight
chain polymer PEG (-(CH2-CH2-O)N -) exists in a random coil state in aqueous solution [Maxfield
and Shepherd, 1975] and is often employed in biochemical and pharmaceutical applications [Harris,
1992]. PEG has the capacity to exclude volume and dehydrates biopolymers at high concentra-
tions through competition for hydration water. By applying small angle X-ray scattering (SAXS)
in combination with a liquid theoretical approach we obtain the intermolecular protein-protein
interaction potential V (r) and the second osmotic virial coefficient, B22, as a function of crowder
concentration and identity and, in combination with complementary light transmission measure-
ments (turbidity), further insight into the effect of different crowding environments on the phase
behavior of dense lysozyme solutions in the metastable LLPS region. We investigate the influence
of the crowder’s shape, size and concentration on V (r) and the phase boundaries in the p-T -plane
by employing more than three orders of magnitude of the polymer’s molecular weight (Mw ∼ 200
– 35000 g mol−1) and concentrations crossing from the dilute to the semi-dilute polymer regime,
thereby mimicking crowding scenarios as they occur in heterogeneous biological cells. In addi-
tion to their biological relevance, these studies also provide a deeper understanding of the forces
controlling the B22 region, which is prone to lead to protein crystallization [Durbin and Feher,
1996,Tardieu et al., 2001,Bonneté and Vivarès, 2002].

This chapter is structured as follows: In section 4.1, the protein’s conformational stability upon
pressurization and in the presence of the polymer is investigated by SAXS measurements of diluted
lysozyme solutions, yielding size and shape of the protein in solution. In section 4.2 we analyze the
pressure-dependent intermolecular interaction potential, V (r), governing the spatial distribution
of proteins in solution, in various crowding environments employing SAXS in combination with
a liquid state theoretical approach. In section 4.3, we explore the effects of PEG on the shape
of the protein liquid-liquid phase separation (LLPS) region in the p-T -plane over a wide range of
temperatures and pressures for various polymer molecular weights and concentrations. Finally, the
results are summarized in section 4.4.
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The content of this chapter is published in the following original publication and has
been rephrased for this thesis:

Julius, K., Weine, J., Gao, M., Latarius, J., Elbers, M., Paulus, M., Tolan, M., and Winter, R.
(2019). Impact of Macromolecular Crowding and Compression on Protein-Protein Interactions
and Liquid-Liquid Phase Separation Phenomena, Macromolecules, 52(4):1772-1784
(Copyright c© 2019 American Chemical Society)

4.1 Pressure Dependence of the Protein’s Radius of Gyra-
tion in the Presence of PEG

Information on the proteins shape and size under particular solution conditions can be derived from
the small- angle scattering of a single lysozyme molecule averaged over its orientation, 〈|F (q)|2〉Ω
(see section 2.4.2). The protein form factor 〈|F (q)|2〉Ω is provided experimentally by the SAXS
intensity of a dilute solution of non-interacting lysozyme molecules (∼ 1% (w/v)) and can be
successfully refined by the scattering calculated from the atomic coordinates (+ hydration) of
lysozyme (crystal structure PDB entry: 1LYZ [Harata, 1994]) employing the program CRYSOL
[Svergun et al., 1995].
In order to exclude potential pressure-dependent changes in the protein’s native folded state, high-
pressure SAXS measurements were performed on diluted 1% (w/v) lysozyme in 25 mM Bis-Tris
buffer (pH 7) at pressures from 1 to 3500 bar. Moreover, the system was checked for crowder-
induced conformational changes at ambient and at elevated pressures (p = 1 - 3500 bar) by adding
15% (w/v) of small (PEG200, PEG 600), medium (PEG 2000) and large (PEG 35000) polymer to
the buffer solution. Figure 4.2 (a) depicts the experimental SAXS curves of 1% (w/v) lysozyme
dissolved in 25 mM Bis-Tris + 15% (w/v) PEG 2000 aqueous solution (pH 7) for selected pressures.
The refinements of the scattering intensities of the diluted lysozyme solutions (solid lines), made by
employing the inverse Fourier-transformation program GNOM [Svergun et al., 1988,Svergun, 1992],
yield an approximation of the major dimension Dmax of the protein in solution, the pair distance
distribution function p(r) (see Figure 4.2 (c)), as well as the protein’s radius of gyration, RG,lys. The
pronounced maximum in the experimental data when plotted in the Kratky presentation (q2I(q)
vs. q) for selected pressures, indicates a globular shape of the protein present at all solution
conditions (see Figure 4.2 (b)). Further, the protein’s radius of gyration, RG,lys, was determined
from the low-q Guinier region of the scattering data [Guinier, 1939], for RG,lys < 1.3 (see section
2.4.2), employing the program PRIMUS [Konarev et al., 2003]. Figure 4.2 (e)-(h) display the
Guinier plots of the 1% (w/v) lysozyme + 15% (w/v) PEG (200, 600, 2k, 35k) solution scattering
intensities for 1 bar, 2 kbar and 3.5 kbar, with the corresponding refinements (solid lines). Figure
4.2 (d) depicts the radii of gyration, RG,lys, found for lysozyme in pure 25 mM Bis-Tris buffer
solution (pH 7, 25◦C) as well as in the presence of 15% (w/v) polymer of various molecular weights
as a function of pressure. In accordance with literature data [Schroer et al., 2011a], we find that
lysozyme is conformational stable with a constant radius of gyration of RG,lys = 1.45 ± 0.05 nm
in the whole pressure range covered and regardless the respective crowding additive.
For the combined form and structure factor analysis of the scattering from dense lysozyme solutions,
the lysozyme form factor was approximated by the radially averaged scattering function of a prolate
ellipsoid [Shukla et al., 2008, Liu et al., 2005b]. The lysozyme form factor can be successfully
modeled from the SAXS intensity curves from the diluted 1% (w/v) lysozyme solutions by the
radially averaged analytical scattering function, P (q) of an prolate ellipsoid of revolution with
the semi-axes a = 1.57 nm and b = 2.42 nm, effective hard-sphere diameter σlys = 2(a2b)1/3 and
volume Vp = 4/3π(a2b) (see section 2.4.2), in good agreement with previous works [Shukla et al.,
2008,Schroer et al., 2011a,Schroer et al., 2011b,Liu et al., 2005b]. The analytic form factor P (q)
calculated by this method is in good agreement with the scattering calculated from the crystal
structure (+ hydration) of lysozyme employing CRYSOL [Svergun et al., 1995], except that a
small additive constant background (0.0105 · P (q)|q=0) is needed in order to describe the data at
high q [Shukla et al., 2008].
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Figure 4.2: (a) Experimental SAXS curves of 1% (w/v) lysozyme dissolved in 25 mM Bis-Tris +
15% (w/v) PEG 2000 aqueous solution (pH 7), collected at 25◦C in a pressure range from 1 – 3500
bar. The scattering data and the corresponding refinements made by employing the inverse Fourier
transformation program GNOM [Svergun et al., 1988, Svergun, 1992] (solid lines) are shifted for
reasons of clarity. The refined scattering intensity of the polymer-free 1% (w/v) lysozyme solution
at ambient pressure (grey marker) as well as the theoretical scattering of a prolate ellipsoid of
revolution, P (q), (magenta) are depicted as well for reference. (b) SAXS data and refinement
plotted in the Kratky presentation (q2I(q) vs. q) for selected pressures. (c) Radial pair-distance
distribution function, p(r), as a function of pressure. (d) Pressure dependence of the protein’s
radius of gyration, RG,lys, in pure 25 mM Bis-Tris buffer solution (pH 7, 25◦C) and in the presence
of 15% (w/v) polymer of various molecular weights, derived from the scattering data. (e)-(h)
Guinier plot of the 1% (w/v) lysozyme + 15% (w/v) PEG (200, 600, 2k, 35k) solution scattering
intensities for 1 bar, 2 kbar and 3.5 kbar, with the corresponding refinements (solid lines) obtained
by PRIMUS [Konarev et al., 2003]. Reprinted with permission from [Julius et al., 2019]. Copyright
c© 2019 American Chemical Society.
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The refined scattering intensity of the polymer-free 1% (w/v) lysozyme solution at ambient
pressure (grey marker) as well as the theoretical scattering of a prolate ellipsoid of revolution P (q)
(magenta) are depicted in Figure 4.2 (a) for reference.

4.2 Influence of Macro- and Nanomolecular Crowders on
the Protein-Protein Interaction

To explore the effects of different levels of nano- and macromolecular crowding on the pressure-
dependent protein pair-interaction potential, high pressure SAXS data of dense aqueous lysozyme-
crowder mixtures were recorded in a pressure range from 1 to 4000 bar at 25◦C. The polymer
polyethylene glycol with different molecular weights (200 ≤ Mw ≤ 35000) g mol−1 and the com-
patible disaccharide sucrose (Mw = 342.30 g mol−1) serve as crowding agents and were used in
concentrations of ccrowder = 1 to 50% (w/v), the solubility limit of PEG [Bončina et al., 2008].

The total scattering intensity, I(q), of a ternary mixture consisting of lysozyme and the polymer
polyethylene glycol dissolved in aqueous buffer solution, includes, next to the scattering from the
protein, Ilys-lys(q), and the polymer, IPEG-PEG(q), an additional scattering cross-term, Ilys-PEG(q),
emerging from correlations between the lysozyme and PEG molecules [Tong et al., 1990], i.e.

I(q) ∝ Ilys-lys(q) + Ilys-PEG(q) + IPEG-PEG(q). (4.1)

Owing to chain flexibility, interpenetration and polydispersity in polymer shape and size, the
scattering intensity of the neat aqueous PEG solutions shows no significant wave vector depen-
dency within the range of momentum transfer covered here and is simply proportional to the
polymer concentration. Moreover, at ambient conditions, the electron density contrast between
water (ρel,H20 = 0.334 electrons Å−3) and polyethylene glycol (e.g., ρel,PEG(20% w/v PEG 200)
= 0.336 electrons Å−3) [Tyree et al., 2018] is much smaller than for the protein (ρel,protein = 0.43
electrons Å−3) [Crick, 1957]. Consequently, the forward scattering, I(q −→ 0) = n∆ρ2V 2

p of the
polymer [Svergun and Koch, 2003] is suppressed and we find that the scattering contributions
of the protein-protein interaction structure factor and protein form factor exceed the polymer
solution scattering by almost two orders of magnitude even at high polymer concentrations (see
Figure 4.2 and Appendix A, Figure A.3). At higher polymer concentrations, increasing correla-
tions between the polymer coils and the protein emerge and manifest in form of a polymer size
specific structure factor, Slys-PEG(q), which also contributes to the scattering intensity. However,
Slys-PEG(q) is weighted by the particles form factors, particle-buffer electron density contrasts and
particle number densities. Moreover, since PEG consists of flexible and polydisperse random coils
in aqueous solution, the interaction potential for protein-polymer interactions is much softer and
longer ranged than a typical hard-sphere potential. Hence, the oscillations in the structure fac-
tor Slys-PEG(q), describing these weak correlations, are damped and do not have to be taken into
account in this work in order to extract the effective intermolecular pair-interaction potential of
the protein [D’Aguanno and Klein, 1991]. Under these conditions, the polymer solution can be
treated as a solvent and can be subtracted from the total scattering intensity of the protein-polymer
mixture, I(q), to obtain Ilys-lys(q) (i.e., Eq. (4.2)). We approximate the ternary protein-polymer-
buffer solution by an effective two-component system in which the non-adsorbing polymer-buffer
solution is treated as background solvent and the influence of the polymer is simply expressed by
an effective intermolecular pair interaction potential in the coordinates of the protein.

Under the assumptions made, the scattering profiles, I(q), of aqueous solutions of interacting
monodisperse globular lysozyme molecules in the presence of sucrose or the polymer PEG can be
modeled by

I(q) ∝ n ·∆ρ2 · V 2
p · P (q) · Seff(q) (4.2)

within the decoupling approximation [Kotlarchyk and Chen, 1983, Liu et al., 2005b] (see section
2.4.4). Here, n denotes the number density of particles in solution, which is related to the pro-
tein’s volume fraction Φlys. ∆ρ describes the electron density contrast and Vp the volume of
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the particle. The protein’s form factor, P (q) is modeled theoretically by the radially averaged
scattering function of a prolate ellipsoid of revolution (see section 4.1). The effective structure
factor, Seff(q), represents an additional scattering contribution for solutions with higher protein
concentrations and is sensitive to the spatial order and thus the intermolecular interactions of the
scattering particles. Seff(q) is linked to the proteins effective intermolecular interaction potential,
V (r), within the mean-spherical approximation (MSA) [Liu et al., 2005b, Hansen and McDonald,
2013] (see section 2.4.4). The effective protein pair interaction potential, V (r), which acts on
lysozyme molecules in solution whose centers are separated by the distance r, is modeled in the
framework of the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory as the sum of a long-ranged
screened Coulomb potential, VSC(r), a repulsive hard-sphere potential, VHS(r), and a short-ranged
attractive Yukawian-like potential, VY(r) [Möller et al., 2012, Schroer et al., 2011a] (see section
2.2.3). It should be noted that the following potential factors that may contribute to the protein-
protein interaction in dense protein-crowder mixtures are not included in the parametrization of
DLVO potential: Steric / depletion forces, hydrogen bonding, soft crowder-protein interactions
or liquid-like ordering of the solute and hydration repulsion at short distances. The effective net
charge of the protein is set to a constant value of Zeff = +8e at pH 7 when calculating VSC(r) (see
Eq. (2.20)), which applies to all solution conditions examined here [Kuehner et al., 1999]. The
pH value is neither affected by the presence of PEG nor sucrose [McPherson, 1990]. In accordance
with previous works [Möller et al., 2012,Schroer et al., 2011a], the width of the attractive part of
the potential is fixed at d = 0.3 nm, which corresponds to one hydration layer, only, regardless of
the presence of crowders (see section 2.2.3). The DLVO potential, describing the lysozyme inter-
action in the crowded environment, is determined by the refinement of the experimental effective
structure factor, Seff(q), which is extracted from the experimental scattering intensities of dense
protein-crowder mixtures, I(q), by dividing them by the analytical protein form factor, P (q). The
only free parameter in refining the experimental data is the strength of the attractive Yukawian-like
part of the total interaction potential, J . In order to describe the total protein pair-interaction,
the osmotic second virial coefficient, B22, and its normalized dimensionless value, b2, are calculated
from the DLVO potential using Eqs. (2.3) and (2.4).

Changes of the Solutions Compressibility by the Crowding Agents

In SAXS data analysis, a further parameter is the volume fraction, Φlys, occupied by the protein
in the sample volume. The conformation of the protein lysozyme was found to be stable in pure
buffer in a pressure range up to 5 kbar [Schroer et al., 2011a]. However, applying pressure leads
to a reduction of the volume of the surrounding solvent and hence an increase of the volume
fraction of the protein. At a given protein concentration, the isothermal compressibility of the
solution at high pressures is strongly dependent on the crowding level. Our own high-pressure X-
ray transmission measurements on highly concentrated 10% (w/v) lysozyme + 25 mM Bis-Tris (pH
7, 25◦C) solutions reveal the impact of crowder molecules of various sizes and chemical properties
(sucrose, PEG of molecular weight Mw ∼ 200 - 8000 g mol−1) at concentration ranging from 0 to
45% (w/v) on the solutions compressibility and allowed us to calculate the protein volume fraction,
Φlys, at pressures up to 4500 bar (see section 3.1 for more details on the sample preparation and
section 3.6 for additional information on the experimental setup and data analysis). Based on the
finding of a pressure resistant conformation of lysozyme and given that the protein is dissolved
in the same volume regardless of the crowder concentration, the volume fraction of lysozyme in
solution, Φlys, at elevated pressures and at different crowding conditions can be calculated directly
from the partial specific volume of lysozyme, V̄ 0, and the measured mass density, ρ(p), of the
solution employing Eq. (3.9). The experimentally derived mass densities of the crowder solutions
and protein-crowder mixtures at ambient pressure, ρ(c), are shown in Figure 4.3. The crowder-
induced modulation of the pressure dependence of the proteins volume fraction, Φlys(p), is shown in
Figure 4.4 as a function of crowder concentration and crowder identity (i.e., molecular weight, Mw).
For other PEG molecular weights, the pressure dependence of Φlys was estimated by extrapolating
the values obtained from the transmission experiment.

92



Figure 4.3: Mass densities, ρ, of 10% (w/v) lysozyme, polyethylene glycol (PEG 200, PEG 600,
PEG 2000, PEG 4000, PEG 8000) and sucrose dissolved in 25 mM Bis-Tris (pH 7) solution and
protein-crowder mixtures thereof at 25◦C and ambient pressure as a function of crowder concen-
tration, c, displayed together with the corresponding polynomial refinements (lines). Reprinted
with permission from [Julius et al., 2019]. Copyright c© 2019 American Chemical Society.

Figure 4.4: Volume fraction, Φlys, of 10% (w/v) lysozyme in 25 mM Bis-Tris (pH 7) solution in
a pressure range from 1 – 4500 bar at 25◦C as a function of the molecular weight, Mw, of the
crowding agent (Mw,sucrose = 342.3 g mol−1) for various crowder concentrations, c. Reprinted with
permission from [Julius et al., 2019]. Copyright c© 2019 American Chemical Society.
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Changes of the Solutions Dielectrics by the Crowding Agents

The screened Coulomb potential, VSC(r), contributing to the DLVO potential (see Eq. (2.20)) is
modulated by changes of the solutions static dielectric permittivity, εr. This occurs both upon
pressurization and upon addition of the crowding agents. Here, the pressure dependence of the
solutions dielectric permittivity in presence of the crowders is reasonably well approximated by
the pressure dependence of εr(p) of water [Floriano and Nascimento, 2004]. The change in the
relative dielectric permittivity of water with the concentration, c, of the solute (i.e. PEG, sucrose)
is described by the dielectric increment, δ = dεr/dc, which is obtained for all solution conditions
by our own dielectric spectroscopy experiments (see section 3.5 for experimental details) or from
literature. Figure 4.5 displays the relative static dielectric permittivity, εr, of the polymers in 25
mM Bis-Tris buffer (pH 7) as well as of aqueous sucrose solution [Malmberg and Maryott, 1950]
at 25◦C and ambient pressure as a function of concentration, c.

Figure 4.5: Relative static dielectric permittivity, εr, of polyethylene glycol (PEG) + 25 mM
Bis-Tris (pH 7) solutions at ambient pressure and 25◦C for various PEG sizes as a function of
polymer concentration, c. Data is shown together with the corresponding refinements (solid lines).
The data for sucrose solutions at 25◦C and ambient pressure were calculated from [Malmberg and
Maryott, 1950]. The dielectric increments, δ = dεr/dc, of the polymers in buffer at 25◦C: PEG
200 (δ = - 4.33 (10% w/v)−1, this relation is not linear); PEG 600 (δ = - 5.01 (10% w/v)−1, this
relation is not linear); PEG 2000 (δ = - 6.1 (10% w/v)−1); PEG 6000 (δ = - 6.4 (10% w/v)−1);
PEG 8000 (δ = - 6.5 (10% w/v)−1); PEG 10000 (δ = -7.1 (10% w/v)−1); PEG 20000 (δ = - 7.4
(10% w/v)−1); PEG 35000 (δ = - 7.6 (10% w/v)−1); sucrose (δ = -1.19 (10% w/v)−1, this relation
is not linear [Malmberg and Maryott, 1950]). Reprinted with permission from [Julius et al., 2019].
Copyright c© 2019 American Chemical Society.
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Figure 4.6: (a) SAXS data of 10% (w/v) lysozyme dissolved in 25 mM Bis-Tris (pH 7) at various
sucrose concentrations, c, at ambient pressure and 25◦C together with the corresponding refine-
ments (solid black lines). (b) Refinements for the effective structure factor, Seff(q), as a function
of sucrose concentration (curves are shifted for clarity, see Appendix A, Figure A.1 for non-shifted
representation). (c) Total effective pair-interaction potential with its contributing parts for various
amounts of sucrose at ambient pressure. (d) Strength of the attractive part of the pair-interaction
potential, J , as a function of pressure, p, and sucrose concentration, c. (e) Pressure dependence of
the normalized osmotic second virial coefficient, b2, for various sucrose concentrations. Reprinted
with permission from [Julius et al., 2019]. Copyright c© 2019 American Chemical Society.
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Influence of Sucrose on the Protein-Protein Interaction

Figure 4.6 shows the analysis of the SAXS intensities of dense protein-crowder mixtures by the
example of 10% (w/v) lysozyme in 25 mM Bis-Tris (pH 7, 25◦C) in the presence of the nanomolec-
ular crowder sucrose at concentrations, c, in the range of 5 to 40% (w/v). Figure 4.6 (a) depicts
the refinements for the scattering intensities, I(q), displayed as solid black lines, and (b) the corre-
sponding refinements for the effective structure factors, Seff(q) (see also Appendix A, Figure A.1).
The pronounced correlation peak in the SAXS intensity curves, I(qcorr), is a direct consequence of
a repulsive short-range ordering of the globular protein in solution, and the mean intermolecular
distance between adjacent lysozyme molecules can be estimated by the relation dlys ' 2π/qmax

from the position of the first maximum, qmax, of the effective structure factor, Seff(q). As can be
seen from the rise of Seff(qmax) and qmax with increasing sucrose concentration, the mean distance
between the proteins is gradually reduced by adding sucrose to the buffer solution (see Figure
4.8). This can by rationalized by the growing excluded volume imposed by the nano-crowder.
The DLVO potential, V (r), determined by refining the experimental effective structure factors, is
shown in Figure 4.6 (c) together with its contributing parts for various sucrose concentrations, c.
The effective protein-protein pair-interaction potential exhibits a maximal value (energy barrier)
at all crowding levels, followed by a rapid decline at greater distances, while generally remaining
repulsive. The decrease of the solvent’s static dielectric permittivity with rising sucrose concentra-
tion, as described by the decrement [Malmberg and Maryott, 1950] dεr/dc = -1.19 (10% w/v)−1

(see Figure 4.5), leads to a reduced range of the repulsive Coulomb potential, VSC(r), due to a
decreasing Debye Hückel screening length, λD, but also to an increased strength. As shown in
Figure 4.6 (d), the attractive interaction (i.e. J(c, p)) decreases monotonously with increasing
sucrose concentration as compared to the pure buffer system, while the non-monotonic behavior
under pressure, as observed in previous studies on dense lysozyme solutions in neat buffer [Schroer
et al., 2011a] as well as in the presence of salts [Möller et al., 2014a,Möller et al., 2012] and various
organic osmolytes [Julius et al., 2018b, Schroer et al., 2011b], remains essentially unchanged. A
pressure increase up to ∼ 1.6 kbar leads to a reduction of the mean intermolecular distance of the
proteins, dlys, in the compressed solution and also to a decrease of the attractive interaction (i.e.,
the strength J), followed by a trend reversal upon further pressurization. The increasing attraction
and growing intermolecular distances at further compression were attributed to structural changes
in the bulk water and increased hydration repulsion [Soper and Ricci, 2000,Katayama et al., 2010].
The nano-crowder sucrose renders the effective pair-interaction slightly more repulsive, which is
also reflected in the increase of the normalized second osmotic virial coefficient b2 with sucrose
concentration (see Figure 4.6 (e)).

Influence of PEG on the Protein-Protein Interaction

As described in section 2.2.2, the structure of the polymer solution and its properties strongly
depend on the polymer’s degree of polymerization (i.e., Mw) and its concentration in solution. In
order to investigate the effect of the macromolecular crowder PEG of various molecular weights
(sizes) on the pressure-dependent protein pair-interaction in both the dilute and the semi-dilute
polymer concentration regime, SAXS measurements were performed on dense lysozyme-PEG mix-
tures at 25◦C in a pressure range from 1 up to 3500 bar. In Figure 4.7 (a) the SAXS data for 10%
(w/v) lysozyme dissolved in 50 mM Bis-Tris (pH 7) aqueous solution containing 20% (w/v) PEG
20k, 2k, 600 and 200, are shown together with the corresponding refinements (solid lines) of the
effective structure factor, Seff(q), and the protein form factor, P (q) (see also Appendix A, Figure
A.2). Significant changes in the position and magnitude of the first maximum of the effective struc-
ture factor, qmax, as well as changes in potential parameters with varying polymer size are clearly
visible (see Figure 4.7 (b)). Regardless of the additive’s identity, the repulsive energy barrier in
V (r) is persistent, however, and effectively does not fall below the value found for the pure buffer
solution. The positive values for the second osmotic virial coefficient, B22, reflect the repulsive na-
ture of V (r) (see Figure 4.7 (c)). Here, the transition to the semi-dilute regime (cPEG ≥ c∗(Mw),
whose value is specific to the molecular weight of the polymer (see section 2.2.2), is visualized by
empty symbols. In accordance with literature data for similar buffer conditions [Liu et al., 2004],
the osmotic second virial coefficient, B22, for 10% (w/v) lysozyme in the neat 50 mM Bis-Tris
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Figure 4.7: (a) Experimental SAXS intensities of 10% (w/v) lysozyme dissolved in 50 mM Bis-Tris
(pH 7, 25◦C) and 20% (w/v) PEG of selected Mw at ambient pressure, shown together with the
refinements for the scattering intensities (solid lines), I(q) and P (q), and the effective structure
factors, Seff(q) (curves are shifted for clarity, see Appendix A, Figure A.2 for non-shifted represen-
tation of Seff(q)). (b) The corresponding effective pair-interaction potential with its contributing
parts and (c) osmotic second virial coefficients, B22, as a function of the spatial correlation length
ξb. Empty symbols visualize the B22 values for PEG concentrations exceeding c∗. Reprinted with
permission from [Julius et al., 2019]. Copyright c© 2019 American Chemical Society.
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(pH 7) buffer solution amounts to 5.32·10−4 mL mol g−2. Scaling to the excluded volume
contribution, BHS

2 , yields the corresponding reduced osmotic second virial coefficient b2 = 1.61.
At ambient conditions, the value of B22 decreases from 7.15·10−4 to 4.92·10−4 mL mol g−2, upon
addition of 20% (w/v) polymer with molecular weights between 200 and 6000 g mol−1. In solutions
of higher molecular weight polymer, the second osmotic virial coefficient, B22, levels off near the
pure buffer value, most likely due to changes in the PEG structure from single dispersed chains to
an entangled polymer network [Abbott et al., 1991]. At a concentration of 20% (w/v) polymer, the
volume fraction of the polymers is Φ ∼ 0.17, regardless of the degree of polymerization. Still, we
observe strong differences between polymers in their effect on protein pair interaction depending on
polymer molecular weight, Mw. Even though the volume fraction remains constant, the changing
nature of the polymer’s solution structure with concentration, as described by the mesh (blob)
size, ξb(cPEG,Mw), is able to modulate the protein pair-interaction.

4.2.1 Spatial Distribution of the Protein Molecules

Figure 4.8: Experimentally derived separation of protein surfaces, dlys–σlys, in a 10% (w/v)
lysozyme in 50 mM Bis-Tris (pH 7, 25◦C), 25 mM Bis-Tris + 75 mM NaCl (tagged dark grey)
and 25 mM Bis-Tris (tagged light grey) buffer solutions as a function of crowder identity and con-
centration, ccrowder, in comparison to the crowders’ hydrodynamic diameters, σPEG and σsucrose,
(see section 2.2.2, Table 2.2.2) and the dimensions of the three hydration shells of lysozyme (RI-III).
The polymer mesh size2, ξb(Φ), is depicted as well for reference (solid magenta line). Empty sym-
bols visualize the dlys–σlys values for PEG concentrations exceeding c∗. Reprinted with permission
from [Julius et al., 2019]. Copyright c© 2019 American Chemical Society.
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An estimate of the intermolecular distances of proteins in solutions at various crowding levels
can be derived directly from the main peak position in the experimental static effective structure
factor, Seff(q). Figures 4.8 and 4.9 depict the mean protein-protein surface separation, dlys–σlys, as a
function of crowder concentration, ccrowder, for various crowding agents (see section 3.1 for detailed
sample compositions). The influence on the mean spacing between protein surfaces compared to
the corresponding crowder-free buffer system depends strongly on the crowder identity (size). The
most pronounced effect is observed with solutions containing the similarly sized nano-crowders
PEG 200 and sucrose. The mean distance between protein surfaces decreases from dlys–σlys ≈
2.48 nm in 50 mM Bis-Tris buffer to ∼ 0.78 nm upon addition of 30% (w/v) of the polymer PEG
200. Adding 30% (w/v) sucrose to the 25 mM Bis-Tris buffer induces a decrease from ∼ 2.67 to
∼ 0.95 nm. A study of the properties of hydration water around hen egg lysozyme using FTIR
spectroscopy and molecular dynamics simulations [Panuszko et al., 2012], revealed three distinct
water hydration shells for the protein in aqueous solution. The first (I) and second (II) hydration
shells are located, starting from the protein’s surface, at RI = 0.0 – 0.3 nm and RII = 0.3 – 0.58 nm.
The third hydration shell at RIII = 0.58 - 1.26 nm may almost be considered as bulk water-like.
In this respect, the effect of the crowders on the mean intermolecular spacing of the proteins levels
off when the proteins approach each other sufficiently close for their second hydration shells to
penetrate.

Figure 4.9: Experimentally derived protein surface separation, dlys–σlys, for 10% (w/v) lysozyme
dissolved in 50 mM Bis-Tris and 25 mM Bis-Tris + 75 mM NaCl (tagged dark gray) buffer solutions
(pH 7, 25◦C) as a function of the polymer concentration ratio cPEG/c

∗, depicted together with
the particular length scales of the polymer solution in the dilute (RG,PEG,0) and semi-dilute (ξb)
regime. The dimensions of the three hydration shells of lysozyme (RI-III) and the proteins radius
of gyration (RG,lys) are depicted as well for reference. The dlys–σlys values for PEG concentrations
exceeding c∗ are visualized by empty symbols (50 mM Bis-Tris buffer) and symbols with dark gray
filling (25 mM Bis-Tris + 75 mM NaCl buffer), respectively. Reprinted with permission from [Julius
et al., 2019]. Copyright c© 2019 American Chemical Society.

This effect can be further tested by increasing the ionic strength of the solutions. In the aqueous
10% (w/v) lysozyme solutions the increase of the ionic strength of the solution with the addition

2The correlation length (mesh size), ξb ≈ a · Φ−3/4, of the entangled polymer network with the length scale
of a monomer of a = 0.4 nm is solely a function of the polymer’s volume fraction, Φ, which can be calculated
from the polymer concentration by using its partial specific volume (V ◦ = 0.825 mL g−1 for PEG) [Cohen et al.,
2009,de Gennes, 1979a,Abbott et al., 1991].
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of NaCl results in a significant screening of the long-ranged Coulomb repulsion (e.g. B22 = 3.07 ·
10−4 mL mol g−2 in 25 mM Bis-Tris + 75 mM NaCl, T = 25◦C) between the proteins, since the net
surface charge of the protein at pH 7 is effectively screened by ∼ 100 mM NaCl [Liu et al., 2004].
This reduces the mean protein-protein distance prior to the addition of the crowder molecules to a
value at which the hydration shells of the proteins begin to touch each other (dlys–σlys ≈ 2.21 nm in
25 mM Bis-Tris + 75 mM NaCl, T = 25◦C). However, the comparison of the crowder concentration
dependence of the average protein surface-to-surface distance for 50 mM Bis-Tris, 25mM Bis-Tris +
75 mM NaCl (tagged dark grey) and 25 mM Bis-Tris buffer solutions (tagged light grey), shows that
the crowder-effect is consistent for all buffer compositions in the investigated concentration regime
(see Figures 4.8 and 4.9). Thus, the increased attraction upon the addition of salt only seems to
cause an offset. Figure 4.9 shows the influence of the molecular weight specific transition from the
dilute to the semi-dilute region at cPEG = c∗(Mw) on the protein surface-to-surface distance, dlys

– σlys, as well as on the polymer correlation length, ξb. Below the threshold cPEG/c
∗ < 1, the

polymers can be considered as single dispersed polymer chains (i.e. ξb ≈ RG,PEG,0). In this dilute
regime, the addition of polymers to the solution leads to a decrease of the mean intermolecular
spacing of the proteins as the crowder concentration increases. This effect depends markedly on the
polymer size and is enhanced as the polymer/protein size ratio decreases. For smaller polymer such
as PEG 200, the transition from single dispersed polymer chains to an entangled network takes
place at significantly higher concentrations than those investigated here. The distance between
the protein surfaces, dlys – σlys, shows a non-monotonic dependence on the polymer concentration:
Around cPEG/c

∗ = 1, where the polymer chains build up an extensive entanglement, the mean
intermolecular distance of the proteins in the polymer solution begins to rise again until it reaches
a plateau value comparable to that of the polymer-free buffer system deep in the semi-diluted
region where cPEG/c

∗ � 1.

4.2.2 Depletion Interaction

The attractive forces between proteins resulting from the entropically driven excluded volume (de-
pletion) effect in the presence of crowder molecules (see section 2.2.2) are not explicitly included in
the parametrization of the DLVO potential (see 2.2.3). Their contribution to the modeled effective
proteins’ pair-interaction is comprised – among others - in the attractive Yukawian part, VY(r). In
order to quantitatively investigate the influence of the polymer on the effective intermolecular inter-
actions between two protein molecules in a dense protein-polymer mixture, we will now consider the
contribution made by the entropically driven excluded volume (depletion) effect separately as well
as in conjunction with the other DLVO forces. In the framework of the Polymer Reference Interac-
tion Site Model (PRISM) [Poon et al., 1997,Ilett et al., 1995,Chatterjee and Schweizer, 1998b], the
depletion potential, Vdepl(r), predicts polymer-induced attractive depletion interactions between
proteins with centers separated by r for all polymer coil dimensions at polymer concentrations
below and beyond c∗ with no adjustable parameters. Within the parametrization of Vdepl(r), the
depletion thickness, δdepl(Mw), describes the spatial distance over which fluctuations in polymer
concentration are correlated [de Gennes, 1979b] (see section 2.2.2, Eq. (2.17)). Bases on earlier
work on the intermolecular protein pair-interactions in lysozyme-PEG solutions [Kulkarni et al.,
1999,Kulkarni and Zukoski, 2001], we assume that the standard DLVO and depletion interactions
are additive [Chandler and Andersen, 1972]. Combining Eqs. (2.13) and (2.18) yields the effective
protein-protein interaction potential, V ∗(r), of lysozyme molecules in the polymer solution:

V ∗(r) =
(
VHS(r) + V buffer

Y (r) + V PEG-buffer
SC (r)

)
DLVO

+ V PEG-buffer
depl (r). (4.3)

For V buffer
Y (r) and V buffer

HS (r), the potential parameters determined by the refinement of the effective
structure factor for polymer-free systems are applied.
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Figure 4.10: (top half ) Effective protein pair-interaction potential, V ∗(r), calculated from Eq.
(4.3), as a function of polymer concentration for various PEG sizes, shown together with its con-
tributing parts. V buffer

Y and VHS are obtained by the refinement of the SAXS curves of polymer-free
10% (w/v) lysozyme + 50 mM Bis-Tris aqueous solution (pH 7, T = 25◦C, p = 1 bar) carried
out in the framework of the DLVO theory, just as V PEG-buffer

SC , which is modified for the polymer
solution’s dielectrics. V PEG-buffer

depl is calculated from Eq. (2.13) applying the PRISM model [Poon
et al., 1997, Ilett et al., 1995, Chatterjee and Schweizer, 1998b]. (bottom half ) Corresponding de-
pletion thickness, δdepl(cPEG,Mw), calculated from Eq. (2.17), as a function of polymer molecular
weight for various polymer concentrations. Empty symbols visualize the δdepl values for PEG con-
centrations exceeding c∗. Reprinted with permission from [Julius et al., 2019]. Copyright c© 2019
American Chemical Society.
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The Coulomb part, V PEG-buffer
SC (r), takes into account the changes of the dielectric constant

εr(Mw, cPEG) (see Figure 4.5) and the Debye-Hückel inverse screening length κ(εr(Mw, cPEG)),
caused by the polymer in solution. The top half of Figure 4.10 depicts the predictions for the
modulated effective protein pair-interaction potential, V ∗(r), in 10% (w/v) lysozyme + 50 mM
Bis-Tris (pH 7) solutions upon addition of PEG with molecular weights between 200 g mol−1

< Mw < 35 000 g mol−1 at concentrations in the range of 0.05% (w/v) < cPEG < 30% (w/v).
Clearly, the depletion interaction induced by the polymer is too weak and short-ranged to generate
a significant attraction between the proteins when the blob size of the polymer is much smaller than
the lysozyme molecule (ξb � RG,lys). As shown in the bottom half of Figure 4.10, the depletion
thickness, δdepl, and thus also the range of the depletion potential, decreases significantly with
increasing polymer concentration, which is most pronounced for large polymers in the investigated
concentration range.
For dilute polymer systems, the depletion thickness scales with the polymer’s molecular weight
(i.e. size) by a power law function. Due to the increasing entanglement of the polymer chains,
this dependency gradually breaks down at higher polymer concentrations. The break point in
δdepl(cPEG,Mw) occurs at a particular molecular weight-specific concentration. For 5% (w/v)
PEG, it is located at a molecular weight around 6000 g mol−1, for 10% (w/v) PEG around 2000
g mol−1, and for 20% (w/v) PEG around 600 g mol−1.
Remarkably, in the dilute regime cPEG/c

∗ < 1, the dependence of the strength, J , of the attractive
interactions in lysozyme-polymer mixtures on the molecular weight, Mw, of the polymer (and
depletion thickness δdepl(Mw, cPEG)) can be described at ambient conditions by the power laws
J(cPEG < c∗,Mw) ∝ α(Mw)m ∝ µ(δdepl(Mw, cPEG))k (see Figure 4.11). Within the experimental
error, the increment dk/dcPEG (relation is not linear) is essentially independent of the buffer
composition (i.e. ionic strength) and is therefore not affected by the screening of the protein’s
surface charge (see Appendix A, Figure A.4). The reduced Coulomb repulsion is reflected in an
increase of the parameter value µ (i.e. shift of J to larger values), only. At elevated ionic strength
of the buffer solution, the addition of PEG to the system leads to an even more repulsive protein-
protein interaction.
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Figure 4.11: (a) Double-logarithmic representation of the strength of the attractive part, J , in 10%
(w/v) lysozyme in 50 mM Bis-Tris (pH 7) solution at ambient pressure and 25◦C as a function of
the PEGs molecular weight, Mw, and (b) depletion thickness, δdepl, for 10 and 20% (w/v) of the
polymer. The corresponding power-law trend-lines J(cPEG < c∗) ∝ α (Mw)m and J(cPEG < c∗)
∝ µ(δdepl)

k are depicted as well. Empty symbols visualize the J values for PEG concentrations
exceeding c∗. Reprinted with permission from [Julius et al., 2019]. Copyright c© 2019 American
Chemical Society.

In contrast to the salt-free protein-polymer mixtures, the strength of attraction, J , in solutions
containing cNaCl = 75 mM does not again correspond to the pure buffer value at polymer concentra-
tions cPEG < c∗ and cPEG ≥ c∗. This increased degree of repulsion may be due to a modulation of
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the protein’s (preferential) hydration in the presence of additives such as polyethylene glycol [Bhat
and Timasheff, 1992], affecting the protein pair interaction particularly at small protein distances,
as under these conditions hydration repulsion becomes effective. As shown in Figure 4.11 (b) and
Appendix A, Figure A.5 (f) for both buffer compositions, the depletion thickness, δdepl, levels off
at high polymer concentrations before reaching a sufficiently high value to induce a significant
attraction between protein molecules. The theoretical normalized second osmotic virial coefficient,
b∗2, predicted by PRSIM theory is calculated from the overall effective pair-interaction potential
V ∗(r) by employing Eq. (2.4). The results are shown in Figure 4.12 as a function of cPEG/c

∗ for
various polymer molecular weights in comparison to the experimental data. For all PEG molecu-
lar weights and concentrations investigated in this work, the polymer-induced attractive depletion
interaction is predicted to be too weak and short ranged to induce an attractive (negative) value
for the normalized second osmotic virial coefficient b∗2.

Figure 4.12: Experimentally derived reduced second osmotic viral coefficient, b2, for 10% (w/v)
lysozyme dissolved in (a) 25 mM Bis-Tris + 75 mM NaCl and (b) 50 mM Bis-Tris (pH 7, 25◦C),
respectively, as a function of cPEG/c

∗ for various polymer molecular weights. Data is shown
together with the theoretical value of b∗2 predicted by PRSIM theory (solid lines). b∗2 is calculated
from the overall effective pair-interaction potential, V ∗(r), consisting of the DLVO and the athermal
PRISM depletion potential using (Eq. 4.3). Empty symbols visualize the experimental b2 values for
PEG concentrations exceeding c∗. Reprinted with permission from [Julius et al., 2019]. Copyright
c© 2019 American Chemical Society.

The impact of the depletion mechanism on the protein-protein interaction is not strong enough
to significantly overcome the repulsive contributions that dominate the experimental data for b2.
For solutions with polymers of higher molecular weight (Mw > 600 g mol−1), the course of b∗2
shows a pronounced non-monotonic behavior in the form of an attractive minimum around the
overlap concentration c∗. As polymer concentration increases, the competing effects of a decreas-
ing polymer mesh size ξb(cPEG,Mw), which reduces the range of attractive depletion force, and an
increasing gradient of osmotic pressure Π(cPEG,Mw) between the bulk solution and the depletion
region, which increases the strength of the attraction, lead to a trend reversal. When the polymer
coils penetrate each other, there is a much steeper increase in osmotic pressure with concentra-
tion. [Cohen et al., 2009]. Thus, the depletion force is even more suppressed as the steep osmotic
pressure gradient between the bulk solution and the depletion region impedes polymer transport
out of the depletion region [Feigin and Napper, 1980]. Furthermore, the polymers tend to mutual
avoidance to maintain coil conformational entropy, which is most pronounced just below the over-
lap concentration [Mao et al., 1995]. The depletion attraction between the proteins is attenuated
by repulsive polymer-polymer interactions, as they occur at sufficiently high polymer concentra-
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tions, which stabilizes the system [Feigin and Napper, 1980,Ye et al., 1996].
At high polymer levels, the protein solution is stabilized by the decreasing polymer-induced deple-
tion attraction and the proteins keep such a large distance that the depletion forces are completely
dampened. Figure 4.12 depicts the comparison of the theoretically predicted normalized second
osmotic virial coefficients, b∗2, with the experimentally derived values, b2, for 10% (w/v) lysozyme
in (a) 25mM Bis-Tris + 75 mM NaCl buffer and (b) 50 mM Bis-Tris buffer. The large discrepancy
in the concentration dependence of the theoretical b∗2 and experimental b2 data for cPEG < c∗

suggests that although protein-protein interactions in these polymer-protein mixtures might be
modulated by the depletion mechanism, additional (repulsive) forces must be operative at small
protein distance, thereby stabilizing the protein against strong attractive depletion interaction in
the presence of polymer.
In the semi-dilution regime, protein-protein interaction no longer depends on the identity of the
polymers, but only on the polymer concentration. The experimentally derived normalized second
osmotic virial coefficient, b2, decreases rapidly with increasing amount of polymer at concentrations
above the threshold c∗(Mw) (see Figure 4.12).

4.2.3 van der Waals Interactions

The van der Waals (vdW) interaction between protein is comprised in the attractive Yukawian
part, VY(r), of the DLVO potential. The vdW attraction between two lysozyme molecules across
another medium (see section 2.2.1) can be either suppressed or enhanced by cosolute-induced
changes of the solution’s dielectric constant, εr(Mw, ccrowder), and refractivity ns(Mw, ccrowder).
The refractive index, ns(Mw, cPEG), increases with the mole fraction of PEG in a non-linear man-
ner, and is correlated with the growing non-ideality of the polymer-water mixture [Kolská et al.,
2016]. For smaller PEGs the increment dns(Mw, cPEG)/dcPEG increases (and dεr/dcPEG decreases,
see Figure 4.5) significantly with the molecular weight of the polymer, Mw, until this effect di-
minishes for larger PEG [Mohsen-Nia et al., 2005]. In the total concentration range from 0.1
to 50% (w/v), the refractive index of aqueous solutions of polyethylene glycol with a molecular
weight as high as 6k < Mw < 2M g mol−1 is no longer dependent on the molecular weight of the
polymer [Ziebacz et al., 2011]. Accordingly, the vdW interactions, as represented by the Hamaker
constant, A(εr, ns), scale in this case with the polymer concentration, only [Ziebacz et al., 2011].
The Hamaker constant was calculated exemplarily for cPEG = 20% (w/v) of small (Mw = 200 g
mol−1) and a large (Mw = 10000 g mol−1) PEG as well as for 20% (w/v) sucrose employing Eq.
(2.11). The static dielectric constants for the aqueous PEG solutions, εr(Mw, cPEG), are obtained
from our own measurements (see Figure 4.5 and section 3.5 for experimental details) and for aque-
ous sucrose from [Malmberg and Maryott, 1950]. The refractive indices of the solvent, ns(PEG200,
20% (w/v)) ≈ 1.3585, ns(PEG10k, 20% (w/v)) ≈ 1.3617 and ns(sucrose, 20% (w/v)) ≈ 1.3639, are
taken from [Kolská et al., 2016, Mohsen-Nia et al., 2005] for aqueous PEG 200 and 10k solutions
and for aqueous sucrose solutions from [Lide, 2003], respectively.
Under all conditions, the addition of polymer suppresses the attractive van der Waals interaction,
rendering the system overall more repulsive in comparison to the pure buffer system. The degree
of repulsion caused by the decrease of the Hamaker constant (e.g. Asucrose = 2.15 kBT < APEG10k

= 2.18 kBT < APEG200 = 2.25 kBT < Abuffer = 2.84 kBT for ccrowder = 20% (w/v)) is much lower
than in the experimental data. Further, the observed trend in crowder identity at a given crowder
concentration does not coincide with the experimental results, hence, we suggest that other mech-
anisms, such as enthalpic attractive polymer-protein interactions, volume exclusion due to strong
preferential protein hydration or hydration repulsion, are responsible for the observed effect.

4.2.4 Protein-Polymer Interactions

Any attractive interaction between protein and polymer is expected to translate into protein re-
pulsion and steric stabilization at high polymer concentrations. Previous studies on the weak
hydrophobic interactions between polyethylene glycol and lysozyme in aqueous solution revealed
that the interactions are enhanced with increasing polymer concentration and that they are most
pronounced for polymer of high molecular weight, which was mainly attributed to the change of hy-
drophilicity to amphiphilicity of PEG with increasing polymer chain length [Wu et al., 2014b,Wu
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et al., 2014a, Arakawa and Timasheff, 1985, Baskir et al., 1989]. The data show, that smaller
polymer render the effective protein-protein interaction more repulsive than the larger ones. The
effect of attractive protein-PEG interactions on the protein pair-interaction, owing to (transient)
hydrophobic interactions between lysozyme and crowders would in particular operate when the
small PEG molecules are able to reside between protein molecules:
We consider the association free energy ∆F of two lysozyme molecules, representing the attrac-
tion that offsets the repulsion due to unscreened charges when two lysozyme make a contact (i.e.
when the distance between their surfaces, dlys− σlys, is decreased to zero corresponding to dry (or
almost dry) interface). Unlike in the close-contact associated state of the proteins, in the dissoci-
ated state crowder molecules may be located in the space between proteins. Due to geometrical
constraints, this can only happen for small enough crowder molecules, whose radius of gyration
is RG,PEG,0 . 1/2(dlys − σlys) (i.e., PEG 200, PEG 600 and sucrose). In crowded solution, weak
hydrophobic interactions between the polymer and lysozyme induce a reduction of the proteins
free energy in the dissociated state by ∆Fh (see Figure 4.13).
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Figure 4.13: The association free energy ∆F of two lysozyme molecules in the presence of PEG.

As a consequence, the association cost is reduced to ∆Fc = ∆F −∆Fh. Hence, when a PEG
molecule is residing between two protein molecules an additional repulsion between proteins is
induced. This in turn is roughly proportional to the number density of PEG at small concentra-
tions, where all locations of the crowder molecules in solution are equally probable. Therefore,
the strength of the additional repulsion is expected to grow linearly with the PEG concentration.
As the concentration is increased to the point where interactions between PEG molecules become
important, roughly at c∗, the effect will begin to die down, as proteins will start to compete for
the intercalating PEGs with other PEGs (see Figure 4.14 (a)). This is observed for PEG 600, but
not for PEG 200, for which the overlap concentration has not been reached.
At a fixed polymer volume fraction, the decrease in the strength of the attractive interaction po-
tential, J , is most pronounced for small polymers with molecular weights of 200 and 600 g mol−1

(see Figure 4.14 (a) and Appendix A, Figure A.5 (b)), possibly due to their ability to intercalate
between adjacent protein molecules. So it appears that the model in which crowding agents are
able to induce additional repulsion between proteins by interacting favorably with them via weak
hydrophobic forces may indeed explain, at least in part, the reported results. We therefore assume
that in addition to hydration repulsion, which is effective at very short protein distances, weak
attractive protein-polymer interactions with small crowder molecules may also contribute to the
net repulsive effect on protein-protein interaction [Bhat and Timasheff, 1992].
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4.2.5 Hydration Effects

The exclusion of compatible osmolytes such as sucrose from the vicinity of proteins leads to an
excess of water in the protein’s surface area and thus to a preferential hydration of the protein [Ajito
et al., 2018, Arakawa and Timasheff, 1982, Timasheff, 1993] (see section 2.1.2). The preferential
hydration of the proteins caused by polyethylene glycols is reinforced with increasing molecular
weight of the polymers [Bhat and Timasheff, 1992, Arakawa and Timasheff, 1985, Lee and Lee,
1981]. The preferential hydration effect is due to a solvophobic effect, i.e., to the inability of the
solutes to form as many hydrogen bonds when close to the solute’s surface as opposed to the bulk. A
steric barrier in the form of a strong hydration layer surrounds the protein molecules and effectively
represents an additional excluded volume. The protein’s native state is stabilized in the presence
of the cosolute, since the more compact native fold with a smaller solvent accessible surface area is
thermodynamically favored over the extended conformation of the denatured protein. Thus, even
in the presence of polymer sizes that do not meet the conditions for the depletion mechanism, a
reduction in the intermolecular distance of proteins can still be induced, the driving force being
the excluded volume effect due to preferential hydration of the protein surface [Adams and Fraden,
1998]. In very confined spaces, where the hydration shells of the protein molecules begin to overlap,
a strong hydration repulsion may be operative, however.

4.2.6 HHP Effects on the Protein-Protein Interaction

The results of the refinement of the high-pressure SAXS intensities of 10% (w/v) lysozyme +
50 mM Bis-Tris (pH 7) solutions containing sucrose and polymer of various molecular weights
at various concentrations are shown in Figure 4.14 (and Appendix A, Figure A.5 for the case of
elevated ionic strength, cNaCl = 75 mM). As already reported for 10% (w/v) lysozyme dissolved
in pure Bis-Tris buffer (pH 7) [Schroer et al., 2011a,Julius et al., 2018b], the mean intermolecular
distance of the proteins, dlys, decreases at pressures up to 1.6 kbar, accompanied by an increasing
repulsion in the protein-protein interactions (i.e. increase of b2). This trend is reversed by further
pressurization; the mean intermolecular distance of the protein gradually increases again, whereby
the normalized second osmotic virial coefficient, b2, drops significantly below the value found for
ambient conditions. At ambient conditions and for polymer-free protein solutions, b2 reportedly
changes its sign from positive to negative values only at high ionic strength, i.e. effectively screened
surface charges of the lysozyme molecule, as it occurs at 0.1 M NaCl [Voet and Voet, 1990]. Owing
to the pressure effect, negative b2 values are observed already at 75 mM NaCl at high pressures
both in the pure protein solution and in the presence of 10% (w/v) PEG 35k (see Appendix A,
Figure A.5). In solutions containing polymer of lower molecular weight (< 35000 g mol−1), the
increase in attraction is suppressed, however, and b2 remains positive for all pressures. Notably,
the trend of increasing protein-protein repulsive interactions for smaller PEG sizes and at polymer
concentrations below cPEG < c∗, as found at ambient pressure, is also reflected in the pressure
dependence of the normalized second osmotic virial coefficient, b2. Within the concentration limit
cPEG < c∗, the peculiarity of the non-monotonous pressure-dependencies J(p) and b2(p) weakens
with decreasing polymer size and increasing degree of crowding and changes significantly around
the overlap concentration. For concentrations exceeding cPEG � c∗, the strength of the attractive
part of the effective protein pair-interaction, J , revisits the value found for ambient conditions
already at pressures below 1.6 kbar (see Figure 4.14 and Appendix A, Figure A.5, empty symbols).
In fact, the increase in the strength of the protein-protein attractive interaction at high pressures
is significantly sharper for the protein-polymer mixtures containing PEGs with high molecular
weights than in the polymer-free buffer case. A static light scattering study on the pressure
dependence of the effective polymer radius in aqueous 8% (w/v) PEG 6000 solutions revealed a
decrease of the effective radius and thus of the volume excluded by PEG of about ∼20% with a
pressure increase from 1 bar to 2.5 kbar [Crisman and Randolph, 2010]. The compression of the
polymer chains results in a downsizing of the depletion forces, which might be the reason for the
relaxation of the repulsive forces upon pressurization and the increase of the protein intermolecular
distance.
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Figure 4.14: (a) Strength of the attractive interaction, J , in 10% (w/v) lysozyme + 50 mM (25
mM) Bis-Tris (pH 7) solution as a function of crowder (PEG, sucrose) concentration at ambient
pressure and 25◦C. (b) Normalized second osmotic virial coefficient, b2, as a function of the polymer
concentration, normalized to the overlap concentration, i.e. cPEG/c

∗. (c)–(e) Pressure dependence
of J and b2 for 10% (w/v), 20% (w/v) and 30% (w/v) crowder of various sizes added to the buffer
solution at 25◦C. Empty symbols visualize the J and b2 values for PEG concentrations exceeding
c∗. Reprinted with permission from [Julius et al., 2019]. Copyright c© 2019 American Chemical
Society.
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4.3 Liquid-Liquid Phase Separation of Lysozyme

The limits of the liquid-liquid phase separation (LLPS) region for the protein lysozyme have been
found to be sensitive to changes in solution conditions such as pH, ionic strength and protein
concentration, as well as to changes in temperature and pressure [Muschol and Rosenberger, 1997,
Taratuta et al., 1990,Broide et al., 1996]. Remarkably, a reentrant liquid-liquid phase coexistence
region has been discovered at elevated pressures in an earlier work on the p-T phase behavior of
dense lysozyme-salt solutions, which originates in the pressure dependence of the solvent-mediated
protein pair-interactions [Möller et al., 2014a]. Generally, LLPS of proteins is induced by strong
attractive protein-protein interactions with a range much shorter than the size of the particles,
which are quantified in this work by the strength, J , of the attractive Yukawian-part, VY(r), of
the effective protein pair interaction potential (see section 2.3.4). Therefore, the effects of PEG
polymers of different size and concentration on V (r) should also be reflected in the temperature and
pressure values marking the transition to the metastable liquid-liquid phase region. Following our
previous works [Möller et al., 2014a,Schulze et al., 2016], the LLPS phase diagrams for the protein-
polymer mixtures were determined in the p-T -plane by high-pressure laser transmission (turbidity)
measurements, where the temperature is gradually lowered at various pressures to determine cloud
point temperatures, Tcloud, and pressures, pcloud, respectively (see section 3.1 and 3.6 for more
details on the sample preparation and the experimental setup). The LLPS phase boundaries
(binodals) in 200 and 100 mg mL−1 lysozyme solutions, buffered by 25 mM Bis-Tris (pH 7) and
with an ionic strength of 0.5 M and 1 M NaCl, respectively, were determined in the presence of
1.25, 2.5 and 5% (w/v) PEG of various molecular weights for hydrostatic pressures up to 4500
bar (see Figure 4.15). Within the limits of the polymer overlap concentration, cPEG < c∗(Mw),
the LLPS phase separation in the ternary protein-polymer-buffer solution is markedly modulated
by the molecular weight of the polymer, visible as a decrease of the cloud point temperature,
Tcloud(cPEG,Mw), relative to the pure buffer case. The effect is enhanced by a decrease in the
molecular weight of the polymer and an increase in the concentration of PEG (see Figure 4.15 (a),
(b)). In general, it is predicted that polymers, whose centers of mass are excluded from a sphere of
radius R + δdepl around a non-adsorbing colloid of radius R, can induce LLPS in polymer-colloid
mixtures via the depletion mechanism when δdepl/R > 0.3 [Lekkerkerker et al., 1992]. Even though
all PEG sizes Mw > 600 g mol−1 meet this criterion for cPEG < c∗(Mw), the attractive depletion
interaction between the proteins appears to be too weak to induce LLPS at room temperature at
polymer concentrations in the range of 1.25 to 5.00% (w/v) PEG. The phase transition temperature
in the ternary lysozyme-PEG-buffer mixtures is even shifted to lower values compared to the pure
buffer system (see Figure 4.15 (a), (b)). The effect can be quantified by a power-law trend line
Tcloud(Mw, p = 1 bar, clys, cPEG < c∗, I) ∝ η (Mw)s, characterizing the dependency of the cloud
point temperature, Tcloud, on the polymer molecular weight, Mw, at ambient pressure in the dilute
polymer concentration regime. In the double-logarithmic representation, the slope, s, of the power-
law trend line for the 100 mg mL−1 lysozyme + 1 M NaCl + 5% (w/v) PEG solution corresponds to
that of the 200 mg mL−1 lysozyme + 1 M NaCl + 2.5% (w/v) PEG system within the experimental
error. Clearly, the influence of lysozyme concentration on the polymer-polymer interaction and
the conformation of the polymer chain cannot be neglected at this degree of crowding. If the
proteins take up less volume in the system, more polymer is required to induce phase separation.
As reported by previous works [Möller et al., 2014a, Schulze et al., 2016], the LLPS boundary is
shifted to slighter lower temperatures with a decrease of protein concentration from 20% to 10%
(w/v) lysozyme in 25 mM Bis-Tris + 0.5 M NaCl (pH 7) aqueous solution. Due to the surface
charge screening of the protein, an increase in ionic strength leads to a shift of the binodal to higher
temperatures, which is reflected in an increased value of η. For polymer concentrations cPEG < 5%
(w/v), we are well below the threshold for polymer-polymer interpenetration, c∗, the polymers can
be regarded as single dispersed spheres of radius RG,PEG,0. In the dilute regime (cPEG < c∗(Mw)),
the extrapolated power-law trend lines Tcloud ∝ γ(δdepl)

b coincide (i.e. are independent of protein
concentration and ionic strength) in the p–T plane with the respective cloud point temperature
found for the pure buffer (Tcloud of 17.5◦C and 26◦C for 0.5 and 1 M NaCl, respectively) at ambient
pressure for a depletion thickness, δdepl, comparable to the hydrodynamic radius of the protein,
Rlys = 1.72 nm (see Figure 4.15 (c), (d)) [Sophianopoulos et al., 1962].
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Figure 4.15: Temperature of the cloud point, Tcloud, of 200 mg mL−1 lysozyme in 0.5 M NaCl + 25
mM Bis-Tris (pH 7) and 100 mg mL−1 lysozyme in 1 M NaCl + 25 mM Bis-Tris (pH 7) solution at
ambient pressure for various polymer concentrations as a function of the polymer molecular weight,
Mw, (a)+(b), and depletion thickness, δdepl, (c)+(d). The data is refined by power-law functions,
Tcloud(Mw) ∝ η(Mw)s ∝ γ(δdepl(Mw, cPEG))b (dashed grey lines) as well as compared to the pure
buffer system (solid black line). (p-T )-LLPS phase diagrams of 200 mg mL−1 lysozyme in 0.5 M
NaCl + 25 mM Bis-Tris (pH 7) in the presence of (e) 1.25 and (f) 2.5% (w/v) PEG of various
molecular weights, Mw, in a pressure range from 1 to 4500 bar. (g) (p-T )-LLPS phase diagrams of
100 mg mL−1 lysozyme in 1 M NaCl + 25 mM Bis-Tris (pH 7) in the presence of 5% (w/v) PEG
of various molecular weights, Mw, in a pressure range from 1 to 1100 bar. Empty symbols visualize
the Tcloud values for PEG concentrations exceeding c∗. Reprinted with permission from [Julius
et al., 2019]. Copyright c© 2019 American Chemical Society.
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In Figure 4.15 (e)-(g) the cloud point temperatures, Tcloud, of the ternary protein-polymer-
buffer mixtures are depicted as a function of pressure for three polymer concentrations and for
various PEG molecular weights. The reentrant liquid-liquid coexistence region (HP-LLPS) found
at elevated pressures for dense polymer-free protein solutions reflects the increasing attractiveness
of the solvent-mediated protein-protein interaction upon pressurization, likely due to pressure-
induced changes in the water network structure [Möller et al., 2014a]. The decrease of Tcloud

observed at ambient pressure in the presence of PEG also persists at high hydrostatic pressures.
The pressure dependence of the phase boundary at low pressures (LP-LLPS), as found for the
clean buffer system, remains largely unaffected by the addition of polymers, which is most likely
due to a release of the void-volume of the closed-packed protein system. In contrast, the phase
boundary of the HP-LLPS region is significantly shifted to higher pressures, most pronounced for
small polymer sizes. The limits of the metastable LLPS region at both ambient and elevated
pressures are modulated by the presence of the polymer in a similar way to the strength, J , of
the attractive part of the protein-protein interaction potential derived from the SAXS signals of
the complementary low-ionic strength protein-polymer mixtures. In the presence of polymers, the
attractive part of the protein pair interaction potential, VY, in protein-polymer mixtures becomes
more repulsive, leading to a decrease of the cloud point temperature and a shift of the HP-LLPS
region to higher pressures. This effect is enhanced by a decreasing effective size ratio between
the single polymer chain and the protein and by an increasing polymer concentration within the
cPEG < c∗ boundary.

4.4 Conclusions

The effective protein-protein interaction potential, V (r), governing the spatial distribution of
lysozyme molecules in solution, as well as the boundaries of the temperature- and pressure-
dependent (metastable) liquid-liquid phase coexistence region of dense lysozyme solutions were
analyzed over a wide range of temperatures and pressures under various crowding conditions. Em-
ploying the disaccharide sucrose and the non-adsorbing polymer polyethylene glycol (PEG) with
molecular weights within more than three orders of magnitude, we studied macro- and nanomolec-
ular crowding scenarios, both occurring in the heterogeneous biological cell, and a wide range of
crowder concentrations, crossing from dilute to semi-dilute polymer regime. The synthetic linear
polymer PEG forms network-like structures beyond a polymer molecular weight specific crossover
concentration and thereby mimics aspects of a eukaryotic cell, such as the dynamic cytoskeleton
network.
We find that the influence of the crowder concentration on the mean distance between the pro-
tein molecules strongly depends on the size of the crowder. The strongest effect is observed in
solutions containing small PEG molecules and sucrose, both leading to a significant decrease in
the mean intermolecular distance of the protein molecules with increasing crowder concentration.
Interestingly, the effect diminishes at intermolecular distances that are small enough for the second
hydration shells of the proteins to penetrate each other. Conversely, the increase in polymer con-
centration beyond the polymer-size specific threshold (cPEG/c

∗ ≥ 1), where the polymer solution
structure changes from single dispersed polymers to an entangled network, leads to the recovery of
the system where the proteins eventually maintain a distance comparable to that in the polymer-
free system.
Furthermore, in the dilute polymer regime (cPEG/c

∗ < 1), the net effect of polymer size and
concentration on the protein pair-interactions in protein-polymer mixtures, quantified by the pro-
tein’s normalized second osmotic virial coefficient b2, is strongly correlated with the position of the
phase boundaries of the liquid-liquid coexistence region in the p-T -plane. The effective protein-
protein interactions become more repulsive in the presence of the polymer PEG, resulting in an
increase of b2. The effect is enhanced by a decreasing ratio of protein to polymer chain size and
amplified with increasing polymer concentration. Accordingly, the entry into the high pressure
liquid-liquid phase coexistence (HP-LLPS) region is shifted to higher pressures with the binodal
being shifted to lower temperatures, Tcloud, over the entire pressure range. Under ambient condi-
tions and within the limits of the dilute polymer regime (cPEG/c

∗ < 1), the impact of the polymer
molecular weight (size) on both the strength, J , of the attractive interactions and the cloud point
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temperature, Tcloud, exhibits a power law behavior. The dependence of the polymer’s radius of
gyration, RG,PEG,0(Mw), on the polymer molecular weight, Mw, is similarly described by a power
law, indicating that (steric) excluded volume and depletion forces, both scaling with polymer size,
are able to strongly modulate the protein-protein interactions.
The DLVO description is extended by the polymer-mediated depletion interaction potential be-
tween two lysozyme molecules to quantify its influence on the effective protein-protein interaction
in dense protein-polymer mixtures. We find the depletion forces between the protein molecules
are enhanced by increasing the polymer concentration, but level off at cPEG/c

∗ ≥ 1 due to their
decreasing range upon the formation of polymer network structures, before sufficient attraction
(i.e. negative b2 values) could be induced. However, especially at cPEG/c

∗ < 1, we observe a
strong discrepancy between the theoretically predicted and experimental b2 values. This suggests
that additional non-DLVO repulsive forces must be operative that control intermolecular protein-
protein interactions at short distances, thereby stabilizing the densely packed protein solution
against depletion-induced aggregation. Hydration repulsion, which only occurs when the protein
molecules come close together and their hydration spheres start to overlap, is very likely to become
important here. However, net attractive (transient) hydrophobic interactions between protein and
polymer may be important as well, especially when the small PEG molecules are able to reside in
the space between two protein molecules.
The application of hydrostatic pressures is a powerful tool for fine-tuning intermolecular distances
in aqueous biomolecular systems and for the investigation of intermolecular interaction forces. In
polymer-free buffer solution, the approach of lysozyme molecules upon compression and the con-
comitant increase of the normalized second virial coefficient, b2, level off around ∼ 1.6 kbar, most
likely due to changes of the water hydrogen-bond network structure, which eventually leads to a
trend reversal upon further pressurization [Schroer et al., 2011a]. This non-monotonous pressure
dependence of the proteins’ mean intermolecular distance and effective pair-interaction is affected
by PEG-induced depletion forces, which gradually decline as the depletion thickness decreases ow-
ing to the decreasing polymer size upon compression, however. Hence, pressurization reduces the
protein distance, dlys, but also the depletion thickness, δdepl, of the crowder i.e. HHP counteracts
the attractive depletion interaction in crowded solutions. In this sense, high hydrostatic pressures,
as encountered in the deep sea up to the 1.1 kbar level, may alleviate the attractive forces between
biomolecules induced by macromolecular crowding and thereby help to prevent the proteins from
approaching each other too closely under compression, which could lead to protein aggregation.
Finally, since the metastable liquid-liquid phase separation is strongly correlated with the solid-
liquid phase transition [Broide et al., 1996] (i.e. protein crystallization, see section 2.3.4), we
envisage to optimize the solution conditions and the kinetics for protein nucleation and crystal
growth using both variables, PEG and high hydrostatic pressure. Our study highlights the im-
portant, yet unexplored role of hydrostatic pressure in controlling and fine-tuning intermolecular
distances and hence crystal growth in addition to the excluded volume (osmotic pressure) effect
imposed by the polymer PEG [Crisman and Randolph, 2009,Gross and Jaenicke, 1994].
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Chapter 5

Water-Mediated Protein-Protein
Interactions at High Pressures are
Controlled by a Deep-Sea
Osmolyte

Cosolvents or osmolytes, such as free amino acids, methylamines, sugars, and polyols as well as
the denaturant urea (see Figure 2.5) can be accumulated to rather high concentrations by cells
to adjust cell volume and osmotic pressure to harsh extracellular environments, such as high tem-
perature, freezing, and anhydrobiosis or to high hydrostatic pressure (HHP) as encountered in
the deep sea up to the 1 kbar level (see section 2.1.2) [Hochachka and Somero, 2002]. In cor-
relation with habitat depth and thus hydrostatic pressure, significant differences occur in the
osmolyte compositions of cellular fluids compared to their shallow-living relatives. Under abyssal
conditions, highest levels of methylamines, especially Trimethylamine-N-oxide (TMAO), are ac-
cumulated [Yancey et al., 2001, Kelly and Yancey, 1999]. TMAO is known to counteract the
temperature- and pressure-induced destabilization of proteins [Yancey et al., 2001, Schroer et al.,
2011a, Gao et al., 2017b, Arakawa and Timasheff, 1985] as well as the salt and urea inhibition of
enzymes [Yancey, 2005]. Previous studies have shown, that a repulsion between stabilizers such
as TMAO and the peptide-bond backbone of the protein leads to a strong exclusion of the cosol-
vent from the protein surface (depending on the protein charge [Canchi and Garćıa, 2013,Canchi
et al., 2012,Su et al., 2017]) and thus to a preferential hydration of the protein’s surface. Reducing
the exposure of hydrated surface area and thus the entropically unfavorable interaction between
cosolvent and backbone stabilizes native protein folds against denaturation [Canchi and Garćıa,
2013,Timasheff and Xie, 2003]. Conversely, perturbants such as urea are accumulated at the pro-
teins surface and destabilize proteins at high concentrations by interacting preferentially with the
protein backbone and amino acid side chains [Canchi and Garćıa, 2013, Timasheff and Xie, 2003]
(see section 2.1.2).
In nature, mixtures of counteracting osmolytes are often found to be more beneficial for cells
than individual ones. The absence of a perturbing component to offset stabilizers like methy-
lamines at high concentrations may be detrimental to protein function. The latter may lead to
over-stabilization of the proteins, elevated rigidity of enzymes and enhanced formation of non-
functional aggregates. The underlying mechanisms of protein stabilization and, in particular, the
linkage to the intermolecular interactions between proteins in such cosolvent mixtures both at am-
bient and elevated pressure are still largely unknown.
In this chapter, we focus on the impact of different types of organic osmolytes and biologically rele-
vant osmolyte mixtures on the pressure dependent intermolecular pair-interaction potential, V (r),
of highly concentrated protein solutions (mimicking cell-like crowding conditions) applying small-
angle X-ray scattering (SAXS) in combination with a liquid-state theoretical approach. To probe
protein-protein interactions in such natural cosolvent solutions, the well-characterized monomeric
protein lysozyme is employed, which is conformationally stable up to 5 kbar, and has successfully
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been used before for this purpose [Schroer et al., 2011b,Möller et al., 2012,Schroer et al., 2011a].
By focusing on osmolyte mixtures that mimic cellular fluids of deep-sea organisms, such as shallow-
and deep-living crabs, skates, and shrimps [Kelly and Yancey, 1999], we are able to go one step
further in understanding the “real” biological intracellular fluids in nature and learn more details
about their protective properties as well as and their differential effects.

This chapter is structured as follows: To investigate pressure-dependent protein-protein interac-
tions in solution, the employed protein needs to remain in its folded state in the whole pressure
range and at all solution conditions covered. Hence, in section 5.1, the pressure stability of the
protein structure is checked by high-pressure SAXS measurements carried out on diluted lysozyme
solutions for all solution conditions yielding shape and size of the protein. In Section 5.2, the DLVO
theory in concert with SAXS measurements of the intermolecular structure factor and liquid state
theoretical approaches have been used in determining the influence of single osmolytes and natural
osmolyte mixtures on the pressure-dependent protein pair-interaction potential of dense protein
solutions. In section 5.4, we disclose water-mediated changes of the protein-protein interactions,
hardly visible in the associated average static structure factors, by the analysis of its isothermal
pressure derivatives which reflect changes in three-body correlations in the liquid and are sensitive
to changes in the solvent-mediated intermolecular interaction. Finally, section 5.5 summarizes the
results.

The content of this chapter is published in the following original publication and has
been rephrased for this thesis:

Julius, K., Weine, J., Berghaus, M., König, N., Gao, M., Latarius, J., Paulus, M., Schroer, M.A.,
Tolan, M., and Winter, R. (2018). Water-Mediated Protein-Protein Interactions at High Pressures
are Controlled by a Deep-Sea Osmolyte, Phys. Rev. Lett., 121(3):038101
(Copyright c© 2018 American Physical Society)

5.1 Pressure Dependence of the Protein’s Radius of Gyra-
tion at Various Solution Conditions

First, to reveal potential pressure-dependent changes in the structure of the lysozyme molecule,
high-pressure SAXS measurements were carried out on diluted 1% (w/v) (∼ 10 mg mL−1) lysozyme
solutions with an amount of up to 1 M organic osmolytes in a pressure range from 1 to 3500 kbar
(see sections 3.1 and 3.2 for more details on sample preparation and the experimental SAXS setup,
respectively). For the analysis of the azimuthally averaged and background corrected scattering
intensities, I(q), the inverse Fourier-transformation program GNOM [Svergun et al., 1988,Svergun,
1992] was employed, yielding the radial pair-distance distribution, p(r), the maximum dimension
of the protein in solution, Dmax and the proteins radius of gyration, RG.
In Figure 5.1, the analysis is lined out exemplarily for the 1% (w/v) lysozyme in 25 mM Bis-Tris
+ 1 M L-proline (T = 25◦C, pH 7) solution. Figure 5.1 (a) depicts the scattering intensities,
I(q), as a function of pressure together with the corresponding refinements (black solid lines). The
Kratky representation of the data, (q2I(q) vs. q), exhibits a pronounced maximum for all solution
conditions and pressures studied. The Kratky plots together with the shapes of the corresponding
p(r) curves, depicted in (c), indicate that the globular shape of the protein is preserved and no
unfolding is induced. In good agreement with literature data [Schroer et al., 2011a, Maeno et al.,
2009], the protein exhibits, within the experimental error, a constant radius of gyration of RG =
1.45 ± 0.02 nm in the whole pressure range and for all cosolvents studied (see Figure 5.1 (d)).
Of note, at high osmolyte concentrations an increase of the solvents electron density leads to a
reduction of the scattering contrast of the proteins, accompanied by a decline of the signal-to-noise
ratio. This is mirrored in a greater variance in the obtained RG values.
The results are consistent with the findings of earlier work, that osmolytes, selected by nature for
the purpose of maintaining osmotic pressure at high concentrations, reportedly lead to a stabi-
lization of the native protein structure by being preferentially excluded from the protein surface,

113



p
(r
)

Figure 5.1: Experimental SAXS data of 1% (w/v) lysozyme + 25 mM Bis-Tris (pH 7) with 1 M
L-proline at 25◦C in a pressure range from 1 - 3500 bar and the corresponding refinements (solid
black lines), generated with the inverse Fourier-transformation program GNOM of the ATSAS 2.8
package [Svergun et al., 1988, Svergun, 1992]. The scattering signals were shifted for reasons of
clarity. (b) Kratky plot ( q2I(q) vs. q) of the experimental data and the corresponding refinements
(solid black lines). (c) Radial pair distance distribution function, p(r), as a function of pressure.
(d) Comparison of the experimentally derived radii of gyration, RG, for all osmolyte species at
high concentration as a function of pressure. Reprinted from [Julius et al., 2018b]. Copyright c©
2018 American Physical Society.
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or if so bind very weakly to the protein, since they should not perturb enzyme or other cellular
components (see section 2.1.2). The scattering of a single lysozyme molecule averaged over its

orientation, 〈|F (q)|2〉Ω, is provided experimentally by the lowest protein concentrations for each
solution condition and can be successfully refined by the scattering calculated from the atomic coor-
dinates (+ hydration) of lysozyme (crystal structure PDB entry: 1LYZ [Harata, 1994]) employing
the program CRYSOL [Svergun et al., 1995]. However, for the combined form and structure factor
analysis from the scattering from dense lysozyme solutions, the lysozyme form factor was approx-
imated by the radially averaged scattering function of a prolate ellipsoid [Shukla et al., 2008, Liu
et al., 2005b]. The lysozyme form factor can be successfully modeled from the SAXS intensity
curves from the diluted 1% (w/v) lysozyme solutions by the radially averaged analytical scattering
function, P (q) of an prolate ellipsoid of revolution with the semi-axes a = 1.57 nm and b = 2.42
nm, effective hard-sphere diameter σlys = 2(a2b)1/3 and volume Vp = 4/3π(a2b) (see section 2.4.2),
in good agreement with previous works [Shukla et al., 2008, Schroer et al., 2011a, Möller et al.,
2012, Schroer et al., 2011b, Liu et al., 2005b]. The analytic form factor, P (q), calculated by this
method is in good agreement with the scattering calculated from the crystal structure (+ hydra-
tion) of lysozyme employing CRYSOL [Svergun et al., 1995], except that a small additive constant
background (0.0105 · P (q)|q=0) is needed in order to describe the data at high q values [Shukla
et al., 2008].

5.2 Effects of Single Cosolvents on the Pressure-Dependent
Protein-Protein Interaction Potential

As described in section 2.4.4, the small-angle scattering profiles, I(q), of a solution of interacting
monodisperse globular particles like lysozyme molecules can be modeled by

I(q) ∝ n ·∆ρ2 · V 2
p · P (q) · Seff(q) (5.1)

within the so-called decoupling approximation [Liu et al., 2005b,Kotlarchyk and Chen, 1983,Shukla
et al., 2008]. Here, ∆ρ denotes the electron density contrast, Vp the volume of the particle and P (q)
the protein’s form factor, determined by the shape and size of a single lysozyme molecule averaged
over its spatial orientation (see section 5.1). The average number density of particles in the sample
n is related to the protein’s volume fraction via Φlys = nVp. Since the volume fraction occupied
by the protein in the sample volume increases upon compression, high-pressure X-ray transmission
measurements on dense aqueous 10% (w/v) lysozyme solutions were carried out yielding Φlys(p) for
all pressure conditions (see Figure 4.4 and section 3.6 for more details on the experimental setup
and the data analysis). The effective structure factor, Seff(q), an additional scattering contribution
arising for solutions of higher protein concentration, is sensitive to the spatial arrangement and
thus the intermolecular interactions of the scattering particles. The position qmax of the main peak
of Seff(q) can be linked to the mean distance dlys w 2π/qmax between neighboring protein molecules
in solution in real space. Within the mean-spherical approximation (MSA), Seff(q) is linked to the
proteins effective intermolecular interaction potential, V (r) [Liu et al., 2005b, Hansen and Mc-
Donald, 2013] (see section 2.4.4). Following previous works [Schroer et al., 2011a, Schroer et al.,
2011b, Möller et al., 2012], the effective pair interaction potential, V (r), of lysozyme molecules in
solution, with centers separated by the distance r, is modeled in the framework of the Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory as the sum of a long-ranged screened Coulomb potential,
VSC(r), a repulsive hard-sphere potential, VHS(r), and a short-ranged attractive Yukawian-like po-
tential, VY(r) (see section 2.2.3). The DLVO potential is determined by fitting the effective struc-
ture factor to the experimental scattering intensity employing the MATLAB R© package from [Liu
et al., 2005a]. The only free parameter in the modeling of the experimental data is the strength of
the attractive Yukawian-like part of the effective pair interaction potential, J .
As a measure of the overall pair-interaction potential, the normalized protein-protein osmotic sec-
ond virial coefficient, b2, has been calculated from the DLVO potential parameters employing Eq.
(2.4).

Figure 5.2 depicts exemplarily the model-based data analysis procedure for the experimental
SAXS intensities, I(q), of 10% (w/v) lysozyme in 25 mM Bis-Tris (pH 7) buffer as a function of
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trehalose concentration, c, and pressure, p, at T = 25◦C. A pronounced intermolecular correlation
peak is observed at momentum transfer qcorr, indicating a repulsive short-range order of lysozyme
molecules, that shifts to a higher q-value with increasing trehalose concentration (Figure 5.2 (a)).

Figure 5.2: (a) Experimental SAXS data, I(q), for a 10% (w/v) lysozyme in 25 mM Bis-Tris solution
at 25◦C and ambient pressure for various trehalose concentrations, c. Solid black lines display the
refinement of the data. (b) Results of the refinement for the effective structure factor, Seff(q), at
various trehalose concentrations, c and pressures. p. (c) Strength of the attractive interaction,
J(c, p). (d) Total protein-protein interaction potential, V (r), (sum) displayed together with its
contributing parts for various trehalose concentrations. Reprinted from [Julius et al., 2018b].
Copyright c© 2018 American Physical Society.

Division of the scattering intensities by the analytical form factor, 〈P (q)〉, obtained by refining
the scattering intensities of a dilute lysozyme solution with the model presented above (see section
5.1), yields the effective structure factor, Seff(q). The refinements of Seff(q) to extract the effective
protein-protein interaction potential, V (r), are displayed in Figure 5.2 (b) and the consequent fits
of the scattering intensities in (a) as solid black lines. The height of the first maximum of the
effective structure factor, Seff(q), increases with the trehalose concentration and its position shifts
to slightly higher q-values, concomitantly (marked by arrow). The increase of qmax reflects a slight
decrease of the mean intermolecular distance between adjacent lysozyme molecules, dlys w 2π/qmax
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(see see Appendix B, Figure B.1). The resulting DLVO effective pair interaction potential is de-
picted in Figure 5.2 (d) together with its single contributions for all trehalose concentrations and
the pure buffer case. The decrease in dielectric permittivity of the solution at 25◦C upon addi-
tion of trehalose (dεr/dc = - 7.53 M−1) was taken into account in the calculation of the repulsive
(screened) long-range Coulomb contribution, VSC(r) (Eq. (2.20)). By reducing the solvents per-
mittivity, trehalose enhances the strength of the electrostatic repulsion between the proteins with
constant like charge +8e and concomitantly reduces the Debye-Hückel screening length, λD, (Eq.
(2.21)). The increase in repulsive Coulomb interaction is accompanied by a marked decrease of
the short-range attractive part with increasing trehalose concentration. Still, a slight decrease of
dlys is observed (see Appendix B, Figure B.1), which might be rationalized by the excluded volume
effect imposed by the compatible cosolvent (see section 2.1.1). Among other osmolytes, trehalose
was reportedly found to be most excluded from the proteins surface [Timasheff, 2002, Xie and
Timasheff, 1997]. The effect of trehalose, and sugars in general, on the protein conformation was
found to be very weak [Lerbret et al., 2007]. As reported elsewhere [Paul and Paul, 2015, Sapir
and Harries, 2011, Lerbret et al., 2005], an increase in trehalose concentration results in a growth
of the average number of trehalose-trehalose hydrogen bonds, the consequence being an enhanced
trehalose-trehalose interaction and development of trehalose clusters. However, for the trehalose
concentration range considered here (c ≤ 0.633 M), the actual formation of an extended trehalose
hydrogen-bond network and its potential influence on the protein-protein interaction can be ne-
glected.
Subsequently, HHP SAXS measurements were performed on the 10% (w/v) (∼102.7 mg mL−1)
lysozyme solutions to reveal changes in the intermolecular interaction due to combined pressure-
cosolvent effects. Figure 5.2 (c), depicts the strength of the attractive part of the pair interaction
potential, J , as a function of trehalose concentration, c, and pressure, p. First, a monotonous
decrease of J compared to the pure buffer system with increasing trehalose concentration is visible
and second, the non-monotonous pressure dependence of J(p), as observed in previous studies on
the pure dense lysozyme solution [Schroer et al., 2011a], is present at all cosolvent concentrations.
With continuous compression of the solution, intermolecular spacing, dlys, is slightly reduced and
the intermolecular interaction potential, V (r), is affected by a decrease of J (see Appendix B,
Figure B.1). It is remarkable that with a pressure rise above ∼1.6 kbar, this effect is reversed. In
earlier studies [Schroer et al., 2011a,Schroer et al., 2011b] such a trend reversal was attributed to
an incipient change in the water structure upon pressurization [Soper and Ricci, 2000, Katayama
et al., 2010,Schroer et al., 2011a].

In order to systematically investigate the effects of individual osmolytes on intermolecular in-
teractions in dense lysozyme solutions, high-pressure SAXS measurements on 10% (w/v) lysozyme
in osmolyte solutions were performed over the whole concentration range from 0 to 1 M for all
species. Figure 5.3 (a) displays the experimentally determined strength, J(c), of the attractive
part of the interaction potential and the normalized second viral coefficient, b2(c), for a 10% (w/v)
lysozyme + 25 mM Bis-Tris solution (pH 7) at ambient pressure and T = 25◦C in dependence of
the osmolyte species and concentration, c. Further, the effect of pressure is depicted exemplarily for
mid-level (Figure 5.3 (b)) and high concentration (Figure 5.3 (c)) of each species. It can be clearly
seen that especially at high concentrations a pronounced osmolyte concentration dependence of
the potential parameters is recognizable. In terms of species, two distinct cosolvent classes with
contrasting effects on J(c) and b2(c) emerge. One class is solely formed by TMAO and the second
class essentially comprises all other osmolytes investigated in this study. In accordance with data
from literature [Schroer et al., 2011b], TMAO significantly increases the attractive interactions
between proteins. Remarkably, the other osmolytes are nearly completely interchangeable in their
impact on the strength, J , of the attractive part of the pair-interaction potential up to mid-level
concentrations. Since the additives belong to chemically disparate classes, the underlying process
ought to be universal. These osmolytes similarly cause the effective pair interaction potential,
V (r), to become more repulsive, i.e., the strength of the Yukawian part, J , decreases in a linear
manner with increasing osmolyte concentration. Here, differences only become apparent at higher
osmolyte concentrations (& 0.5 M), i.e. in the region where changes in the (pressure-dependent)
dielectric solution properties become more prominent. The corresponding normalized second os-
motic virial coefficient, b2, includes the contribution of the screened coulomb repulsion and, thus,
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monitors the total effective pair-interaction (see Figure 5.3 (a)).
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Figure 5.3: (a) Results of the refinement for the strength of the attractive part of the protein-
protein interaction potential, J , and the normalized second virial coefficient, b2, as a function of
osmolyte concentration, c, at 25◦C and ambeint pressure, and as a function of pressure for mid-
level (b) and highest (c) osmolyte concentrations. For comparison, the pure buffer system (10%
(w/v) lysozyme, 25 mM Bis-Tris, pH 7) is depicted as well (black circle, solid line). Reprinted
from [Julius et al., 2018b]. Copyright c© 2018 American Physical Society.

As clearly can be seen from the theoretical expression for of the screened Coulomb interaction
potential, VSC(r), in Eq. (2.20) and from the Debye-Hückel screening length, λD, in Eq. (2.21),
the strength as well as the range of electrostatic interactions in solution depend crucially on the
solutions dielectrics (i.e. εr) as well as the effective net charge of the protein, Zeff. To reveal if
cosolvent-induced changes in the electrostatics could explain the different cosolvent effects, mea-
surements of the solution pH and static dielectric permittivity were carried out for all solution
conditions (For more details on the sample preparation see section 3.1 and for further information
on the experimental setup see section 3.5) and the results will be discussed in the following:
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Cosolvent-Induced Changes of the Solutions pH The effective net charge of the protein,
Zeff, is determined by the pH of the solution and has in pure 25 mM Bis-Tris buffer (pH 7) the
effective net positive value Zeff = +8e [Yu et al., 2015].
Pushing the pH-value towards the proteins isoelectric point (pIlys=11) and thus shifting the effec-
tive net charge of lysozyme towards smaller positive values Zeff < +8e [Rodŕıguez-Arteche et al.,
2012] results in a reduced Coulomb repulsion between the proteins. Furthermore, proteins are least
hydrated at their pI and the increase of pH would result in binding more water.

Figure 5.4: Experimentally derived pH dependence of the aqueous 25 mM Bis-Tris (pH 7) buffer
solutions with dissolved osmolytes at molar concentration c at ambient pressure and T = 25◦C.
Data is shown together with the corresponding linear refinements (solid lines). Reprinted from
[Julius et al., 2018b]. Copyright c© 2019 American Physical Society.

The molecular structures of the organic osmolytes investigated in this thesis are displayed in section
2.1.2, Figure 2.5. The α-amino acids L-alanine (pKa(-COOH)=2.34, pKa(-NH+

3 )=9.69; pI = 6.02),
L-proline ((pKa(-COOH)=1.99, pKa(-NH+

3 )=10.60; pI = 6.30), glycine ((pKa(-COOH)=2.34, pKa(-
NH+

3 )=9.60; pI = 5.97) and the β-amino acids taurine ((pKa(-SO3H)=1.5, pKa(-NH+
3 )=8.74; pI

= 5.12) and β-alanine ((pKa(-COOH)=3.60, pKa(-NH+
3 )=10.19; pI = 6.895), are of zwitterionic

nature with acidic isoelectric points [Jencks and Regenstein, 1968]. Depending on the ioniza-
tion/protonation of the amino acids characteristic functional groups -COOH (-SO3H) and -NH+

3

at a particular pH, the amino acids can be present in different equilibrium forms. Regarding the
pKa values of the functional groups, the amino acids under study are all expected to be in their
zwitterionic form at physiological pH.
The pH values of the dissolved osmolytes in aqueous 25 mM Bis-Tris (pH 7) buffer at concentrations
ranging from c = 0 to 1 M were measured with an accuracy of ± 0.01 at ambient pressure and T =
25◦C. The obtained results for the pH values as a function of osmolyte concentration reveal that
the pH is constant within 0.5 pH units, i.e. the effective net positive value Zeff = +8e of lysozyme
can be considered to be constant for all solution conditions [Yu et al., 2015, McNeil-Watson and
Kaszuba, 2011] (see Figure 5.4).

Cosolvent-Induced Changes of the Solutions Static Dielectric Permittivity The long-
range Coulomb electrostatic pair interaction potential, VSC(r), between two proteins with effective
net charge Zeff is screened by solvents of high permittivity εr surrounding the proteins. The reduc-
tion in strength of the long-range Coulomb interaction of the proteins occurs due to the polarization
of the cosolvent molecules in the bulk water.
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Figure 5.5 depicts the relative static dielectric permittivities εr obtained from our own measure-
ments and from literature (see Appendix B for the exact values for the dielectric increments, δ
= dεr/dc, of the solitary osmolyte solutions and the dielectric permittivities, εr, of the osmolyte
mixtures of the shallow and deep-living species).

Figure 5.5: Experimentally derived values for the relative static dielectric permittivity, εr, of the
aqueous cosolvent mixtures found in shallow-living and deep-sea shrimp, crab and skate as well
as of solitary osmolyte solutions (urea, TMAO, myo-inositol, GPC, and trehalose) in dependence
of molar concentration, c. For comparison, this figure also includes εr(c) data from literature
for aqueous osmolyte solutions containing L-proline [Cohn and Edsall, 1965], sarcosine [Cohn and
Edsall, 1965], betaine [Edsall and Wyman, 1964], taurine [Cohn and Edsall, 1965], β-alanine
[Wyman and McMeekin, 1933], L-alanine [Wyman and McMeekin, 1933], and glycine [Wyman
and McMeekin, 1933]. All data are valid for 25◦C and ambient pressure. Reprinted from [Julius
et al., 2018b]. Copyright c© 2018 American Physical Society.

Previous dielectric spectroscopy studies on aqueous solutions of L-alanine, glycine, β-alanine and
L-proline revealed that despite the huge dipole moment of the zwitterions, the tendency towards
dipolar alignment is very weak in the concentration range investigated in this work. Solute-
solute interactions are mainly screened by water and the zwitterions remain as isolated hydrated
monomers in solution and if so, a weak decrease of the effective dipole moment of the solute is
detected, due to anti-parallel dipole-dipole alignment when the solute molecules come closer with
increasing concentration [Rodŕıguez-Arteche et al., 2012,Sato et al., 2005,Mcmeekin et al., 1964].
The fact that the osmolytes make no direct solute-solute interactions at moderate concentrations is
in concert with our finding that the dielectric permittivities of the mixtures for the deep-sea species
of water-structure stabilizing and destabilizing solutes seem to follow an additivity rule (see Fig-
ure 5.5). The experimentally derived static dielectric increments, δ = dεr/dc, of the individual
cosolvents in aqueous solution can be placed in the order δ(trehalose) = - 7.53 M−1 < myo-inositol
(negative) < water < (positive) urea ∼ TMAO << betaine < L-proline < glycine ∼ L-alanine
∼ sarcosine << β-alanine < taurine ∼ δ(GPC) = + 43.8 M−1 (see Appendix B for exact values
and Figure 5.5). In contrast to the other osmolytes, the carbohydrates trehalose and myo-Inositol
lower the permittivity of the water (i.e. the dielectric screening) and as a result the Coulomb
repulsion rises. The increase of εr with increasing osmolyte concentration is strongest for taurine
and GPC, which should lead to stronger screening and hence a reduction of Coulomb repulsion. As
seen by the strong increase of b2 with c in Figure 5.3 (a), the increased dielectric screening cannot
offset the increasing repulsion brought about by the decrease of the short-range attractive Yukawa
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part of the effective pair-interaction potential: J(c) exhibits a strong negative gradient, indicating
increasing repulsion. Hence, again, an excluded volume effect seems to dominate over electrostat-
ics, which leads to slight decrease of the intermolecular distance, dlys (see Appendix B, Figure B.1).

A completely different scenario can be observed with the stabilizing osmolyte TMAO, which,
similar to the perturbant urea, changes the relative static dielectric permittivity of the solvent, εr,
only very little (δ = dεr/dc = +2.16 M−1). In contrast to all other osmolytes, even concentrations
of 0.5 M TMAO lead to a drastic increase of the attractivity, i.e. J . Such a strong rise of J must
have another origin. The large variations in the concentration dependence of J(c) and b2(c) among
osmolytes may be due to a cosolvent-induced change in the van der Waals (vdW) potential (see
section 2.2.1), which contributes to the attractive Yukawa part, VY(r), of the DLVO potential (see
section 2.2.3). This can be estimated using the Hamaker constant, as explained below.

Van der Waals Forces The Hamaker constant is, although in an indirect manner, related to
the depth of the vdW potential and depends on the refractive and dielectric properties of the
interacting proteins and on those of the surrounding medium (i.e. εr, ns) (see section 2.2.1).

Figure 5.6: Experimentally derived refractive indices, ns, of various aqueous 25 mM Bis-Tris (pH
7) osmolyte solutions in dependence of the osmolyte concentration, c, at ambient pressure and T
= 25◦C. Data is shown together with the corresponding linear (extrapolated) refinements (solid
lines). Reprinted from [Julius et al., 2018b]. Copyright c© 2018 American Physical Society.

In theory, since the lysozyme molecules interact across a polarizable medium (water) containing
also polarizable dissolved additives (osmolytes), the dipole field created by quantum fluctuations
in one lysozyme molecule is many-times reflected back by each component of the condensed media
that has been polarized by this field. Thereby, the classical van der Waals interaction between two
proteins dissolved in pure water is strongly modified by these additionally generated electrodynamic
(dispersion) forces due to the presence of the osmolytes. Sign and magnitude of these forces depend
on the frequency-dependent polarizability of the components.
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Figure 5.7: Calculated Hamaker Constant, A, of various aqueous osmolyte solutions containing 25
mM Bis-Tris (pH 7) in dependence of the osmolyte concentration, c, at ambient pressure and T
= 25◦C. Data is shown together with the corresponding (extrapolated) linear refinements (solid
lines). Reprinted from [Julius et al., 2018b]. Copyright c© 2018 American Physical Society.

Here, the Hamaker constant was calculated for all solution conditions in the framework of the
Lifshitz theory (see section 2.2.1) employing Eq. (2.11) with the solvents refractive indices ns (see
Figure 5.6) and static dielectric permittivities εr (see Figure 5.5) obtained from out own measure-
ments and from literature. For more details on the sample preparation see section 3.1 and for
further information on the experimental setups for refractometry and dielectric spectroscopy see
sections 3.4 and 3.5, respectively.
Figure 5.7 displays the calculated Hamaker constant for all solution conditions. At equal con-
centrations, the weakest attractive interaction should be observed in trehalose solution and the
strongest in solutions with urea or TMAO, which is not consistent with the experimental data
showing increased attractive interactions only in TMAO solutions (see Figure 5.3 (a)). As a result,
solvent-induced changes of the Hamaker constant are not able to explain the particular effects of
TMAO on the protein-protein interaction.

The impact of Coulomb repulsion on the effective pair interaction should become significant
upon compression owing to a decrease of interatomic spacing (see Appendix B Figure B.1) and the
monotonic increase of water permittivity, εr, with pressure [Floriano and Nascimento, 2004]. As
shown in Figure 5.3 (b) and (c), a decrease in J(p) and a concomitant increase of the normalized
virial coefficient, b2(p), is in fact observed upon compression. However, this effect is noticeable up to
about 1.6 kbar, only, where a trend reversal emerges. Remarkably, adding the osmolytes modulates
the curves J(p) and b2(p) only, but does not change their general shape, i.e. the mechanism
underlying this effect ought to be universal. Next to the 1 M glycine solution, significant deviations
in the pressure dependence of the intermolecular interactions from the pure buffer scenario occur
only in TMAO solutions, which cause a much stronger pressure dependence of J(p) and b(p) as well
as a shift of the minimum to J(p) and a maximum of b2(p) to ∼ 1 kbar higher pressures. This effect
may be due to significant changes in the solvent structure and/or a very strong thermodynamically
favored exclusion of the additive from the protein surface, i.e. a pronounced solvophobic effect
(see section 2.1.2) that reduces intermolecular distances and apparently enhances intermolecular
attractive interactions.
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5.3 Cosolvent Mixtures Mimicking Deep-Sea Conditions

Figure 5.8: Pressure dependence of the strength of the attractive protein-protein interaction, J , in
10% (w/v) lysozyme + 25 mM Bis-Tris (pH 7) at 25◦C with osmolyte mixtures added as found for
shallow-living (top half ) and deep-living (bottom half ) crabs (a), shrimps (b), and skates (c) [Kelly
and Yancey, 1999]. The results for the pure buffer (solid black line) and for the contributing single
cosolvent solutions are shown as well. Reprinted from [Julius et al., 2018b]. Copyright c© 2018
American Physical Society.

The next step was to record HHP SAXS data of 10% (w/v) lysozyme in natural cosolvent
mixtures that mimic the cellular conditions found in marine organisms such as shallow and deep
living crabs, skates and shrimps [Kelly and Yancey, 1999]. The cosolvent mixtures were calculated
from [Kelly and Yancey, 1999], estimating a total concentration of 630 mM for skates, shrimps
and 1 M for crab osmolyte mixtures based on typical values for cell solute concentrations [Yancey,
2005] (see section 3.1 for detailed sample compositions). Remarkably, in all species the TMAO
content rises with increasing sea depth, i.e. hydrostatic pressure, accompanied by a decrease of
the overall amount of amino acids, inositols, urea and methylamines. The amount and kind of
osmolytes employed depend strongly on the species, however. Figure 5.8 shows the correspond-
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ing potential parameter J(p) together with the data of the main contributing osmolytes of deep
(bathyal/abyssal)-living and shallow living species. For comparison, the pure puffer system is shown
as well (solid black line). The data unambiguously show that the cosolvents other than TMAO
are largely interchangeable. This is probably due to the fact that the osmolytes do not interact
directly at moderate concentrations [Canchi et al., 2012, Rodŕıguez-Arteche et al., 2012, Jackson-
Atogi et al., 2013], i.e. the net effect on the protein-protein interaction seems to follow largely
an additivity rule. In fact, the addition of the other solvents to the solution causes the effect
of TMAO to be attenuated to varying degrees depending on the cosolute structure. As a conse-
quence, the pronounced effect of TMAO on the potential parameters is reduced and the shift of
the minimum in J(p) to higher pressures is reversed, not only by the denaturant urea [Niebuhr
and Koch, 2005, Schroer et al., 2011b], but also by the presence of compatible cosolvents such as
glycine (as exemplarily demonstrated in section 5.3.1, Figure 5.9). Since TMAO is also known to
stabilize proteins and other biomolecules most effectively [Canchi and Garćıa, 2013], it appears
that natural osmolyte mixtures are composed to compensate for TMAO-induced overstabilization
and overattractiveness, which may be necessary to maintain normal cellular functionality.

5.3.1 Counteracting the Effect of TMAO

Figure 5.9 (a) depicts the contrasting effects of glycine and TMAO on the effective structure factor,
Seff(q), of 10% (w/v) lysozyme in 25 mM Bis-Tris (pH 7, 25◦C) solution at various osmolyte
concentrations and ambient pressure. As can be seen from the shift of the position of the structure
factors main peak, qmax, towards smaller q-values, TMAO increases the intramolecular distance,
dlys
∼= 2π/qmax, between the protein molecules as it is reduced by glycine relative to the pure buffer

system (see also Appendix B, Figure B.1). The corresponding effective protein-protein interaction
potential is shown in Figure 5.9 (c) as well. As depicted in Figure 5.9 (b), the pressure dependence
of the strength of the Yukawa part, J , for the TMAO and glycine systems of concentrations in
the range of ∼0.07 to 1 M shows a different effect of both osmolytes on the pressure sensitivity
of J below ∼ 3 kbar, both in terms of shape and magnitude of J(p). Figure 5.9 (d) and (e)
show that in mixtures of TMAO and glycine the pressure dependence of J is dominated by the
strong cosmotropic stabilizer TMAO. Even in a TMAO-glycine mixture with a molar ratio of 1:2,
the effect of TMAO on the pressure sensitivity of J is only slightly compensated by glycine. Of
note, it was found that the ratio 1(TMAO):2(urea) is most effective in the counteraction of urea
and TMAO at the same protein concentration [Schroer et al., 2011b, Yancey et al., 2002]. Since
there seems to be no specific direct interaction between glycine (and the other osmolytes) and
TMAO in bulk, the observed effect has to be mediated indirectly via the water hydrogen-bonded
network [Pollard and Wyn Jones, 1979].
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Figure 5.9: (a) Effective structure factor, Seff(q), of a 10% (w/v) lysozyme solution with 25 mM Bis-
Tris (pH 7) at 25◦C and ambient pressure for TMAO concentrations of 71 to 500 mM and glycine
concentrations of 87 mM to 1 M. (b) Results of the refinement for the strength of the attractive
part of the protein-protein interaction potential, J(c), as a function of pressure, p, for various
osmolyte concentrations. (c) Total interaction potential, V (r), and its different contributions. (d)
Pressure dependence of the attractive interaction of lysozyme solutions in glycine-TMAO mixtures
at the ratio 1:1 and (e) 2:1. Reprinted from [Julius et al., 2018b]. Copyright c© 2018 American
Physical Society. 125



5.4 Water-Mediated Changes of the Protein-Protein Inter-
actions

The particular role played by TMAO is clearly evident and might be attributed to its ability
to compensate for pressure effects by strengthening and increasing water-water-hydrogen bonds
and by inducing a strong spatial order of the hydrogen bonding network [Zou et al., 2002, Can-
chi and Garćıa, 2013]. Seeking to reveal an additional proof for such water-mediated effect, in-
formation on many-body structural correlations is expected to be helpful. In fact, for the de-
scription of hydrogen-bound liquids, such as water itself or protein solutions, triplet correlation
functions (TCFs), g3(r1, r2, r3), seem play an important role in addition to the pair distribution
functions [Dhabal et al., 2017,Egelstaff et al., 1971,Schroer et al., 2012] (see section 2.4.4).

Figure 5.10: Isothermal pressure derivative of the experimental effective protein structure factor,
Seff(q), for (a) 10% (w/v) lysozyme dissolved in pure buffer (25 mM Bis-Tris, pH 7, T=25◦C),
and buffer solutions containing (b) 0.5 M TMAO and (c) 0.5 M glycine. The lines are a guide
to the eye. The insets show the underlying experimentally derived structure factors for different
pressures. Reprinted from [Julius et al., 2018b]. Copyright c© 2018 American Physical Society.

In order to obtain information on the TCFs, the isothermal pressure derivative of the static
(effective) structure factor, (∂Seff(q, pm)/∂p)T , of dense protein solutions at the mean value pm

was calculated from the experimental data by numerical differentiation employing Eq. (2.109).
Here, we employ the pressure interval ∆p = 0.5 kbar, since the experimental data was collected
in pressure steps of 250 bar at T = 25◦C. Changes in the shape and sign of (∂Seff(q, pm)/∂p)T
reflect changes in the three-body correlations in the liquid [Dhabal et al., 2017], and are sensitive
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to changes in the solvent-mediated intermolecular interaction potential. The essential features
describing the structure of the liquid via inter-protein correlations are located in the q-range around
the correlation peak in the SAXS pattern. Hence, in the analysis of (∂Seff(q, pm)/∂p)T we mainly
focus on the region q . 1.72 nm−1. Figure 5.10 shows (∂Seff(q, pm)/∂p)T for aqueous 10 %
(w/v) lysozyme solutions at three different buffer conditions (e.g. 25 mM Bis-Tris buffer (pH 7),
25 mM Bis-Tris + 0.5 M TMAO, 25 mM Bis-Tris + 0.5 M glycine). At ambient pressure, the
addition of 0.5 M TMAO to the protein solution results in a decreased height of the static effective
structure factors first maximum and its shift to lower q-values in comparison to the pure buffer
system as 0.5 M glycine has the opposite effect (see insets in Figure 5.10 and Figure 5.9 (a)). A
decreasing first peak corresponds to a damping of the oscillations in the pair correlation function,
g(r), and therefore to less localized particles and a less ordered system. The shift of the main
peak of Seff(q) to lower q-values, mirrors an increasing mean intermolecular spacing of the proteins
at the corresponding solution condition (first minimum in g(r) shifts outwards). Independent of
the solutions additive, the application of pressures up to ∼ 1.6 kbar results in a simple isotropic
compression of the system and therefore in a decreasing mean intermolecular spacing, dlys. In pure
buffer solution and 0.5 M glycine, (∂Seff(q, pm)/∂p)T changes shape and sign around ∼ 2 kbar,
indicating significant changes in the intermediate-range order of the hydrogen-bonded liquid in this
pressure range. This may be due to the rearrangement of neighboring water molecules (e.g. changes
in the tetrahedral network structure, collapse of the second coordination shell of water) [Schroer
et al., 2012]. Interestingly, (∂Seff(q, pm)/∂p)T , of lysozyme in the 0.5 M TMAO solution exhibits
more pronounced maxima and minima in the region of the structure factor maxima, which indicates
a different solution structure already under ambient conditions. In addition, changes in the shape
of (∂Seff(q, pm)/∂p)T and thus in the three-body correlation function are shifted to about ∼ 1
kbar higher pressures, indicating that the water-mediated protein-protein interaction potential in
the TMAO solution differs significantly from the pure buffer case. A more quantitative analysis
of these higher-ordered correlations and cosolvent-induced changes in structure and dynamics of
dense protein solutions would require detailed molecular dynamics simulations of the system with
appropriate pressure-adjusted force fields, which are out of reach at this time.

5.5 Conclusions

The influence of natural cosolvent mixtures on the pressure-dependent structure and protein-
protein interaction potential of dense protein solutions was studied and analyzed using small-angle
X-ray scattering in combination with a liquid-state theoretical approach. At conditions where in-
termolecular distances between proteins are of the order of a few water layers (i.e. under cell-like
crowding conditions), a change in the second coordination shell of water and an increased hydra-
tion repulsion between the proteins seem to lead to the reversal of attractive interaction and inter-
molecular spacing upon compression. Changes in the interactions between cosolvent and water can
modulate this behavior. These may include effects such as an inward shift of the pair-correlation
function of oxygen atoms in water, gOwOw(r), by TMAO [Towey et al., 2013]; a cross-interaction
between cosolvents, such as that of TMAO and urea observed at ambient pressure [Ganguly et al.,
2015,Hunger et al., 2015]; or changes in protein-cosolvent-water interactions.
We find, that natural cosolvents are able to modulate the protein-protein interaction potential and
its pressure dependence to variable extents. The addition of the deep-sea osmolyte TMAO leads to
a pronounced exclusion volume and affects V (r) most strongly. This is due to its particular struc-
ture: TMAO is a rather small solute offering both highly hydrophilic and hydrophobic solvation
regions. It has a strong dipole moment (∼ 5 D) and excellent H-bonding performance. In addition,
it shows a predominantly repulsive self-interaction [Canchi et al., 2012]. The other osmolytes seem
to act essentially only as osmoregulators.
Not only does the presence of TMAO guarantee sustainability of the native protein’s folded
state under harsh environmental conditions [Yancey et al., 2001, Schroer et al., 2011a, Gao et al.,
2017b, Arakawa and Timasheff, 1985], it also controls water-mediated intermolecular interactions
at elevated pressure, preventing contact formation and protein aggregation. In fact, Embedded
Cluster Reference Interaction Site Model (EC-RISM) theory in concert with ab initio molecular
dynamics simulations and FT-IR data have recently revealed a charge redistribution upon compres-
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sion of TMAO. Increased solvent-related polarization and a locally enhanced H-bonding network
are both proposed as key elements for high-pressure adaptation [Hölzl et al., 2016, Imoto et al.,
2016].
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Chapter 6

The Effect of Osmolytes and
Crowding on the Pressure-Induced
Dissociation and Inactivation of
Dimeric Horse Liver Alcohol
Dehydrogenase

The study of the relationship between structure and activity of oligomeric enzymes under high
pressure is essential for understanding the intermolecular interactions and reactivity of proteins
in the cells of organisms thriving under harsh environmental conditions as well as for applications
in biotechnology such as high-pressure enzymology. The effect of pressure on the assembly of
oligomeric proteins and larger multi-subunit aggregates has already been discussed in detail, and
the pressure-induced dissociation of oligomeric proteins is a well-described phenomenon [Daniel
et al., 2006,Boonyaratanakornkit et al., 2002,Gross and Jaenicke, 1994,Silva and Weber, 1993,We-
ber, 1993,Silva et al., 2001,Silva et al., 1996,Ruan and Weber, 1993,Peng et al., 1993,Peng et al.,
1994, Silva et al., 1992, Jaenicke, 1981, Mozhaev et al., 1996, King and Weber, 1986, Knorr et al.,
2006, Lullien-Pellerin and Balny, 2002, Tang and Ruan, 1996, Silva et al., 1986, Ruan and Weber,
1989] (see section 2.3.2). Conversely, the effect of naturally occurring compatible, counteract-
ing and (de)stabilizing osmolytes (see section 2.1.2) on the stability and enzymatic activity of
oligomeric enzymes within the biologically relevant pressure range is largely unknown. Although
the influence of macro- and nanomolecular crowding, as it occurs within the biological cell, on the
stability of monomeric proteins is reasonably well understood (see section 2.1.1), there is a lack
of knowledge about the interplay of temperature, hydrostatic pressure, osmotic pressure and the
reduced free space (excluded volume effect) and its effects on oligomeric proteins, albeit of high
biological relevance.
The HHP SAXS study presented here was performed within a collaboration between the groups
of Prof. M. Tolan (Experimental Physics E IA / DELTA, TU Dortmund University) and Prof.
R. Winter (Physical Chemistry I - Biophysical Chemistry, TU Dortmund University), set out to
explore the relationship between enzyme stability, structure and function through the effect of
pressure on horse liver alcohol dehydrogenase (LADH) in physiologically relevant solution condi-
tions like crowding and the presence of cosolvents. In a combined experimental effort, the HHP
SAXS measurements, yielding pressure-induced conformational changes of LADH on the qua-
ternary and tertiary structure, were complemented by pressure-dependent FT-IR and fluorescence
spectroscopy, monitoring changes on the secondary structural level. In addition, HHP-stopped flow
kinetic measurements were performed to reveal the influence of high hydrostatic pressure [Luong
et al., 2015,Luong et al., 2016], crowding and cosolvents [Yancey, 2005,Luong et al., 2015,Yancey
and Somero, 1980,Yancey et al., 1982] on the enzymatic activity of the horse LADH, which is also
effectively modulated by changes in the oligomerization state [Shallom et al., 2004,Ottosen et al.,

129



2002,Beernink and Tolan, 1996].

The chapter is structured as follows: At first, the studied dimeric enzyme horse liver alcohol
dehydrogenase (LADH) is introduced in section 6.1. The results of the theoretical modeling of the
small-angle X-ray scattering of monodisperse dimeric and monomeric LADH solutions as well as
mixtures thereof, mimicking the solution conditions during the dissociation process of the dimeric
enzyme in pure buffer, are lined out in section 6.2. Section 6.3 reports on the experimental HHP-
SAXS data on diluted LADH in pure buffer solution in a pressure range of 1 - 3500 bar as well as on
the results of the refinement of the SAXS signals on the structural changes of LADH under pressure.
Section 6.4 reports on how the oligomerization reactions and hydrostatic pressure dependence of
the dissociation rate of LADH are effectively modified by changes in the solution conditions upon
addition of crowding agents and cosolvents. The results of the complementary experimental studies
(i.e. pressure-dependent FT-IR, fluorescence spectroscopy and HHP-stopped flow measurements)
carried out within the framework of the cooperation will be summarized shortly at the end of this
chapter and discussed together with the SAXS data (see section 6.5).

The content of this chapter is published in the following original publication and has
been rephrased for this thesis:

Julius, K., Al-Ayoubi, S.R., Paulus, M., Tolan, M., and Winter, R. (2018). The effects of osmolytes
and crowding on the pressure-induced dissociation and inactivation of dimeric LADH, Phys. Chem.
Chem. Phys., 20(10):7093-7104

6.1 Horse Liver Alcohol Dehydrogenase (LADH)

In the biological metabolism of alcohols and hydroxysteroids, alcohol dehydrogenases (ADH) of
various origins constitute a central element. Alcohol dehydrogenases catalyze the oxidation of var-
ious primary and secondary alcohols to the corresponding aldehydes or ketones and vice versa in
the presence of the cofactor nicotinamide-adenine-dinucleotide (NAD+) by the reduction of NAD+

to NADH [Dalziel and Dickinson, 1966, Dallet and Legoy, 1996, Klinman, 1981, Silverstein and
Boyer, 1964, Brändén et al., 1973]. ADHs play a key role in the alcoholic fermentation as well as
in the ethanol metabolism and also have been employed as biocatalysts in chemical syntheses that
involve ethanol oxidation [Galletti et al., 2010b,Giacomini et al., 2007,Galletti et al., 2010a]. This
makes understanding the protein’s stability and reactivity not only relevant for research purposes
but also for technological applications. The well-studied enzyme horse liver alcohol dehydrogenase
(LADH) is a dimeric protein of two identical subunits [Brändén et al., 1975,Klinman, 1981,Petter-
son, 1987,Eklund and Brändén, 1987,Wang et al., 2000]. Each subunits peptide chain is composed
of 374 amino acid residues and features a catalytic and a coenzyme binding domain with two firmly
bound tetracoordianted zinc atoms [Eklund et al., 1974, Ramaswamy et al., 1994]. The enzyme
in not active in the monomeric state [Theorell, 1970, Sund and Theorell, 1963, Kornblatt et al.,
1998], thus, the dissociation of the dimer is accompanied by the failure of the enzymatic activity.
The dimeric protein has a molecular weight of Mw w 80 kDa and the monomeric subunit Mw w
40 kDa. The overall shape of the dimer corresponds to a prolate ellipsoid with the approximate
dimensions 45 x 55 x 100 Å3 [Eklund et al., 1974,Eklund et al., 1976,Brändén et al., 1973,Eklund
et al., 1981,Eklund and Ramaswamy, 2008,Al-Karadaghi et al., 1994,Meijers et al., 2001,Meijers
et al., 2007,De Smidt et al., 2008,Sturgis et al., 2001].
Earlier studies on horse liver alcohol dehydrogenase, based mainly on the fluorescence and phos-
phorescence properties of the tryptophan residues of the protein, have already reported that the
protein is markedly affected by high hydrostatic pressures. However, pressure-induced structural
changes such as dissociation and unfolding of the protein have not yet been investigated in de-
tail [Trovaslet et al., 2003,Cioni and Strambini, 2002,Cioni and Strambini, 1996]. Conformational
changes of the monomeric subunit, referred to as conformational drift, are generally reported to
accompany the pressure-induced dissociation process of proteins. [King and Weber, 1986, Silva
et al., 1986,Ruan and Weber, 1993,Weber, 1986,Ruan and Weber, 1989].
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(a)

(b)

Figure 6.1: (a) Crystal structure (PDB entry: 2JHF [Meijers et al., 2007]) of the dimeric apoenzyme
horse liver alcohol dehydrogenase (LADH). The dimer has the overall shape of a prolate ellipsoid
with the approximate dimensions 45 x 55 x 110 Å3 and a molecular weight ofMw w 80 kDa [Brändén
et al., 1973]. Here, the individual components of the secondary structure are color-coded and the
cofactors NAD+ (gray) and the Zinc ions (beige) are displayed in space filling model. The surface
of the protein is depicted as well. In panel (b), the two monomeric subunits are separated in color
for reasons of clarity.

6.2 Quantitative Estimation of the Monomer-Dimer Ratio
in LADH Solutions from the Theoretical SAXS Profiles

The acquisition of information about the low resolution structure of a particle in ideal monodis-
perse systems is quite simple, since the measured intensity is directly related to the single-particle
scattering (see section 2.4.2). As a rule, a dilute solution of purified biological macromolecules
meets this requirement of monodispersity. It becomes more complicated in polydisperse systems
where particles differ in shape, size or conformation, though. The reconstruction of the shape or
modeling of the structure of a single particle from a mixture of different types of particles with
arbitrary structures is extremely difficult. However, such systems can still be characterized in
terms of their composition: In a system containing non-interacting particles with distinctly dif-
ferent shapes and sizes (shape polydispersity), where interference effects can be neglected and all
particles scatter independently, the fraction of the components in the mixture can be determined
under the condition that the single-particle scattering intensities of the different particle types in
solution are known [Svergun et al., 2013] (see section 2.4.3).
Typically, weakly bound oligomeric complexes dissociate into individual subunits upon pressuriza-
tion between 0.5 - 2 kbar (see section 2.3.2). In the following, we assume that a dilute solution
of dimeric protein is monodisperse at ambient pressure and the corresponding scattering signal
can be completely represented by the form factor of the dimer. Once the pressure at which the
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protein dissociates has been exceeded, we obtain a mixture of dimers and monomers in a pressure-
dependent mixing ratio and, concomitantly, pressure-dependent level of shape polydispersity. Un-
der the assumption that the native conformations of monomer and dimer are preserved and that
no unfolding occurs under pressure, the ratio of dimer and monomer is gradually shifted to the
monomeric species with increasing pressure until the solution finally becomes monodisperse again
when all dimers are dissociated. In theory, based on this information the dissociation constant can
be determined.
Even though in many practical cases the monodisperse approximation of the dimeric solution at
ambient pressure is not applicable due to the formation of loose higher-order oligomer and pressure-
related conformational changes of the monomeric subunit after dissociation (e.g. transition to a
molten globule state or unfolding), this theoretical treatment of the ideal case of the dissociation
process still represents a valuable reference for the analysis of the scattering profiles in non-ideal
situations.

(a) (b)

Figure 6.2: (a) Theoretical SAXS intensities, I(q), of a monomeric and dimeric LADH molecule as
well as of mixtures thereof at various molar ratios, calculated from the monomer and dimer crystal
structures (PDB entry: 2JHF [Meijers et al., 2007]) employing the program CRYSOL [Svergun
et al., 1995]. (b) The corresponding radii of gyration, RG, obtained from I(q) in the q-range 0 <
q < 2.51 nm−1 (dashed lines) as well as for the experimentally accessible q-range 0.23 < q < 1.5
nm−1 (circles), using the program OLIGOMER [Franke et al., 2017], for all solution compositions
characterized by the dimeric and monomeric volume fractions, Φk.

Figure 6.2 (a) depicts the theoretical scattering intensity of a mixture composed of monomeric
(k=1) and dimeric (k=2) LADH,

I(q) =

2∑
k=1

Φk
Pk(q)

Vk
, with Φ1 + Φ2 = 1, (6.1)

computed at various mixing ratios from the linear combination of the appropriately renormalized
scattering intensities from the single species, Pk(q)/Vk, weighted by its volume fractions, Φk. The
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theoretical solution scattering curves, Pk(q), of the components k with particle volumes Vk are
modeled from the corresponding crystal structures using the program CRYSOL [Svergun et al.,
1995]. For this purpose, the high-resolution structures of the monomeric and dimeric LADH were
taken from the Protein Data Bank (accession number 2JHF [Meijers et al., 2007]). Assuming
a hydration shell width of 3 Å, the model structure leads to the theoretical radius of gyration
RG,dimer= 3.183 nm, envelope diameter Dmax = 11.02 nm, envelope volume V1 = 57.38 nm3 and
molecular mass Mw = 79.61 kDa for the dimeric LADH and RG,monomer= 2.286 nm, Dmax = 7.431
nm, V2 = 121.20 nm3 and Mw = 39.81 kDa for the monomeric LADH. The model was checked on
the experimental X-ray scattering signals of monodisperse dimeric solutions. The scattering from
the mixtures (see Figure 6.2 (a)) represents a ’blended’ scattering from dimers and monomers. For
the mixture analysis, the application OLIGOMER of the ATSAS 2.8 package [Franke et al., 2017]
was used, yielding the corresponding radii of gyration and the dimeric and monomeric volume
fractions Φk. The structure parameters derived from the scattering signals of the mixtures (i.e.
radii of gyration, RG) lie between the values found for the individual components. Here, the radius
of gyration is to be understood as an average radius of gyration of all particles, of different shape
and size, present in the solution. However, as shown in Figure 6.2 (b), it is not possible to read
the state of the dimer dissociation directly from the value of the radius of gyration. For equimolar
monomer-dimer mixtures, the mean radius of gyration resulting from the solution scattering is
not the mid-level value between the RG for monodisperse dimeric and monodisperse monomeric
solutions, since the dimeric proteins result in a stronger increase in forward scattering and thus a
larger RG than the monomer species.
In the real SAXS experiment the accessible q-space is limited to the range 0.23 . q . 1.5 nm−1

(see section 6.3). In Figure 6.2 (a) this region of the scattering curves is visualized by color. In
order to estimate the inaccuracy caused by the limited q-range, the analysis described above was
additionally performed for the reduced q-range, yielding the results (circles) displayed with error
bars above the ones obtained from the analysis on the entire range (dashed lines) in Figure 6.2
(b). We find, even in the limited q-range the fractions of the components in the mixture can be
determined with sufficient accuracy.

6.3 The Dissociation of LADH under Pressure in Pure Buffer
Solution

HHP SAXS measurements of 0.7% (w/v) LADH + 10 mM Tris-HCl solutions (pH 8.5, T =
25◦C) were performed to investigate the structural changes of the dimeric protein LADH upon
pressurization in the range from 1 - 3500 bar. For more details on the sample preparation and
experimental setup see sections 3.1 and 3.2, respectively. The experimental data reveal that the
LADH solution is not completely monodisperse at ambient conditions, but contains higher-order
loose oligomeric complexes. In the presence of higher oligomers, the experimental data cannot be
refined by linear combinations of the scattering of monomers and dimers as described in section 6.2
and as the conformation (shape, size) of these larger oligomers is not known, the exact composition
of the solution remains elusive. However, the average radius of gyration, RG, representing the mean
dimension of all particles of different shapes and sizes present in the solution can be derived from
the low q-range (qRG < 1.3 [Feigin and Svergun, 1987]) of the total scattering signals by using the
Guinier approximation [Guinier, 1939] employing the program PRIMUS [Konarev et al., 2003] (see
section 2.4.2). The (dissociation) behavior of these oligomers under pressure can also be derived
from these data. In order to be as insensitive as possible to larger non-functional aggregates, the
inner part of the data (q ≤ 0.23 nm−1) is omitted from the Guinier analysis and the radius of
gyration RG is estimated on the basis of the outer part, only. Further, in a model-free approach,
the real space distance distribution functions, p(r), are refined to the scattering data in the range
q ≤ 0.23 nm−1 using the inverse indirect Fourier transformation program GNOM [Svergun et al.,
1988,Svergun, 1992]. Next to p(r), the analysis yields an approximation of the particle’s maximum
dimension, Dmax, in solution, and the average radius of gyration, RG.
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Figure 6.3: (a) Experimental SAXS data of the 0.7% (w/v) LADH + 10mM Tris-HCl solution (pH
8.5), collected at 25◦C in a pressure range of 1 – 3500 bar and the corresponding refinements (solid
lines) made with GNOM [Svergun et al., 1988,Svergun, 1992]. The scattering signals were shifted
for reasons of clarity. The data range not taken into account in the analysis is marked in gray. (b)
Kratky plot (q2I(q) vs. q) of the experimental data and the corresponding refinements (solid lines)
for selected pressures. (c) Radial pair-distance distribution function, p(r), as a function of pressure.
(d) Guinier plot of the 0.7% (w/v) LADH solution scattering, obtained by PRIMUS [Konarev
et al., 2003]. (e) Comparison of the experimentally derived radii of gyration, RG, for the different
analysis methods in comparison with the theoretical value for dimeric LADH, RG,dimer, calculated
with CRYSOL (solid gray line). Reprinted from [Julius et al., 2018a].
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At elevated pressures (p > 1000 bar) where the weakly bound, higher-order oligomers are dis-
sociated, the volume fractions of the monomers and dimers of the 0.7% (w/v) LADH + 10 mM
Tris-HCl solutions can be determined using OLIGOMER of the ATSAS 2.8 package [Franke et al.,
2017]. The experimental data is fitted by a linear combination of the monomer and dimer scat-
tering curves and an additional constant corresponding to the resolution of the experiment (see
section 2.4.3):

I(q) =

2∑
k=1

Φk
Pk(q)

Vk
+ const. (6.2)

This approach was successfully chosen in a recent SAXS study on the transthyretin (TTR) self-
assembly mechanism into fibrils [Groenning et al., 2015].
The influence of increasing pressure on the SAXS data of 0.7% (w/v) LADH in 10 mM Tris-
HCl is shown in Figure 6.3 (a) together with the corresponding refinements (solid lines) made by
GNOM [Svergun et al., 1988,Svergun, 1992]. As can be seen clearly from the Kratky representation
(q2I(q) vs. q) of the SAXS data and the associated pair-distance distribution functions, p(r), the
overall globular, folded shape of the protein persists over the entire pressure range investigated
(see Figure 6.3 (b)+(c)). However, the gradual shift of the maximum of p(r) to smaller r values
with increasing pressure and the concomitant decrease of the mean maximum expansion, Dmax, of
the dissolved particles indicate a dissociation of the oligomeric protein. The pressure dependence
of the mean radius of gyration RG, depicted in Figure 6.3 (e), was determined from the scattering
intensities, I(q), using three different analysis approaches: By the analysis in the small q-range
within the Guinier approximation employing the program PRIMUS [Konarev et al., 2003] (see
Figure 6.3 (d)), by the refinement of the pair-distance distribution function, p(r), to the scattering
data using GNOM [Svergun et al., 1988, Svergun, 1992] and by the refining a linear combination
of the monomer and dimer scattering contributions (and a constant) to the scattering data using
OLIGOMER [Franke et al., 2017]. As can be clearly seen, the models used provide comparable
results. The solutions exhibit shape polydispersity, caused both by the presence of higher oligomers
at lower pressures and by dissociation into monomeric subunits at higher pressures. Still, we find
that the analysis with GNOM [Svergun et al., 1988,Svergun, 1992] can be successfully applied to
all solution conditions and that it yields refinements of good quality.
The dissociation of higher oligomers can be recognized by the strong reduction of the radius
of gyration at pressures below 1000 bar until the dimeric conformation is reached. This type
of pressure sensitivity of loosely bound protein clusters (higher-order oligomers) is a well-known
phenomenon (see section 2.3.2). In 10 mM Tris-HCl buffer, the dimeric conformation of the protein
LADH remains stable under pressure until the dissociation into monomeric species sets in at 2000
bar. Upon further pressurization, the volume fraction of the dimer gradually decreases down to
0.63 ± 0.05 at 3500 bar. The population of the monomeric species increases concomitantly and
finally occupies about 34% of the volume at 3500 bar.

6.4 The Effect of Crowders and Organic Osmolytes on the
Dissociation of LADH upon Pressurization

In the following, we report SAXS data on the effect of pressure on the protein LADH in the presence
of the hydrophilic polymer and nanocrowder PEG 200, the compatible osmolyte TMAO and the
chaotropic agent urea. Since TMAO is reported to counteract the perturbation by the destabilizing
waste product urea in deep sea organisms most efficiently at a 1(TMAO):2(urea) molar ratio (see
section 2.1.2), an analogous molar mixture thereof is investigated as well.
Figure 6.4 depicts the average radii of gyration, RG, derived from the HHP SAXS signals of 0.7%
(w/v) LADH in pure aqueous 10 mM Tris/HCl buffer solution (pH 8.5, T = 25◦) as well as in
presence of the crowder and osmolytes as a function of pressure. The experimental results are
compared to the theoretical values RG,dimer and RG,monomer for monomeric and dimeric LADH,
respectively, which are computed from the crystal structure with the program CRYSOL [Svergun
et al., 1995] (see section 6.2). If the mean radius of gyration exceeds the value found for the dimeric
conformation, RG > RG,dimer, higher oligomers are present in the corresponding solution.
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Figure 6.4: Pressure-induced reduction of the radius of gyration, RG, of a 0.7% (w/v) + 10 mM
Tris-HCl (pH 7) LADH solution in (a) 5 and 15% (w/v) PEG 200 and (b) in 250 mM TMAO, 500
mM urea, and 250 mM TMAO + 500 mM urea at 25◦C. The experimentally determined radii of
gyration evaluated with GNOM [Svergun et al., 1988, Svergun, 1992] are depicted in comparison
with the theoretical values for dimeric LADH, RG,dimer (solid gray line), and monomeric LADH,
RG,monomer (dashed gray line) calculated with CRYSOL [Svergun et al., 1995]. Reprinted from
[Julius et al., 2018a].
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We find, in solutions containing the nanomolecular crowder PEG 200, the oligomers exhibit in-
creased pressure stability. The higher oligomers dissociate for the most part at a pressure of 1250
bar and form dimers. Further compression from 1500 bar to 3500 bar does not result in significant
conformational changes and the protein remains mostly its dimeric conformation. At 3500 bar,
the volume fraction of the dimers is 0.95 ± 0.01 at a crowder concentration of 5% (w/v) and 0.98
± 0.01 at 15% (w/v) PEG 200.
Further, we investigate the influence of trimethylamine-N-oxide (TMAO), known to enhance water
structure (see section 2.1.2), on the dissociation behavior of LADH. As shown in Figure 6.4. (b),
the addition of the stabilizing osmolyte TMAO to the 0.7% (w/v) LADH + 10 mM Tris-HCl (pH
8.5) solution results in an increased pressure stability of the oligomers compared to the pure buffer.
In the presence of 500 mM TMAO, pressures up to 2750 bar are required to dissociate the higher
oligomers and obtain a monodisperse solution of dimers. At a concentration of 250 mM TMAO,
this point is attained already at 2250 bar and in the pure buffer at 1000 bar. Further, the osmolyte
TMAO shifts the dissociation of the dimer to higher pressures. Whilst the dimer dissociation in
pure 10 mM Tris-HCl buffer already takes place at 2000 bar, it shifts upon addition of 250 mM
TMAO to 2750 bar and to pressures beyond 3500 bar in the presence of 500 mM TMAO. Finally,
we study the impact of the chaotropic agent urea on the system as well as the counteraction be-
tween TMAO and urea by a mixture composed of the two in the physiological ratio 1:2. There are
no drastic deviations from the pure 10 mM Tris/HCl buffer system when adding 500 mM urea.
Remarkably, the 0.7% (w/v) LADH + 10 mM Tris-HCl (pH 8.5) + 250 mM TMAO + 500 mM
urea solution is already monodisperse under ambient conditions. Since the protein only occurs
in its native dimeric conformation, the scattering signal is adequately described by the scattering
form factor of the dimer in a pressure range from 1 bar to 2500 bar before it dissociates on further
pressure increase. At a pressure of 3500 bar, the total volume is occupied by dimers to a fraction
of 0.86 ± 0.01 and with monomers to a fraction of 0.14 ± 0.01. This case is comparable to the
250 mM TMAO mixture at the same pressure. At pressures above approximately 2500 bar, the
dimer dissociates for all solution conditions, with the extent depending on the respective cosolvent
mixture.

6.5 Conclusions

We report SAXS studies on LADH solutions as a function of pressure to reveal the dissocia-
tion/association process of horse LADH in the presence of the hydrophilic polymer polyethylene
glycol PEG 200, the water structure enhancing osmolyte TMAO and the denaturant urea. We
show that the application of hydrostatic pressure up to 3.5 kbar leads to marked changes in the
oligomeric state of LADH and that the conformational state of the protein can be significantly
altered by changing the solution conditions (i.e. solvent composition). In the absence of larger
oligomers, the refinement of the SAXS curves by the model of a mixture of the dimeric and its
monomeric subunit can be successfully applied leading to a thorough insight on the mixtures com-
position.
At ambient conditions and in pure buffer, the LADH dimers coexist with larger, multi-subunit
and loosely bound oligomers. Although these higher-order oligomers (clusters) are very pressure-
sensitive and dissociate at pressures below about 1 kbar, we find their pressure stability can be
significantly increased by adding the compatible solute TMAO and the polymer PEG 200. This
enhanced protein self-association can be explained by the excluded volume theory, as suggested in
previous studies on the impact of nano- and macromolecular crowding on self-association of pro-
teins under ambient conditions [Cole and Ralston, 2006, Rivas et al., 1999, Lindner and Ralston,
1995,Minton, 2000] (see section 2.1.1). The system with the least excluded volume is entropically
favored, and since when proteins form oligomers less volume is excluded for the predominant back-
ground type than for an equal number of subunits, self-association is facilitated in the presence of
crowder molecules. In addition, the exclusion of the cosolvents from the immediate vicinity of the
protein peptide backbone results in preferential hydration of the protein and an enhanced stability
by an entropic stabilization mechanism [Pincus et al., 2008,Street et al., 2006] (see section 2.1.2).
While higher order oligomers dissociate at lower pressures, dimeric LADH dissociates into its sub-
units at higher pressures between 2 and 4 kbar, depending on the solution condition. In general,
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the dissociation of oligomers under pressure is based on a significant amount of void volume at the
contact interface of the constituting subunits. After dissociation, the void volume fills with solvent,
resulting in a reduction of the total volume as preferred under pressure (Le Chatelier principle,
see section 2.3.2). Among all additives studied, the osmolyte TMAO causes the most pronounced
shift of the onset of the oligomer’s dissociation to higher pressures. Notably, both the polymer
PEG 200 and the osmolyte TMAO stabilize the native dimeric conformation of LADH against
pressure once this conformation is reached and cause a shift of the dissociation of the dimer into
its monomeric subunits to higher pressures in comparison to the pure buffer scenario. This shift of
the dissociation to higher pressures can also be explained by the excluded volume effect and partly
by the osmotic pressure increase induced by the cosolvent [Canchi et al., 2012,Money, 1989]. The
comparison of the results for the 250 mM TMAO solution with those for the 250 mM TMAO +
500 mM urea 1:2 mixture shows a clear suppression of oligomerization at lower pressures and a
high pressure stability of the native dimeric state up to the highest investigated pressure. It is
remarkable that the presence of the chaotropic agent urea suppresses the over-stabilization of the
oligomeric state caused by TMAO.

Within the framework of the project [Julius et al., 2018a], the high pressure small-angle X-ray
scattering study described herein on the pressure dependent conformational changes in the qua-
ternary and ternary structure of the dimeric enzyme horse liver alcohol dehydrogenase in presence
of solution additives like crowder and osmolytes was complemented by FT-IR and fluorescence
spectroscopy as well as HHP stopped flow measurements carried out by the research group of Prof.
R. Winter, Physical Chemistry I - Biophysical Chemistry, TU Dortmund University. FT-IR differ-
ence spectra monitor pressure-dependent conformational changes of the secondary structure of the
protein in the presence of the different cosolvents (and crowder) and the HHP stopped flow mea-
surements yield information about the relationship between enzyme structure and functionality.
The dissociation process and the associated structural changes of the enzyme were further investi-
gated by means of high-pressure intrinsic tryptophan fluorescence as well as the pressure-dependent
fluorescence of the LADH-bound fluorophore 1-anilino-naphtalene-8-sulfonate (ANS) [Hawe et al.,
2008], an established method for the investigation of the dissociation behavior of oligomeric pro-
tein complexes [Tian et al., 2000,Torrent et al., 2015,Cioni and Strambini, 1996,Tang and Ruan,
1996]. Since the fluorophore ANS binds to hydrophobic patches on the protein surface as well as
to hydrophobic pockets, which are supposed to get exposed to the fluorophore upon dissociation,
an increased ANS fluorescence intensity is expected upon pressure-induced dissociation. More
details about these techniques and the data analysis can be found in the corresponding publica-
tion [Julius et al., 2018a]. As described therein, the complementary FT-IR measurements showed
that pressure-induced dissociation of the oligomers leads to small changes in the secondary struc-
ture, probably due to rehydration of the interface of the subunit. In accordance with the SAXS
data, we observed a significant shift towards higher dissociation pressures in the presence of 0.5 M
TMAO and 5 - 15% (w/v) PEG 200, but no distinct effects for 0.5 M urea or the 1:2 mixture of
TMAO and urea. ANS fluorescence measurements revealed small conformational changes in the
binding pocket of the coenzyme already at approx. 600 - 800 bar, which may be responsible for the
significant reduction of the kinetic parameters observed in high-pressure stop-flow measurements
of enzymatic activity in the same pressure range. The initial reaction rate as well as the pressure-
dependent kinetic properties of the LADH-catalyzed ethanol oxidation are significantly reduced by
the addition of urea. Although 0.5 M TMAO does not significantly affect the kinetic properties
of the enzyme, it was found that the destabilizing effect of 0.5 M urea is compensated by 0.25 M
TMAO.

In summary, the combined experimental approach employed here revealed three different phases
in the reaction of the oligomeric LADH to the increase in hydrostatic pressure. The dissociation
of loosely bound protein clusters (i.e. higher-order oligomers) takes place at moderate pressures
below 800 bar. Above 600 - 800 bar, small conformational changes occur in the binding pocket
of the coenzyme, probably related to its pronounced compressibility. Following an increase in
enzymatic activity at lower pressures, the loss of enzyme activity occurs at 600-800 bar. Higher-
order oligomers dissociate at low pressures, whereas the dissociation of the LADH dimer only starts
at approximately 2000 bar, which is accompanied by small changes in the secondary structure of
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the protein. Conformational changes such as oligomerization and dissociation into multimeric and
monomeric subunits are modified by the addition of cosolvents such as urea or trimethylamine
N-oxide (TMAO) and macromolecular crowding agents such as polyethylene glycol PEG, as they
tend to bind to the interface of the protein or act via their excluded volume effect, respectively.
In general, the enzymatic activity of many oligomeric enzymes depends on their oligomerization
state, which, like the dissociation of the subunits, is influenced not only by hydrostatic pressure
but also by cosolvents and cosolutes. Osmolytes can therefore be regarded as effective means of
marine organisms to modulate the oligomeric state of enzymes and thus their activity. Enzymes in
the cells of deep living organisms may exhibit some intrinsic adaptations to extreme temperatures
and pressures, but extrinsic adaptations such as the use of stabilizing osmolytes such as TMAO
also appear to be required, which act on proteins in a rather universal way through non-specific,
solvent-mediated interactions.
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Chapter 7

Macromolecular Crowding of
Protein Solutions by the
Polysaccharide Ficoll

The synthetic macromolecular crowding agents Ficoll PM 70 and Ficoll PM 400 are compact and
highly internally-crosslinked and branched copolymers of sucrose and epichlorohydrin, which in so-
lution behave like semi-rigid spheres [Bohrer et al., 1984,Lavrenko et al., 1987,Deen et al., 1981]. As
the impact of Ficolls subunit sucrose on the protein pair-interaction has already been described in
section 4, the comparison of the effects of both Ficoll and its subunit sucrose on protein interaction
may reveal the particular effects of macro vs. nanomolecular crowding on protein intermolecular
interactions [Pielak and Miklos, 2010] (see section 2.1.1). Further, it can be tested whether the
effect of Ficoll on protein interaction is purely entropic (excluded volume effect) or more likely to
result from a favored interaction between polymer and native protein [Miklos et al., 2010] or from
a solvophobic effect [Auton and Bolen, 2005].

This chapter is organized as follows: In section 7.1, the synthetic polysaccharide Ficoll PM 70/400
is introduced, which is widely used in biochemical applications as a macromolecular crowding agent
to mimic intracellular crowded solution conditions and thus to investigate the influence of excluded
volume on biomolecular systems in vitro [Zimmerman and Minton, 1993] (see also section 2.1.1). In
order to characterize the conformation of the single Ficoll molecule in solution and the microscopic
structure of the solutions as a function of Ficoll concentration and hydrostatic pressure, HHP
small-angle X-ray scattering experiments were performed on aqueous Ficoll PM 70/400 solutions
at concentrations ranging from the dilute to the semi-dilute regime (0.5 < cFicoll < 30% (w/v)) and
at pressures up to 4 kbar (see section 7.2). Section 7.3 reports on high pressure small angle X-ray
scattering measurements carried out on aqueous lysozyme-Ficoll mixtures of different compositions.
Further, complementary liquid-liquid phase separation measurements were performed, providing
(model-free) insight on the crowder-induced effects. At the end of the chapter the results are
summarized (see section 7.4).

7.1 Macromolecular Crowding Agent: Ficoll PM 70/400

Both Ficoll PM 70 and PM 400 have analogous structures (see Figure 7.1), but differ in molec-
ular weight. The manufacturer-quoted averaged molecular weight is Mw,PM70 ∼70 kDa and
Mw,PM400 ∼400 kDa, respectively. Ficoll is inert, polar and does not contain any ionized groups, so
that the structure under physiological conditions hardly reacts nor interacts with proteins. Ficoll
is very hydrophilic. The abundance of hydroxyl groups leads to very good solubility in aqueous
media. Therefore, concentrations of 50% (w/v) can be attained in water, covering a density range
with a maximum of ∼ 1.2 g mL−1. At equivalent concentration, aqueous solutions of Ficoll have
much lower osmotic pressure than aqueous solutions of its subunit sucrose. Further, Ficoll was
found to reduce the dielectric permittivity of aqueous Ficoll solutions with increasing concentra-

140



tion. The dielectric decrement δ = dεr/dcFicoll= -0.71 ± 0.03 (% w/v)−1 describes the decrease of
the solutions static dielectric constant, εr, as a function of Ficoll PM 400 concentration, cFicoll [Za-
slavsky et al., 1989]. In addition to its function as crowding agent, the highly soluble, uncharged
polymer Ficoll PM 70/400 is widely used for applications in blood preservation and renal filtra-
tion [Palit and Yethiraj, 2017, Wang et al., 2012, Wong et al., 2016, Groszek et al., 2010, Fissell
et al., 2007, Venturoli and Rippe, 2005, Dhar et al., 2010, Wenner and Bloomfield, 1999, Galán
et al., 2001,Lavrenko et al., 1987,Tokuriki et al., 2004,Wang et al., 2012].

Figure 7.1: Structural formula of Ficoll (PM 70/400): A branched copolymer of sucrose and
epichlorohydrin.

7.2 Effect of Concentration and Hydrostatic Pressure on
the Conformation of Ficoll PM 70 / PM 400 in Aqueous
Solution

Crowder size and shape are key factors determining the net effect of macromolecular crowding on
proteins. It is therefore crucial to characterize the structural properties of the crowding agent in
solution in order to understand crowding effects. In essence, the ability of the crowder to reduce
the volume available for the protein molecules in the system is determined by its fractional volume
occupancy, ΦF, which can be derived from the Ficoll concentration, cFicoll / g mL−1, and the
partial specific volume V̄ ◦Ficoll = 0.667 mL g−1 (water, 26◦C) [Lavrenko et al., 1987] (see table 7.1):

ΦF = cFicoll · V̄ ◦Ficoll. (7.1)

Inside cells, proteins are surrounded by different macromolecules, including proteins themselves,
which cover approximately 30% of the available volume (see section 2.1.1). This level of occupied
space as found in ’real’ biological systems can be reached in Ficoll aqueous solutions for concen-
trations as high as a 40% (w/v) (see Table 7.1).

Another possible way to determine the volume occupied by the crowder molecule is through its
hydrodynamic radius RH , which describes the effective size of a molecule in a physiological and
aqueous environment1. RH can be experimentally derived by dynamic light scattering (DLS), which
is known for being a powerful tool to derive low and medium resolution information on molecular
structures in solution. For Ficoll PM 400, an approximate hydrodynamic radius of RH,PM400 ∼ 8
- 13.6 nm is reported [Chen et al., 2011,Harve et al., 2006] and for Ficoll PM 70 RH,PM70 ∼ 4.5 -
5.5 nm [Chen et al., 2011,Wenner and Bloomfield, 1999,Georgalis et al., 2012,Luby-Phelps et al.,
1987,Sörensson et al., 1998], respectively.
Based on the assumption that Ficoll has a spherical shape, the volume of a single molecule is given
by VFicoll = 4/3πR3

H . The fractional volume occupancy of the Ficoll molecules with molecular

1It is important to remember that the net charge of an anionic molecule and the partial charge of a neutral
but polar-hydrophilic molecules such as Ficoll, respectively, strongly influence RH in physiological salt solutions at
pH 7.4. The surface charge creates intermolecular electrostatic repulsion, amplifying steric exclusion effects, and
large hydration shells around the molecules. Solvent structuring may be involved as well. All these effects influence
RH [Chen et al., 2011,Palit and Yethiraj, 2017].
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weight Mw in an aqueous Ficoll solution with density ρ and concentration cFicoll can then be
approximated by the product of the crowders number density, nFicoll = NA · ρ · cFicoll/Mw, and the
volume of the single Ficoll molecule, VFicoll, (see table 7.1):

Φ̃F =
4
3πR

3
HNA

Mw
· ρ · cFicoll. (7.2)

However, the polymeric crowder Ficoll is not completely impenetrable [Lavrenko et al., 1987].
Whilst Ficoll acts in dilute solution as individual molecule and the hydrodynamic radius presents
a constant mean value of RH,PM70 ∼ 5.1 nm and RH,PM70 ∼ 10 nm, respectively, it exhibits for
Ficoll concentrations cFicoll ≥ c∗ a dramatic decrease. The overlap concentrations c∗PM400 ∼ 10 mg
mL−1 for Ficoll PM 400 [Gtari et al., 2017, Harve et al., 2006] and c∗PM70 ∼ 12.5 mg mL−1 for
Ficoll PM 70 [Harve et al., 2006] indicate the passage into the semi-diluted regime where the Ficoll
molecules penetrate and/or are compressed, i.e. the volume occupied by a single Ficoll molecule
decreases. By employing Eq. (7.2), we find for a Ficoll PM 400 concentration of 40 mg mL−1 an
volume occupancy of ∼ 17 % [Gtari et al., 2017], which is much larger than the value computed by
Eq. (7.1) even though the decrease of RH,PM400 with concentration was considered. In this model,
the physiological volume occupancy of ∼ 30 % is already reached at cFicoll ∼ 7% (w/v). Hence, at
high concentrations the analogy between a hard-packed sphere and Ficoll PM 70/400 is not valid
anymore, which may result in a overestimation of the excluded volume, Φ̃F,PM400 [Lavrenko et al.,
1987] (see Table 7.1).

cF / % (w/v) cF / mg mL−1 ΦFicoll / % RH,PM400 / nm Φ̃F,PM400 / %

0.5 5.01 0.34
1 10.04 0.68 10 6.3
2 20.16 1.36 9.45 8.05

3.5 35.46 2.40 8.57 13.3
5 50.93 3.45 8.06 20.3
7 71.8 4.86 7.91 28.7
10 103.65 7.02
15 158.16 10.71
20 214.47 14.52
25 272.57 18.45
30 332.46 22.51
35 394.14 26.68
40 457.61 30.98

Table 7.1: Ficoll PM 70 concentration, cFicoll, and the corresponding volume fraction, ΦF, as a
percentage of total volume. ΦF was calculated by Eq. (7.1) using the partial specific volume V̄ ◦Ficoll

= 0.677 mL g−1 [Lavrenko et al., 1987] (The values for Ficoll PM 400 match the values for Ficoll
PM 70 within a relative error of . 1%). The data for the hydrodynamic radius, RH,PM400, and

excluded volume, Φ̃F,PM400, for Ficoll PM 400 were taken from [Gtari et al., 2017].

The single molecules entangle and form a network-like structure as their concentration increases
and mutual interactions trigger intra-chain-folding transitions within the macromolecules [Gtari
et al., 2017,Harve et al., 2006]. Furthermore, aqueous Ficoll solutions are polydisperse. There is a
range of shapes of Ficoll as there is also a broad dispersion in molecular weights [Fissell et al., 2010].
For Ficoll PM 70 the polydispersity as represented by the ratio, Mw/Mn, of the weight-average
molecular weights, Mw, and the number-average molecular weights, Mn, was found within a range
of 1.08 - 1.63 [Bohrer et al., 1984].
To conclude, it is difficult to make accurate statements about the volume effectively excluded for
the proteins due to the strong changes in the solution structure and the conformation of the Ficoll
molecule as a function of concentration. Since Ficoll has a soft surface and can deform, it may not
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be a large steric barrier to the protein and thereby not be particularly effective as crowding agent.
Moreover, it has been indicated elsewhere [Palit and Yethiraj, 2017] that in aqueous Ficoll solutions
with a partial volume fraction of ΦF = 30% as much as ∼ 60% of the water is surface-associated.
This suggests that Ficoll is highly porous and lots of additional volume may be excluded by the
hydration water.

7.2.1 Dilute Regime

In order to derive the structure of the single Ficoll PM 70/400 molecules in solution and to
reveal potential pressure-dependent conformational changes, high-pressure SAXS measurements
were carried out on diluted (0.5 - 1% (w/v)) aqueous Ficoll in 25 mM Bis-Tris buffer solution
(pH 7) at 25◦C and at pressures ranging from 1 to 4000 bar (see sections 3.1 and 3.2 for more
details on sample preparation and the experimental SAXS setup, respectively). For the analysis
of the background corrected scattering intensities of the dilute Ficoll PM 70/400 solutions, I(q),
the inverse indirect Fourier transformation program GNOM [Svergun et al., 1988, Svergun, 1992]
is employed, yielding an approximation of the major dimension, Dmax, of the crowder in solution,
the real space distance distribution p(r), as well as the averaged radius of gyration of the molecule,
RG. The analysis is lined out for Ficoll PM 70 in Figure 7.2 and for Ficoll PM 400 in Figure 7.3,
respectively.

(a) (b)

(c)

P(q)
P(q)

p
(r
)

Figure 7.2: (a) Experimental SAXS intensities, I(q), of 0.5 % (w/v) Ficoll PM 70 in 25 mM
Bis-Tris solution (pH 7, T = 25◦C) collected in a pressure range from 1 to 4000 bar with the
corresponding refinements (same-colored solid lines) made with the program GNOM [Svergun
et al., 1988, Svergun, 1992]. Fits to the power law decay, I(q) ∝ q−α, in the Porod limit at
large q are shown as solid gray lines. The theoretical form factor, P (q), of a hard-sphere with
radius of gyration RG,PM70 = 4.27 nm (R ∼ 5.5 nm) with (solid black line) and without (solid
magenta line) polydispersity (polydispersity index: 0.25) are shown for comparison as well. (b)
The corresponding Kratky plot (q2I(q) vs. q) comprising the scattering intensities at all pressures.
(c) Radial pair distribution function, p(r), derived by the analysis of the scattering data.

In both Figures, panel (a) depicts the scattering intensities, I(q), in double-logarithmic repre-
sentation as a function of pressure together with the corresponding refinements (same-colored solid
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lines), (b) the Kratky representation, q2I(q) vs. q, of the data and (c) the corresponding radial
pair-distance distributions, p(r). The Kratky-plots exhibit a pronounced maximum indicating a
globular shape, which is preserved for all solution conditions and pressures studied. For both Ficoll
sizes the slope, α, obtained by the refinement of the experimental scattering intensity in the Porod
limit by the power-law function I(q) ∼ q−α, is smaller than predicted by theory for a hard sphere
(α=4) (see Figures 7.2 (a) and 7.3 (a)). Even though the highly cross-linked polymer is more
compact than a random coil (α=2), it is much less compact than a protein [Minton, 2005,Axelsson
et al., 2011] and rather behaves as a relatively open structure [Wenner and Bloomfield, 1999].

(a) (b)

(c)
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Figure 7.3: (a) Experimental SAXS intensities, I(q), of 1% (w/v) Ficoll PM 400 in 25 mM Bis-Tris
solution (pH 7, T = 25◦C) collected in a pressure range from 1 to 4000 bar with the corresponding
refinements (same-colored solid lines) made with the program GNOM [Svergun et al., 1988,Sver-
gun, 1992]. Fits to the power law decay, I(q) ∝ q−α, in the Porod limit at large q are shown as solid
gray lines. The theoretical form factor, P (q), of a hard-sphere with radius of gyration RG,PM400

= 7.76 nm (R ∼ 10 nm) with (solid black line) and without (solid magenta line) polydispersity
(polydispersity index: 0.25) are shown for comparison as well. (b) The corresponding Kratky plot
(q2I(q) vs. q) comprising the scattering intensities at all pressures. (c) Radial pair distribution
function, p(r), derived by the analysis of the scattering data.

However, the power law behavior found at ambient conditions remains essentially unchanged
upon pressurization for both Ficolls. Averaged over all pressures, we find Ficoll PM 400 with an
exponent, α = 2.78±0.11, corresponding to a mass fractal (1 < α < 3) being softer than the smaller
Ficoll PM 70 with α = 3.21± 0.15, corresponding to a surface fractal (3 < α < 4) (see Figure 7.5).
The finding that Ficoll has no spherical conformation but some rigid intermediate shape, agrees
closely with reported data on the molecular mass dependence of the intrinsic viscosity of Ficoll
PM 70/400, classifying both Ficoll sizes mid-way between a solid sphere and a random coil [Fissell
et al., 2010]. The true Ficoll potential is certainly not a hard-sphere one but far softer than that,
hence, Ficoll might be less effective in excluding volume than i.e. protein crowding agents.
As clearly can be seen in Figures 7.2 (a) and 7.3 (a) by the upturn of the scattering intensity in
the small q-range and by the comparison with the computed form factors, P (q), of monodisperse
hard spheres with radii R = 5.5 nm and 10 nm (solid magenta lines), the diluted Ficoll PM 70/400

144



solutions are highly polydisperse. The theoretical form factors, P (q), taking polydispersity into
account (polydispersity index: 0.25 [Georgalis et al., 2012]) are also presented for comparison (solid
black lines). [Palit and Yethiraj, 2017] and [Georgalis et al., 2012] report an increasing fraction of
Ficoll PM 70 clusters from ∼ 5% at onset up to ∼ 60% in the crowded regime at packing fraction
ΦF ∼ 30%. However, the cluster-to-monomer size ratio of ∼ 2.37 is reported to remain unchanged
with increasing concentration. We find, the self-clusters dissociate under pressure (see Figures 7.2
(a) and 7.3 (a)).
Despite the apparent polydispersity, an analysis of the data was performed by assuming an arbitrary
monodisperse solution and a maximal dimension for the polysaccharide Ficoll PM 70 of Dmax =
13.2 nm and Dmax = 24 nm for Ficoll PM 400, in order to detect possible pressure-induced
conformational changes of the molecule. The refinement of the scattering data was performed by
neglecting the very small q-range corresponding to larger oligomeric structures using the program
GNOM [Svergun et al., 1988, Svergun, 1992]. Averaged over all pressures, the analysis yields for
Ficoll PM 70 a radius of gyration of RG,PM70 = 4.29 ± 0.02 nm and, correspondingly, for Ficoll
PM 400 RG,PM400 = 7.78 ± 0.05 nm. Under the assumptions made, the structure of the Ficoll
PM 70/400 molecules remains essentially unchanged upon pressurization on the nm-scale. We
find modeling Ficoll as individual hard spheres is not an accurate assessment of physical reality.
This accounts not only for systems where the polysaccharide is present in excess of the overlap
concentration, but also for the dilute regime. The idea that Ficoll is somewhat ’squishy’ is also
supported by studies on its diffusion through nanosized pores [Fissell et al., 2010]: Ficoll PM
70 was found to be able to penetrate through silicon slit nanopore membranes even when the
Stokes-Einstein radius is greater than the slit width, implying deformability.

7.2.2 Concentrated Regime

Figure 7.4: Experimental SAXS curves of aqueous (a) Ficoll PM 70 and (b) Ficoll PM 400 + 25
mM Bis-Tris (pH 7, T = 25◦C) solutions as a function of Ficoll concentration at ambient pressure.
Fits to the power law decay, I(q) ∝ q−α, in the Porod limit at large q are shown for the highest and
lowest concentration as dashed gray lines and dashed black lines together with the corresponding
expressions for I(q). The scattering signals were shifted for reasons of clarity.
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In order to explore the effects of different levels of macromolecular (self-)crowding on the
structure of aqueous Ficoll PM 70/400 solutions at ambient as well as elevated pressures, HHP
SAXS data of up to 25% (w/v) Ficoll PM 70/400 in 25 mM Bis-Tris buffer (pH 7) solutions
were recorded in a pressure range from 1 – 4000 bar at 25◦C (see Figure 7.4). Exceeding the
threshold concentration, c∗, the SAXS curves exhibit a well pronounced Ficoll-Ficoll structure
factor, SFicoll-Ficoll(q), which is a measure for direct or indirect correlations between the Ficoll
molecules in dense solutions. As the Ficoll volume fraction increases, the scattering intensity at
small q decreases in magnitude due to changes of the isothermal compressibility of the system. Due
to the fact that Ficoll looses its spherical shape during the formation of network-like structures,
the scattering intensities show no correlation peak but a broad maximum, which is characteristic
of highly branched polymer of high segment density. Figure 7.5 (top half ) depicts the pressure
dependence of the exponent α, obtained by the refinement of the power law function, I(q) ∝ q−α,
to the scattering intensity at large q for (a) Ficoll PM 70 and (b) Ficoll PM 400 at various
concentrations in a pressure range from 1 to 4000 bar. The impact of the excluded volume effect on
the solution structure is strongly pronounced. Upon entering the semi-dilute concentration regime
(cFicoll > c∗), where intermolecular interactions increase markedly, the exponent, α, gradually
decreases down to values as reported for mass fractals or even random coils in case of Ficoll PM
70, indicating a highly entangled network topology. However, the application of pressures of up to
4 kbar leads to minor changes in the shape of the scattering curve, and thereby solution structure,
only. Figure 7.5 (bottom half ) shows the exponent α averaged over all pressures as a function of
concentration. The pressure-averaged exponents decrease for cFicoll in a linear manner, whereby
the slope of the decrease is much steeper for the smaller polysaccharide Ficoll PM 70 (c) than for
Ficoll PM 400 (d). Clearly, Ficoll PM 70 is particularly good at branching out, which might be
rationalized by its smaller size which allows a more optimal packing. When the polysaccharides
form a network structure, the identity of the individual molecule, in particular the difference
between Ficoll PM 70 and PM 400, should diminish. In this semi-dilute regime, the properties of
the solution should be determined solely by the crowder concentration. Still, we observe differences
in the scattering data for the two crowding agents. However, it has to be considered that at equal
concentration [% (w/v)], the number density of the smaller Ficoll PM 70 with lower molecular
weight is always larger than for Ficoll PM 400. In a previous SAXS study on the structure of
aqueous Ficoll PM 70 solutions in the semi-dilute concentration regime at concentrations up to
cFicoll = 30 wt.%, the correlation length, ξ of the transient network of entangled chains was derived
via an Ornstein Zernicke analysis from the SAXS curves [Erlkamp, 2014,Erlkamp et al., 2014]. The
correlation length was found to decrease from ξ(cFicoll=15 wt.%) = 4.9 ± 0.1 nm to ξ(cFicoll=30
wt.%) = 3.2 ± 0.1 nm at ambient pressure and to be independent of pressure.
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(a) (b)

(c) (d)

Figure 7.5: Exponent α of the power law decay in the Porod limit, I(q) ∝ q−α, derived from the
fits to the experimental SAXS intensities of aqueous (a) Ficoll PM 70 and (b) Ficoll PM 400 + 25
mM Bis-Tris solutions (pH 7, T=25◦C) at various Ficoll concentrations as a function of pressure
and (c)+(d) averaged over all pressures.
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7.3 Impact of Ficoll PM 70 / 400 on the Pressure-Dependent
Protein Pair-Interation

As already mentioned in section 2.1.1, macromolecular crowding in a binary protein-crowder mix-
ture is most effective if protein and crowder are of similar size [Tokuriki et al., 2004,Minton, 2001].
However, we find that Ficoll PM 70 is ∼ 3 times larger than lysozyme and Ficoll PM 400 ∼ 6
times, respectively. In theory, the ability of hard spheres of this size to exclude volume in lysozyme
solutions should be small, as the protein should be able to reside unaffected in the spaces between
the large spheres at all packing fractions. However, Ficoll is not adequately described by a rigid
sphere but is largely porous, deformable and tends to form network-like structures and, most im-
portantly, bounds a significant amount of the accessible bulk water. The impact of such complex
solution conditions on the protein-protein interactions similar to the conditions as encountered in
the living cell are still largely terra incognita.

(a) (b)

Figure 7.6: Experimental SAXS curves of pure aqueous 5 - 25% (w/v) lysozyme + 25 mM Bis-Tris
(pH 7, T = 25◦C) solutions in comparison to pure aqueous (a) Ficoll PM 70 and (b) Ficoll PM 400
+ 25 mM Bis-Tris (pH 7, T = 25◦C) solutions at various concentrations and at ambient pressure.
The scattering signals were shifted for reasons of clarity.

The total scattering intensity, I(q), of a dense ternary lysozyme-Ficoll-buffer mixture includes
next to the scattering from the protein, Ilys-lys(q), and the polysaccharide, IFicoll-Ficoll(q), an ad-
ditional scattering cross-term, Ilys-Ficoll(q), emerging from correlations between the lysozyme and
Ficoll molecules, i.e.

I(q) ∝ Ilys-lys(q) + Ilys-Ficoll(q) + IFicoll-Ficoll(q). (7.3)

In order to investigate how the protein-protein interaction is modulated by the presence of
the macromolecular crowder Ficoll, the structure factor, Slys-lys(q), needs to be extracted from
the total scattering intensity as described by Eq. (7.3). However, the removal of the background
scattering contributions IFicoll-Ficoll(q) and Ilys-Ficoll(q) from the total scattering of the mixture,
I(q), is not possible for the following reasons:
As shown in Figure 7.6, the scattering intensity of the pure aqueous Ficoll solutions shows for
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both Ficoll sizes a significant wave-vector dependency within the range of momentum transfer,
q . 1.7 nm−1, which is critical for the proteins structure factor, Slys-lys(q). Moreover, the scat-
tering contribution of the Ficoll-Ficoll interaction structure factor, SFicoll-Ficoll(q), and Ficoll form
factor exceeds the protein solution scattering significantly up to the point where the scattering
contribution of the protein cannot be identified anymore in the total scattering signal, I(q), of the
mixture (see Figure 7.7 for the example of 5% (w/v) aqueous Ficoll PM 70/400 in the presence of
5 - 25% (w/v) lysozyme). The superposition of the protein and crowder scattering contributions
makes an extraction of the lysozyme structure factor impossible, as the removal of the q-dependent
Ficoll background would greatly alter the protein scattering signal.

Figure 7.7: SAXS intensities of pure aqueous 5 - 25% (w/v) lysozyme + 25 mM Bis-Tris (pH 7, T
= 25◦C) solutions in comparison to pure aqueous (a) 5 % (w/v) Ficoll PM 70 and (b) 5 % (w/v)
Ficoll PM 400 + 25 mM Bis-Tris (pH 7, T = 25◦C) solutions and mixtures thereof, at ambient
pressure. Data are shifted along the ordiante for clarity.

Considering the strong dependency of the Ficoll solution structure on the level of excluded
volume, either produced by an increased Ficoll concentration or by the presence of large amounts
of protein, the structure factor, SFicoll-Ficoll(q), is not likely to be the same in the Ficoll-lysozyme
mixture as in the pure Ficoll solution - even at equal crowder mass concentration. This means
that the deduction of the Ficoll scattering contribution IFicoll-Ficoll(q), as for example derived from
the SAXS signal of a pure Ficoll solution, from the total scattering signal, I(q), is already invalid
in principle.
Moreover, at higher concentrations the increasing correlations between the Ficoll molecules and the
proteins should result in an (effective) Ficoll concentration specific structure factor, Slys-Ficoll(q),
contributing also to the total scattering intensity I(q) of the protein-Ficoll mixture. Both structure
factors, SFicoll-Ficoll(q) and Slys-Ficoll(q), cannot be measured separately by means of small-angle
X-ray scattering and therefore remain elusive. Here, SANS scattering experiments with isotopi-
cally mixed solvents (i.e. deuterated Ficoll) would eliminate the undesirable scattering from the
polysaccharide. However, SANS data on such systems is up to this point out of reach.
However, the interpretation of the SAXS data is not only complicated due to the unwanted scat-
tering from the polysaccharide but also due to the reduction in scattering contrast as sucrose,
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Figure 7.8: SAXS intensities of 20 and 25 % (w/v) lysozyme dissolved in 25 mM Bis-Tris (pH 7)
and 3.5 - 25 % (w/v) Ficoll PM 70 (left) and Ficoll PM 400 (right) at ambient pressure and T =
25◦C, shown together with the corresponding scattering of the protein-free crowder solutions and
crowder-free protein solutions. The SAXS patterns are all corrected for the background solution
scattering of the pure buffer and shifted along the ordinate for clarity.
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the subunit of the macromolecule Ficoll, has a very similar average electron density (∼ 0.400
electrons/Å3 at 50% (w/v) sucrose) to proteins (∼ 0.420 electrons/Å3) [Svergun and Koch, 2003].
For comparison: water has an electron density of 0.334 electrons/Å3 [Svergun and Koch, 2003].
The SAXS spectra of 20 and 25 % (w/v) lysozyme dissolved in 25 mM (50 mM) Bis-Tris (pH 7)
and 3.5 - 25 % (w/v) Ficoll PM 70 (left) and Ficoll PM 400 (right) were recorded at T = 25◦C in
a pressure range from 1 - 4000 bar. The data collected at ambient conditions are shown together
with the corresponding scattering of the protein-free crowder solutions and crowder-free protein
solutions in Figure 7.8. Here, the SAXS curves are all corrected for the background solution
scattering of the pure buffer and shifted along the ordinate for clarity. At Φlys ∼ 20% volume
occupancy by lysozyme, we observe an onset of crystallization at a crowding level of ΦFicoll ∼ 14%
Ficoll PM 400, indicating that the solubility limit is reached at this point.

7.3.1 Modulation of the Reentrant LLPS-Boundaries at High Pressures
by Ficoll PM 70

The liquid-liquid phase separation (LLPS) is particularly suitable to gain a (model-free) insight
into the effects of crowding on the protein intermolecular interactions in complex ternary protein-
crowder-buffer solutions, as the solutions microscopic structure, and thereby the protein structure
factor Slys-lys(q), are inaccessible to scattering techniques due to contrast issues or interference
effects. Here, we utilize the fact that the protein intermolecular interactions also underlie the phase
behavior (see section 2.3.4). Hence, the effects of the macromolecular crowder on the magnitude
and nature of pressure-dependent intermolecular interactions in low-ionic strength lysozyme-Ficoll
aqueous solution, should also be mirrored in the phase transition temperature and pressure, termed
cloud point, in complementary near-critical solutions. Aside from the insight into the proteins
intermolecular interactions provided by LLPS, it is also of high interest as a fundamental biological
phenomena and as a prerequisite for the formation of protein crystals as already lined out in section
2.3.4.
To support the findings derived by the SAXS data (see section 7.3), the phase boundaries (binodals)
for metastable liquid-liquid phase separation in 285 mg mL−1 lysozyme + 25 mM Bis-Tris solutions
with an ionic strength of 0.5 M NaCl were determined at hydrostatic pressures up to 3.5 kbar for
pure buffer as well as upon addition of 1.25% (w/v) Ficoll PM 70 to the solution (see Figure
7.9). The LLPS (p–T )-phase diagrams for the protein-buffer and protein-Ficoll-buffer systems was
determined in high-pressure laser transmission (turbidity) measurements (see section 3.3 for more
details on sample preparation and experimental setup).

LP-LLPS HP-LLPS

homogeneous
       phase

Figure 7.9: Temperature cloud point, Tcloud, of 285 mg mL−1 lysozyme in 0.5 M NaCl + 25 mM
Bis-Tris (pH 7) (black circles) and with addition of 1.25% (w/v) Ficoll PM 70 to the buffer (orange
crosses) in a pressure range from 1 – 3500 bar.

Clearly, the LP- and HP-LLPS boundaries in the p-T -phase diagram are shifted to higher
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temperatures in the presence of Ficoll PM 70, as also observed upon increasing the protein con-
centration [Cardinaux et al., 2007, Möller et al., 2014a, Schulze et al., 2016]. Thus, Ficoll seems
to simply act by excluding the available volume to the protein, effectively increasing the protein
concentration. This enables a phase transition of the protein solution already at higher tempera-
tures, which would otherwise only have been possible at higher protein concentrations. Background
molecules (i.e. crowder) fulfill exactly this purpose in the cell, they facilitate LLPS where the con-
centration of the individual species are generally to low for phase separation to occur [Luby-Phelps,
1999,Walter and Brooks, 1995,Walter, 1999] (see section 2.3.4).
The reentrant liquid-liquid phase transition found for dense protein solutions in neat buffer at kbar
pressures mirrors the increasing attractivity of the protein pair interaction upon pressurization due
to pressure-induced structural changes in the water network (i.e. collapse of the 2nd water hydra-
tion shell) [Schroer et al., 2011a, Möller et al., 2014a, Schulze et al., 2016]. The turnover pressure
from the low pressure (LP-)LLPS to the high pressure (HP-)LLPS region is independent of the
crowding level, since this effect is essentially solvent-mediated.

7.4 Conclusions

We report SAXS studies on pure Ficoll PM 70/400 solutions as a function of concentration and
pressure as well as on ternary lysozyme-Ficoll-buffer mixtures at various compositions to reveal the
structure of the Ficoll molecule in solution upon changes in the solution conditions (i.e. solvent
composition) and upon compression as well as its effect as macromolecular crowding agent on the
pressure-dependent protein-protein interactions at various crowding levels.
The recorded SAXS data show that the structure of Ficoll PM 70/400 in solution deviates from
a compact ideal sphere as it exhibits both signs of softness and polydispersity. With increasing
concentrations, the formation of a stable suspension of monomers and clusters becomes likely,
eventually merging into a network-like structure at high concentrations. Whilst the the structure of
Ficoll is strongly modulated by the excluded volume effect at increasing crowder number densities,
it remains essentially unchanged upon pressurization up to the 4 kbar level.
Due to the increase of background scattering in case of the macromolecular crowding agent Ficoll
PM 70/400, the protein-protein structure factor, Slys-lys(q), cannot be derived from the total
scattering intensity of Ficoll-lysozyme mixtures. Here, small-angle neutron scattering (SANS) in
combination with the contrast matching technique (i.e. changing the hydrogen/deuterium content
of the polysaccharide) would be the more suitable method to elucidate the crowder’s influence on
the protein pair-interaction.
Complementary LLPS cloud point measurements reveal a shift of the LLPS phase boundaries in
the p-T -plane to higher temperatures. Hence, we find the LLPS is promoted upon addition of
the macromolecular crowder Ficoll PM 70 due to the increased effective protein concentration by
the excluded volume effect. The solvent-mediated non-monotonous pressure-dependence of the
effective protein pair-interactions, i.e. the boundaries of the reentrant LLPS region at elevated
pressures, remain unaffected by the macromolecular crowder Ficoll PM 70, however.
Based on the current data, the comparison of the impact of the polysaccharide Ficoll and its subunit
sucrose (see section 4) on the protein interaction reveals a significant difference in the particular
effects of macro- vs. nanomolecular crowding. We find that sucrose renders the effective protein
pair-interaction more repulsive with increasing sucrose concentration, as reflected in the increase
of the normalized second osmotic virial coefficient, b2. Conversely, Ficoll PM 70 shifts the LLPS
to higher temperatures, i.e. increases the attractive interaction between the protein molecules.
However, the comparison of the two systems is only circumstantially, since the ionic strength in
the second systems is much larger, screening the proteins surface charge entirely.
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Chapter 8

General Conclusions and Outlook

In this thesis, the influence of natural cosolvent mixtures occurring within cells of organisms that
thrive under extreme environmental conditions and the cellular effect of molecular crowding on the
pressure-dependent structure and effective protein-protein interaction potential, V (r), of dense
protein solutions was studied for the model protein lysozyme and analyzed using small-angle
X-ray scattering (SAXS) in combination with a liquid-state theoretical approach. The protein
pair-interactions govern the spatial distribution of lysozyme molecules in solution, as well as the
boundary of the temperature- and pressure-dependent (metastable) liquid-liquid phase coexis-
tence region. Liquid-liquid phase separation (LLPS) phenomena of biomolecules such as proteins
are highly relevant for the self organization and spatiotemporal control of biological processes in
cellulo. We explored the effect of the polysaccharide Ficoll PM 70 and the non-adsorbing polymer
polyethylene glycol (PEG) on the phase behavior of dense lysozyme solutions over a wide range
of temperatures and pressures. Employing more than three orders of magnitude of the polymer’s
molecular weight (Mw ≈ 200 – 35000 g mol−1), we investigated the effects of molecular crowding
by the impact of the size and shape of the crowding agent at concentrations crossing from the
dilute to the semi-dilute polymer regime, thereby mimicking all crowding scenarios encountered in
the heterogeneous biological cell. Moreover, in a combined experimental effort employing small-
angle X-ray scattering (this work), FT-IR and fluorescence spectroscopy as well as stopped-flow
enzyme kinetics in concert with high-pressure techniques (see [Julius et al., 2018a]), we revealed
the effects of cosolutes and crowding agents on the pressure-induced conformational changes of
the dimeric enzyme horse liver alcohol dehydrogenase (LADH) on the quaternary, secondary and
tertiary structural level.

Effects of Molecular Crowding on the Protein-Protein Interaction Potential:

We observe, that the pressure-dependent protein pair-interaction potential, V (r), and, hence, the
protein-protein distances and the phase boundary of the LLPS region markedly depend on the
polymer-to-protein size ratio and the polymer concentration. The strongest effect is observed for
small PEG molecules and sucrose, both leading to a marked decrease of the mean intermolec-
ular spacing of the protein molecules with increasing crowder concentration. The effect levels
off at intermolecular distances where the proteins’ second hydration shells start to penetrate each
other. Conversely, increasing the polymer concentration beyond the polymer size specific threshold
(cPEG/c

∗ ≥ 1), where the structure of the polymer solution changes from single dispersed polymers
to an entangled network, results in the recovery of the system. Eventually, the proteins maintain
a distance comparable to that of the polymer-free system.

In order to quantify the influence of the polymer-mediated depletion interaction between two
lysozyme molecules on the effective protein-protein interaction in dense protein-polymer mixtures,
the DLVO description was extended by an attractive depletion interaction potential, which was
calculated in the framework of PRISM theory. We find that the depletion forces between the pro-
tein molecules are enhanced by an increase in the polymer concentration. At cPEG/c

∗ ≥ 1, they
decrease in range due to the formation of polymeric network structures before sufficient attraction
(i.e. negative values for the second osmotic virial coefficient) could be induced. We observe a
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strong discrepancy between the theoretically predicted and experimental b2 values, especially at
cPEG/c

∗ < 1. This suggests that additional non-DLVO repulsive forces must be present that con-
trol protein-protein interactions at short distances and stabilize the densely packed protein solution
against depletion-induced aggregation, even at pressures as high as in the deep sea.

We observe increased repulsive interaction between proteins when they are forced to come very
close (i.e. in the presence of small crowder molecules). This effect is mirrored in the decrease of the
depth of the attractive Yukawa potential refined from the experimental SAXS data as well as in
the shift of the liquid-liquid phase boundary to lower temperatures in the presence of small PEGs.
Thus, the cause for the increased repulsion of the system is sought in forces that are always present,
but only relevant at very short distances. At short distances (. 10 Å [Luby-Phelps, 1999]) between
the molecular surfaces, as encountered in the highly crowded cytoplasm [Fulton, 1982], short-ranged
interactions such as hydrophobic interactions, electrostatic attraction/repulsion, specific binding
and solvent structuring are enhanced [Kuehner et al., 1999,Leckband and Israelachvili, 2001,Fer-
sht, 1999]. We find, net-attractive weak (transient) hydrophobic interactions between protein and
polymer may at least partially explain the reported results, as such soft enthalpic protein-PEG
interactions would cause an additional repulsion between proteins and become particularly impor-
tant, when the crowder molecules are able to reside in the space between two protein molecules
(i.e. small PEG, Mw ∼ 200, 600 g mol−1). Further, hydration-shell repulsion, which acts at inter-
molecular distances small enough for the second hydration shells of the proteins to penetrate each
other, is very likely to become important here.

Pressure modulation is a convenient means to fine tune intermolecular distances in aqueous
biomolecular systems as well as to explore the intermolecular interaction forces. In polymer-free
buffer solution, the pressure-induced reduction of the intermolecular distances between lysozyme
molecules and the concomitant increase of the normalized second virial coefficient, b2, level off
around ∼ 1.6 kbar, most likely due to structural changes of the water H-bond network, which
eventually leads to a trend reversal upon further pressurization [Schroer et al., 2011a]. This
non-monotonic pressure dependence of the mean intermolecular distance and the effective inter-
molecular interaction between proteins are affected by polymer-mediated depletion forces, which
gradually decline with decreasing depletion thickness as the polymer size decreases upon compres-
sion. Therefore the application of pressure reduces the protein distance, but also the depletion
thickness of the crowder, i.e. HHP counteracts the depletion interaction. In this sense, high hy-
drostatic pressures, as they occur in the deep sea where organisms thrive at pressures up to 1.1
kbar, may attenuate the crowding-induced attraction between proteins and thereby help prevent
the protein molecules from getting too close to each other during compression, which could cause
protein aggregation.

Based on small-angle X-ray scattering data of ternary lysozyme-Ficoll-buffer mixtures, no state-
ment could be made about the effect of the polysaccharides Ficoll PM 70/400 as macromolecular
crowding agents on the pressure-dependent protein-protein interaction potential in dense lysozyme
solutions at different crowding levels due to the increased background scattering of the crowders.
The analysis of the SAXS data on binary Ficoll PM 70/400-buffer solutions as a function of con-
centration and pressure shows that the structure of the Ficoll molecule in solution deviates from a
compact, ideal sphere as it exhibits both signs of softness and polydispersity and, hence, changes
markedly by the excluded volume effect at increasing crowder number density. With increasing
concentrations, the formation of a stable suspension of monomers and clusters becomes likely,
eventually merging into a network-like structure at high concentrations. The structure of Ficoll
remains essentially unchanged upon pressurization up to the 4 kbar level, however. Such findings
about the effect of (self-)crowding and increased excluded volume on ’soft’, net-forming polymers,
which are abundantly present in living cells, are of high relevance in the research on the cellular
crowding effect and, in particular, on its role in guaranteeing and improving mechanical strength
of the cell under high pressure conditions as encountered in the deep-sea.

Effects of Molecular Crowding the Protein Liquid-Liquid Phase Separation Boundary
in the (p-T )-Plane:

In the dilute polymer regime (cPEG/c
∗ < 1) we find a strong correlation between the position

of the phase boundary of the liquid-liquid coexistence region in the (p-T )-plane and the protein
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pair-interactions in protein-polymer mixtures with respect to the net effect of polymer size and
concentration. The effective protein-protein interactions, quantified by the normalized second
osmotic virial coefficient of the protein, become more repulsive in the presence of the polymer
PEG (i.e. increase of b2). The effect is enhanced by a decreasing ratio of protein-to-polymer chain
size and an increasing polymer concentration. Accordingly, the entry into the HP-LLPS region is
shifted to higher pressures, whereby the binodal is shifted to lower temperatures, Tcloud, over the
entire pressure range. Under ambient conditions and within the limits of the dilute polymer regime,
both the strength of the attractive interactions and the cloud point temperature are influenced by
the polymer molecular weight (size) in a way that can be described by a power law. The dependence
of the polymer’s radius of gyration on the polymer molecular weight is similarly described by a
power law, which indicates that (steric) excluded volume and depletion forces, both scaling with
polymer size, are able to strongly modulate protein-protein interactions.

The comparison of the impact of the polysaccharide Ficoll PM 70 and its subunit sucrose (and
small PEG) on the protein interaction reveals a significant difference between the particular effects
of macro- vs. nanomolecular crowding. We find that sucrose and small polymer render the effective
protein pair-interaction more repulsive with increasing crowder concentration, as reflected in the
increase of the normalized second osmotic virial coefficient, b2, and in a shift of the LLPS boundaries
to lower temperatures for the polymer. Conversely, we find the entrance into the LLPS region is
promoted upon addition of the macromolecular crowder Ficoll PM 70 (i.e. shift of the LLPS phase
boundary in the (p-T )-plane to higher temperatures), most likely due to the increased effective
protein concentration by the excluded volume effect. The shift of the phase boundaries to higher
temperatures, as already found for increasing lysozyme concentration [Muschol and Rosenberger,
1997, Taratuta et al., 1990, Broide et al., 1996, Cardinaux et al., 2007] at ambient conditions, is
preserved upon pressurization. The solvent-mediated non-monotonous pressure-dependence of the
effective protein pair-interactions, i.e. the boundaries of the reentrant LLPS region at elevated
pressures [Möller et al., 2014a, Schulze et al., 2016], remain unaffected by the macromolecular
crowder Ficoll PM 70, however.

Finally, since the metastable liquid-liquid phase separation is strongly correlated with the solid-
liquid phase transition [Broide et al., 1996] (i.e. protein crystallization), such findings may also be
applied in the optimization of the solution conditions and the kinetics for protein nucleation and
crystal growth using both variables, PEG and high hydrostatic pressure [Crisman and Randolph,
2009,Gross and Jaenicke, 1994].

Effects of Natural Cosolvent Mixtures on the Protein-Protein Interaction Potential:

We investigated the effect of individual cosolvents, such as the carbohydrates trehalose and myo-
inositol, the methylamines betaine, TMAO, sarcosine and GPC, the α-amino acids glycine, L-
proline and L-alanine, the β-amino acids taurine and β-alanine and the denaturant urea, on in-
termolecular interactions in dense protein solutions over the entire concentration range from 0 to
1M. We find that natural cosolvents modulate the protein-protein interaction potential and its
pressure dependence to varying degrees. Two different cosolvent classes with contrasting effects on
the pressure-dependent protein-protein interactions emerge: Whilst TMAO significantly increases
the attractive interaction between the lysozyme molecules, all the other cosolvents, even though of
different chemical make-up, render the overall pair-interaction potential more repulsive. Nonethe-
less, a slight decrease of the intermolecular distance can be observed for the latter. Such an effect
might be rationalized invoking an excluded volume effect imposed by the cosolvents. The strength
of the attractive interaction, J(c), decreases linearly with increasing osmolyte concentration, c,
and differences become visible at higher cosolvent concentrations, only, i.e. in the region where
changes in dielectric solvent properties become more prominent.

Remarkably, the addition of all osmolytes only modulates the non-monotonic pressure depen-
dence of the protein pair-interaction found for the pure buffer system, but leaves its general form
essentially unchanged, i.e. the mechanism underlying this effect should be universal. Significant
differences only arise for TMAO, meaning a much stronger pressure dependency and a shift of the
minimum in J(p) and the maximum of b2(p) to ∼ 1 kbar higher pressures. Such an effect may
be due to significant structural changes of the solvent and/or to a very strong thermodynamically
favored exclusion of the additive from the protein surface, i.e., a strong solvophobic effect, which
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reduces intermolecular distances and apparently increases intermolecular attractive interactions.
High-pressure SAXS data on protein solutions containing cosolvent mixtures, which mimic

conditions encountered in deep-sea organisms (i.e. shallow and deep-living crabs, skates and
shrimps [Kelly and Yancey, 1999]), clearly show that all cosolvents other than TMAO are largely
interchangeable and that their presence leads to attenuation of the effects of TMAO in varying
degrees depending on the cosolute structure. Consequently, the marked effect of TMAO on the in-
teraction potential is reduced and the shift of the minimum in J(p) to higher pressures is reversed,
not only by the denaturant urea, but also by the presence of other cosolvents. Since TMAO
is also known to stabilize proteins and other biomolecules most effectively [Canchi and Garćıa,
2013], it appears that natural osmolyte mixtures are composed in a way that compensates for
TMAO-induced overstabilization and too strong attractivity, which might be necessary to main-
tain normal cellular functionality. The unique role played by TMAO is clearly evident and could
be attributed to its ability to counter pressure effects by strengthening and increasing the amount
of water-water-hydrogen bonds as well as by a strong spatial ordering of the solution’s hydrogen
bond network [Canchi and Garćıa, 2013,Zou et al., 2002].

Under cell-like crowding conditions, the intermolecular distances between the proteins are in
the order of a few water layers, only. Here, an increased hydration repulsion between the pro-
teins and a change in the second coordination shell of water at a pressure of ∼ 1.6 kbar seem
to lead to a trend reversal in the attractive interaction and the intermolecular distances, which
until then have decreased with increasing pressure. This behavior is modulated by changes in the
interactions between cosolvent and water. These may include effects such as an inward shift of the
pair-correlation function of oxygen atoms in water, gOwOw(r), by TMAO [Towey et al., 2013] and a
cross-interaction between cosolvents as observed for TMAO and urea at ambient pressure [Ganguly
et al., 2015,Hunger et al., 2015]. In addition, changes in protein-cosolvent-water interactions may
contribute.

The deep-sea osmolyte TMAO has been shown to play an outstanding and unique role. The
addition of TMAO to the protein solution leads to a pronounced excluded volume and affects
the protein-protein interactions most strongly. This is due to the special structure of the deep
sea osmolyte. TMAO is a rather small solute offering both highly hydrophilic and hydrophobic
solvation regions. It has a strong dipole moment (∼ 5 D) and excellent H-bonding capability. In
addition, it shows a predominantly repulsive self-interaction [Canchi et al., 2012]. Not only does
the presence of TMAO guarantees sustainability of the native protein’s folded state under harsh
environmental conditions [Yancey et al., 2001,Schroer et al., 2011a,Gao et al., 2017b,Arakawa and
Timasheff, 1985], it also controls water-mediated intermolecular interactions at elevated pressure,
thereby preventing contact formation and hence protein aggregation. In fact, Embedded Cluster
Reference Interaction Site Model (EC-RISM) theory in concert with ab initio molecular dynamics
simulations and FT-IR data have recently revealed a charge redistribution of TMAO upon com-
pression. Increased solvent-induced polarization and a locally enhanced H-bonding network are
both proposed being key ingredients to high-pressure adaptation [Hölzl et al., 2016, Imoto et al.,
2016].

Impact of Cosolvents and Molecular Crowding on the Pressure-Induced
Dissociation/Inactivation of Oligomeric Enzymes

The combined experimental approach employed here [Julius et al., 2018a] revealed three different
phases in the reaction of the oligomeric LADH to the increase in hydrostatic pressure. Our results
show that beyond an increase of enzymatic activity at low pressures, the loss of enzyme activity
occurs around 600 – 800 bar, i.e. in a pressure regime where small conformational changes take
place in the coenzyme’s binding pocket, only, probably related to its pronounced compressibility.
Whereas higher-order oligomers dissociate at low pressures (. 800 bar), the dissociation of dimeric
LADH into subunits takes place between 2000 and 4000 bar, depending on the solution condi-
tions. Cosolvents such as urea or Trimethylamine N-oxide (TMAO) and the nanocrowder PEG
200 modulate conformational changes such as oligomerization and dissociation into multimeric and
monomeric subunits as they tend to bind to the interface of the protein or to act via the excluded
volume effect. In general, the enzymatic activity of many oligomeric enzymes depends on their
oligomerization state, which is influenced not only by hydrostatic pressure but also by cosolvents
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and crowders, as is the dissociation of the subunits. Osmolytes can therefore be regarded as ef-
fective means of marine organisms to modulate the oligomeric state of enzymes and thus their
activity. Enzymes in the cells of deep-living organisms may exhibit some intrinsic adaptations
to extreme temperatures and pressures, but extrinsic adaptations such as the use of stabilizing
osmolytes like TMAO seem necessary, which have a rather universal effect on proteins through
non-specific, solvent-mediated interactions.

Outlook

Through this thesis, we reinforce the notion that the DLVO model for protein pair-interaction
fails at extreme crowding conditions. Ideally, the DLVO potential should be extended by an ex-
cluded volume / osmotic attractive potential as a function of cosolute concentration and identity
(i.e. size), a square-well interaction to account for potential self-association of the protein due to
strong, short-range interactions (i.e. via hydrophobic bonds, hydrogen bonds, ionic bonds), hydra-
tion repulsion and enthalpic effects between crowder and protein at short distances, next to the
hard-sphere, Coulomb and van der Waals potential terms [Narayanan and Liu, 2003,Curtis et al.,
1998]. At present, the effects of the non-adsorbing polymer PEG on the lysozyme pair-interaction
cannot be described by simple DLVO theory or an osmotic interaction potential but repulsive hy-
dration forces and other specific protein-polymer attraction forces are contributing significantly to
the total pair-interaction potential and are controlling intermolecular protein-protein interactions
at short distances. In order to yield a more quantitative description of the potential landscape of
proteins interacting in complex solutions, these specific contributions need further attention and
more in-depth theoretical treatment in order to accurately account for the experimental SAXS
data.

In all physiological fluid media, contributions of additional, longer-ranged, chemical, ’soft’
interactions (enthalpically driven) between proteins and crowding agents must be taken into ac-
count in addition to the hard-core steric repulsion (entropically driven) [Gao et al., 2017b]. These
pair-wise interactions like attractive hydrophobic interaction, hydrogen bonding, weak electro-
static repulsion/attraction depend on temperature as well as on global chemical properties of the
biomolecules, crowder and solvent (i.e. net charge, solution dielectrics, dipol/multipol moment,
macromolecular shape and polarity of surface residues) [Minton, 2001]. The always present en-
thalpic contributions to crowding may enhance or counteract the entropic excluded volume effect
in cellulo. In order to investigate more precisely to what extent the simple entropically excluded
volume effect is effectively modulated by such enthalpic contributions, we propose to investigate
the influence of non-inert biological crowder molecules (i.e. other protein types, e.g. BSA) with
well characterized chemical properties compared to inert crowding agents of similar shape and size
for various solution conditions (e.g. pH, solution dielectrics).

With our study on ternary protein-crowder-solvent systems, we have taken another step towards
understanding the modulation of conformational stability, intermolecular interactions and phase
behavior by biological nano- and macromolecular crowding, a typical generic phenomenon of the
cellular environment. However, the intracellular environment is rather multicomponent [Minton,
1997,Minton, 2000]. Since in general no individual species may be present in high concentrations,
crowding studies with a single species of equally sized crowding agents do not fully represent the
composition and size heterogeneity found in living cells [Batra et al., 2009, Ando et al., 2016].
Hence, we propose to investigate more complex multi-component systems of crowding agents of
various identities and concentrations. However, since macromolecular crowding agents give rise
to an increased q-dependent background scattering, which impedes the extraction protein-protein
structure factor from the total scattering intensity of crowder-protein mixtures (as observed in
this work for the polysaccharides Ficoll PM 70/400), small-angle X-ray scattering is not the right
experimental method for this. Here, small-angle neutron scattering (SANS) in combination with
the contrast matching technique (i.e. changing the hydrogen/deuterium content of the crowder
molecules) would be the more suitable method to elucidate the crowder’s influence on the protein
pair-interaction.

According to theoretical colloid physics of critical phenomena, the occurrence of a metastable
liquid-liquid phase region in the protein (Φlys-T )-phase diagram is the direct consequence of the
short-ranged nature of the forces acting on the particles and crucially depends on the range of
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the attractive interaction potential relative to the particles diameter (i.e. the hard-sphere re-
pulsion) [Hagen and Frenkel, 1994, Foffi et al., 2002]. The range of the effective protein-protein
interaction can be modulated by changing the pH and the salt concentration. Further, in mixtures
of colloidal particles (i.e. proteins) and non-adsorbing polymer (i.e. polyethylene glycol) a liquid-
liquid demixing transition may occur due to the entropy-driven depletion mechanism [Nägele,
2008, Ilett et al., 1995,Poon et al., 1997]. Here, the entropically favored depletion of polymer from
the intermediate region of two colloidal particles induces an attractive interaction between the
colloids, whose range is determined by the effective polymer size [Asakura and Oosawa, 1958,Vrij,
1976]. Under suitable conditions (i.e. the range of the depletion attraction exceeds ∼ 25 - 30% of
the particle’s radius) the colloid-polymer mixtures can undergo phase separation into colloid-rich
and colloid poor regions [Poon et al., 1996, Ilett et al., 1995]. We propose employing a potential
model with an adjustable parameter for the range, d, of the attractive interaction (i.e. the control-
ling LLPS parameter) in the analysis of the small-angle X-ray scattering data, in order to achieve
better comparability to the LLPS phenomena. Further, in case of ternary protein-cosolute-water
solutions, it would help resolve the modulation of total pair-interactions by hydration shell effects
(e.g. preferential hydration, as imposed by the presence of the crowding agents and organic os-
molytes [Gögelein et al., 2012]) and also by attractive osmotic depletion interactions with a range
scaling by the crowder size. Complementary high-resolution SAXS experiments (e.g. in a capillary
at ambient pressure) on dilute protein-cosolute solutions as a function of cosolute concentration
and a thorough form factor analysis with the program CRYSOL [Svergun et al., 1995] to detect
modulations in the protein hydration by changes in the scattering contrast (i.e. forward scattering)
between the bulk phase (+cosolute) and the pure hydration water of the protein might be helpful
to highlight hydration shell effects as well. Up to now it has been remained unresolved to what ex-
tend such hydration shell effects on the protein pair-interactions are modulated upon compression
due to the different compressibilities of the bulk and the hydration shell water. Detailed molecular
dynamics simulations of the system with appropriate pressure-adjusted force fields would help to
elucidate the pressure- and cosolvent-induced changes in structure and dynamics of hydration shell
water of dense protein solutions and their effects on protein-protein interaction.
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Appendix A

Supplementary Information for
Chapter 4

Refinements for the Effective Structure Factor, Seff(q), as a Function of
Sucrose Concentration

Figure A.1: Refinements for the effective structure factor, Seff(q), of 10% (w/v) lysozyme dissolved
in 25 mM Bis-Tris (pH 7) at various sucrose concentrations, c, at ambient pressure and 25◦C.
Reprinted with permission from [Julius et al., 2019]. Copyright c© 2019 American Chemical Society.
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Refinements for the Effective Structure Factor, Seff(q), as a Function of
Polymer Molecular Weight

Figure A.2: Refinements for the effective structure factor, Seff(q), of 10% (w/v) lysozyme dissolved
in 50 mM Bis-Tris (pH 7, 25◦C) and 20% (w/v) PEG of selected Mw at ambient pressure. Reprinted
with permission from [Julius et al., 2019]. Copyright c© 2019 American Chemical Society.
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SAXS Data Refinement

Figure A.3: Background-corrected experimental SAXS curves of 10% (w/v) lysozyme dissolved
in 25 mM Bis-Tris (pH 7) + 20% (w/v) PEG of selected polymer sizes (200, 600, 2k, 20k) and
of the neat polymer (flat curves). Data were recorded at ambient pressure and 25◦C and are
displayed together with the refinements (solid lines) for the protein solution scattering intensities,
I(q). Reprinted with permission from [Julius et al., 2019]. Copyright c© 2019 American Chemical
Society.
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Potential Parameters J(c, p) and b2(c, p) for Various PEG Molecular Weights
and Degrees of Crowding at Elevated Ionic Strength
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Figure A.4: Impact of ionic strength on the power-law relation J(cPEG < c∗) ∝ µ(δdepl)
k (grey

lines) for 10% (w/v) lysozyme dissolved in (left side) 50 mM Bis-Tris and (right side) 25 mM
Bis-Tris + 75 mM NaCl (solid black lines), respectively, and 5 – 20% (w/v) polymer of various
molecular weights at ambient pressure and 25◦C (double-logarithmic representation). Inset : Slope
k as a function of polymer concentration, cPEG, for both buffer compositions, shown together with
the corresponding polynomial refinement (solid red line). Empty symbols visualize the J values for
PEG concentrations exceeding c∗. Reprinted with permission from [Julius et al., 2019]. Copyright
c© 2019 American Chemical Society.
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Figure A.5: (a)+(f) Double-logarithmic plots of the strength of the attractive part, J , in 10%
(w/v) lysozyme in 25 mM Bis-Tris + 75 mM NaCl (pH 7, 25◦C) solution at ambient pressure as
a function of the PEGs molecular weight, Mw, and depletion thickness, δdepl, for 5, 10% (w/v)
amount of the polymer. The corresponding power-law trend-lines J(cPEG < c∗) ∝ α(Mw)m and
J(cPEG < c∗) ∝ µ(δdepl)

k are depicted as well. (b) J as a function of PEG concentration at
ambient pressure and 25◦C. (f) Normalized second osmotic virial coefficient, b2, as a function of
the polymer concentration normalized to the overlap concentration, i.e. cPEG/c

∗. (c)+(d) Pressure
dependence of J and (g)+(h) b2 for 5% (w/v) and 10% (w/v) PEG of various sizes added to the
buffer solution at 25◦C. Empty symbols visualize the J and b2 values for PEG concentrations
exceeding c∗. Reprinted with permission from [Julius et al., 2019]. Copyright c© 2019 American
Chemical Society.
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Pressure Dependence of the Potential Parameters J and b2 for Various
PEG Molecular Weights and Degrees of Crowding
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Figure A.6: Pressure dependence of the strength of the attractive part of the effective pair-
interaction potential, J , (top half ) and the normalized second osmotic virial coefficient, b2, (bottom
half ) for 10% (w/v) lysozyme in 50 mM Bis-Tris (pH 7) solution as a function of polymer concen-
tration, c, for various PEG molecular weights. Empty symbols visualize the J and b2 values for
PEG concentrations exceeding c∗. Reprinted with permission from [Julius et al., 2019]. Copyright
c© 2019 American Chemical Society.
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Appendix B

Supplementary Information for
Chapter 5

Average Intermolecular Distances between Protein Molecules
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(b)  25 mM Bis−Tris
 500 mM TMAO
 500 mM urea
 500 mM myo−Inositol
 500 mM glycine
 500 mM taurine
 500 mM GPC
 329 mM betaine
 465 mM trehalose
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p  / kbar

 

 

(c)  25 mM Bis−Tris
 1 M TMAO
 1 M L−alanine
 1 M L−proline
 0.858 M myo− 
 inositol
 1 M sarcosine
 1 M betaine
 1 M glycine
 1M β−alanine
 1 M urea
 0.76 M taurine
 0.633 M trehalose

Figure B.1: (a) Mean intermolecular spacing, dlys, of lysozyme molecules, derived from the first
maximum of the effective structure factor, Seff(q), in a 10% (w/v) lysozyme solution with 25
mM Bis-Tris (pH 7) at 25◦C as a function of osmolyte species and concentration, c, at ambient
pressure and as a function of pressure, p, for selected osmolytes at mid-level (b) and highest (c)
concentrations. Reprinted with permission from [Julius et al., 2018b]. Copyright c© 2019 American
Physical Society.
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Cosolvent-Induced Changes of the Solutions Static Dielectric Permittiv-
ity εr

The dielectric increments, δ = dεr(c)
dc , of the amino acids and cosolvents in water at 25◦C amount

to: L-alanine (δ = 23.16 M−1) [Wyman and McMeekin, 1933], L-proline (δ = 21 M−1) [Cohn
and Edsall, 1965], glycine (δ = 22.58 M−1) [Wyman and McMeekin, 1933], β-alanine (δ = 34.5
M−1) [Wyman and McMeekin, 1933], taurine (δ = 41 M−1) [Cohn and Edsall, 1965], sarcosine (δ
= 24.5 M−1) [Cohn and Edsall, 1965], betaine (δ = 18.2 M−1) [Edsall and Wyman, 1964], myo-
inositol (δ = -2.17) [Franks et al., 1973], TMAO (δ = 2.16 M−1) [Hunger et al., 2012], trehalose
(δ = - 7.53 M−1) [Sajadi et al., 2010], GPC (δ = 43.8 ± 0.5 M−1) and urea (δ = 3.4 M−1, this
relation is not linear) [Wyman, 1936]. For the osmolyte mixtures for shallow living species, relative
static dielectric permittivities of 102.0 ± 0.5 (1 M crab), 89.5 ± 1.8 (630 mM shrimp) and 82.2 ±
0.2 (630 mM skate) were found and for the deep-sea species 92.3 ± 0.5 (1 M crab), 82.0 ± 0.8 (630
mM shrimp) and 80.2 ± 1.3 (630 mM skate).
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[Canchi and Garćıa, 2013] Canchi, D. R. and Garćıa, A. E. (2013). Cosolvent Effects on Protein
Stability. Annu. Rev. Phys. Chem., 64:273–293.

[Canchi et al., 2012] Canchi, D. R., Jayasimha, P., Rau, D. C., Makhatadze, G., and Garcia, A. E.
(2012). Molecular Mechanism for the Preferential Exclusion of TMAO from Protein Surfaces.
J. Phys. Chem. B, 116(40):12095–12104.

[Cardinaux et al., 2007] Cardinaux, F., Stradner, A., Schurtenberger, P., Sciortino, F., and Zac-
carelli, E. (2007). Modeling equilibrium clusters in lysozyme solutions. EPL, 77(4):48004.

[Carr et al., 2014] Carr, W. E. S., Netherton, J. C., Gleeson, R. A., and Charles, D. D. (2014).
Stimulants of Feeding Behavior in Fish: Analyses of Tissues of Diverse Marine Organisms. Biol.
Bull., 190(2):149–160.

[Chalikian, 2001] Chalikian, T. V. (2001). Structural thermodynamics of hydration. J. Phys.
Chem. B, 105(50):12566–12578.

[Chalikian, 2003] Chalikian, T. V. (2003). Volumetric Properties of Proteins. Annu. Rev. Biophys.
Biomol. Struct., 32(1):207–235.

[Chan and Dill, 1998] Chan, H. S. and Dill, K. A. (1998). Protein folding in the landscape per-
spective: Chevron plots and non-Arrhenius kinetics. Proteins, 30(1):2–33.

[Chandler and Andersen, 1972] Chandler, D. and Andersen, H. C. (1972). Optimized cluster ex-
pansions for classical fluids. II. Theory of molecular liquids. J. Chem. Phys., 57(5):1930–1937.

[Chatterjee and Schweizer, 1998a] Chatterjee, A. P. and Schweizer, K. S. (1998a). Liquid-State
Theory of Semidilute and Concentrated Polymer Solutions. Macromolecules, 31(7):2353–2367.

[Chatterjee and Schweizer, 1998b] Chatterjee, A. P. and Schweizer, K. S. (1998b). Micro-
scopic theory of polymer-mediated interactions between spherical particles. J. Chem. Phys.,
109(23):10464–10476.

[Chatterjee and Schweizer, 1999] Chatterjee, A. P. and Schweizer, K. S. (1999). Influence of Sol-
vent Quality and Thermal Fluctuations on Polymer-Mediated Depletion Interactions. Macro-
molecules, 32(3):923–934.

[Chen et al., 2011] Chen, C., Loe, F., Blocki, A., Peng, Y., and Raghunath, M. (2011). Applying
macromolecular crowding to enhance extracellular matrix deposition and its remodeling in vitro
for tissue engineering and cell-based therapies. Adv. Drug Deliv. Rev., 63(4):277–290.

[Chen and Makhatadze, 2017] Chen, C. R. and Makhatadze, G. I. (2017). Molecular determinant
of the effects of hydrostatic pressure on protein folding stability. Nat. Commun., 8(14561):1–9.

171



[Chen et al., 2007] Chen, S. H., Broccio, M., Liu, Y., Fratini, E., and Baglioni, P. (2007). The
two-Yukawa model and its applications: The cases of charged proteins and copolymer micellar
solutions. J. Appl. Cryst, 40(s1):s321–s326.

[Cheung et al., 2005] Cheung, M. S., Klimov, D., and Thirumalai, D. (2005). Molecular crowding
enhances native state stability and refolding rates of globular proteins. Proc. Natl. Acad. Sci.
USA, 102(13):4753–4758.

[Cinar et al., 2018] Cinar, H., Cinar, S., Chan, H. S., and Winter, R. (2018). Pressure-Induced
Dissolution and Reentrant Formation of Condensed, Liquid–Liquid Phase-Separated Elastomeric
α-Elastin. Chem. Eur. J., 24(33):8286–8291.

[Cioni and Strambini, 1994] Cioni, P. and Strambini, G. (1994). Pressure Effects on Protein Flex-
ibility Monomeric Proteins. J. Mol. Biol., 242(3):291–301.

[Cioni and Strambini, 1996] Cioni, P. and Strambini, G. B. (1996). Pressure effects on the struc-
ture of oligomeric proteins prior to subunit dissociation. J. Mol. Biol., 263(5):789–799.

[Cioni and Strambini, 2002] Cioni, P. and Strambini, G. B. (2002). Tryptophan phosphorescence
and pressure effects on protein structure. Biochim. Biophys. Acta, 1595(1-2):116–130.

[Clark and Zounes, 1977] Clark, M. E. and Zounes, M. (1977). The effects of selected cell osmolytes
on the activity of lactate dehydrogenase from the euryhaline polychaete, nereis succinea. Biol.
Bull., 153(3):468–484.

[Clark, 1979] Clark, N. (1979). Thermodynamics of the re-entrant nematic-bilayer smectic a tran-
sition. J. Phys. Colloq., 40(C3):345–349.

[Cohen et al., 2009] Cohen, J. A., Podgornik, R., Hansen, P. L., and Parsegian, V. A. (2009).
A phenomenological one-parameter equation of state for osmotic pressures of PEG and other
neutral flexible polymers in good solvents. J. Phys. Chem. B, 113(12):3709–3714.

[Cohn and Edsall, 1965] Cohn, E. J. and Edsall, J. T. (1965). Proteins, amino acids and peptides.
Hafner, New York.

[Cole and Ralston, 2006] Cole, N. and Ralston, G. B. (2006). Enhancement of self-association of
human spectrin by polyethylene glycol. Int. J. Biochem., 26(6):799–804.

[Collins, 2006] Collins, K. D. (2006). Ion hydration: Implications for cellular function, polyelec-
trolytes, and protein crystallization. Biophys. Chem., 119(3):271–281.

[Collins et al., 2007] Collins, K. D., Neilson, G. W., and Enderby, J. E. (2007). Ions in water:
Characterizing the forces that control chemical processes and biological structure. Biophys.
Chem., 128(2-3):95–104.

[Collins and Washabaugh, 1985] Collins, K. D. and Washabaugh, M. W. (1985). The Hofmeister
effect and the behaviour of water at interfaces. Q. Rev. Biophys., 18(4):323–422.

[Collins et al., 2005] Collins, M. D., Hummer, G., Quillin, M. L., Matthews, B. W., and Gruner,
S. M. (2005). Cooperative water filling of a nonpolar protein cavity observed by high-pressure
crystallography and simulation. Proc. Natl. Acad. Sci. USA, 103(12):16668–16671.

[Creighton, 1992] Creighton, T. (1992). Proteins: Structures and Molecular Proeprties. W. H.
Freeman, New York, 2nd edition.

[Crick, 1957] Crick, F. H. C. (1957). X-Ray Diffraction of Protein Crystals. Methods in Enzymol-
ogy, 4:127–146.

[Crisman and Randolph, 2009] Crisman, R. L. and Randolph, T. W. (2009). Refolding of pro-
teins from inclusion bodies is favored by a diminished hydrophobic effect at elevated pressures.
Biotechnol. Bioeng., 102(2):483–492.

172



[Crisman and Randolph, 2010] Crisman, R. L. and Randolph, T. W. (2010). Crystallization of
recombinant human growth hormone at elevated pressures: Pressure effects on PEG-induced
volume exclusion interactions. Biotechnol. Bioeng., 107(4):663–672.

[Crowley et al., 2008] Crowley, P. B., Brett, K., and Muldoon, J. (2008). NMR spectroscopy
revceals cytochrome c-poly(ethylene glycol) interactions. Chem. Bio. Chem., 9(5):685–688.

[Curtis et al., 1998] Curtis, R., Prausnitz, J., and Blanch, H. (1998). Protein-Protein and Protein-
Salt Interactions in Aqueous Protein Solutions Containing Concentrated Electrolytes. Biotech-
nol. Bioeng., 57(1):11–21.

[Curtis et al., 2002] Curtis, R. A., Ulrich, J., Montaser, A., Prausnitz, J. M., and Blanch, H. W.
(2002). Protein-protein interactions in concentrated electrolyte solutions: Hofmeister-series ef-
fects. Biotechnol. B, 79(4):367–380.

[Cushman, 2001] Cushman, J. C. (2001). Osmoregulation in Plants : Implications for Agriculture.
Amer. Zool., 41(4):758–769.

[D’Aguanno and Klein, 1991] D’Aguanno, B. and Klein, R. (1991). Structural Effects of Polydis-
persity in Charged Colloidal Dispersions. J. Chem. Soc. Faraday Trans., 87(3):379–390.

[Dallet and Legoy, 1996] Dallet, S. and Legoy, M. D. (1996). Hydrostatic pressure induces confor-
mational and catalytic changes on two alcohol dehydrogenases but no oligomeric dissociation.
Biochim. Biophys. Acta, 1294(1):15–24.

[Dalziel and Dickinson, 1966] Dalziel, K. and Dickinson, F. (1966). The Kinetics and Mechanism
of Liver Alcohol Dehydrogenase with Primary and Secondary Alcohols as Substrates. Biochem.
J., 100(1):34–46.

[Daniel et al., 2006] Daniel, I., Oger, P., and Winter, R. (2006). Origins of life and biochemistry
under high-pressure conditions. Chem. Soc. Rev., 35(10):858–875.

[de Gennes, 1979a] de Gennes, P. G. (1979a). Colloid suspensions in a polymer solution. C. R.
Seances Acad. Sci.,. Ser. B, 288(21):359–361.

[de Gennes, 1979b] de Gennes, P. G. (1979b). Scaling Concepts in Polymer Physics. Cornell
University Press, New York, 1 edition.

[De Smidt et al., 2008] De Smidt, O., Du Preez, J. C., and Albertyn, J. (2008). The alcohol dehy-
drogenases of Saccharomyces cerevisiae: A comprehensive review. FEMS Yeast Res., 8(7):967–
978.

[Debenedetti, 2003] Debenedetti, P. G. (2003). Supercooled and glassy water. J. Phys. Condens.
Matter, 15(45):R1669–R1726.

[Debye, 1915] Debye, P. (1915). Zerstreuung von Röntgenstrahlen. Ann. Phys., 46:809.
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Stites, W. E., and Garćıa-Moreno E., B. (2000). High Apparent Dielectric Constants in the
Interior of a Protein Reflect Water Penetration. Biophys. J., 79(3):1610–1620.

[Dzyaloshinskii et al., 1961] Dzyaloshinskii, I. E., Lifshitz, E. M., and Pitaevskii, L. P. (1961). The
general theory of van der Waals forces. Adv. Phys., 10(38):165–209.

[Edsall and McKenzie, 1983] Edsall, J. T. and McKenzie, H. a. (1983). Water and proteins. II.
The location and dynamics of water in protein systems and its relation to their stability and
properties. Adv. Biophys., 16:53–183.

[Edsall and Wyman, 1964] Edsall, J. T. and Wyman, J. (1964). Studies in the Physical Chemistry
of Betaines and Related Substances . I . Studies of Dielectric Constants and Apparent Molal
Volume. J. Am. Chem. Soc., 57(10):1964–1975.

174



[Egelstaff, 1973] Egelstaff, P. (1973). The structure simple liquids. Annu. Rev. Phys. Chem.,
24:159–187.

[Egelstaff et al., 1969] Egelstaff, P., Page, D., and Heard, C. (1969). Experimental study of the
triplet correlation function for simple liquids. Phys. Lett. A, 30(7):376–377.

[Egelstaff, 1994] Egelstaff, P. A. (1994). An introduction to the liquid state. Clarendon Press,
Oxford, 2nd edition.

[Egelstaff et al., 1971] Egelstaff, P. A., Page, D. I., and Heard, C. R. T. (1971). Experimental study
of the triplet correlation function for simple liquids. J. Phys. C: Solid St. Phys., 4:1453–1465.

[Eisenberg, 1976] Eisenberg, H. (1976). Biological Macromolecules and Polyelectrolytes in solution.
Clarendon Press, Oxford.
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(2012). Effect of glycerol and dimethyl sulfoxide on the phase behavior of lysozyme: Theory and
experiments. J. Chem. Phys., 136(1):1–32.

[Goodisman and Brumberger, 1973] Goodisman, J. and Brumberger, H. (1973). Über die
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[Mentré and Hoa, 2001] Mentré, P. and Hoa, G. H. B. (2001). Effects of high hydrostatic pressures
on living cells: A consequence of the properties of macromolecules and macromolecule-associated
water. Int. Rev. Cytol., 201:1–84.

[Merzel and Smith, 2002] Merzel, F. and Smith, J. C. (2002). Is the first hydration shell of
lysozyme of higher density than bulk water? Proc Natl Acad Sci U S A, 99(8):5378–5383.

[Miklos et al., 2010] Miklos, A. C., Li, C., Sharaf, N. G., and Pielak, G. J. (2010). Volume ex-
clusion and soft interaction effects on protein stability under crowded conditions. Biochemistry,
49(33):6984–6991.

[Millero et al., 1976] Millero, F. J., Ward, G. K., and Chetirkin, P. (1976). Partial specific volume,
expansibility, compressibility, and heat capacity of aqueous lysozyme solutions. J. Biol. Chem.,
251(13):4001–4004.

[Minton, 1997] Minton, A. P. (1997). Influence of excluded volume upon macromolecular structure
and associations in ’crowded’ media. Curr. Opin. Biotechnol., 8(1):65–69.

[Minton, 2000] Minton, A. P. (2000). Implications of macromolecular crowding for protein assem-
bly. Curr. Opin. Struc. Biol., 10(1):34–39.

[Minton, 2001] Minton, A. P. (2001). The Influence of Macromolecular Crowding and Macro-
molecular Confinement on Biochemical Reactions in Physiological Media. J. Biol. Chem.,
276(14):10577–10580.

[Minton, 2005] Minton, A. P. (2005). Models for Excluded Volume Interaction between an Un-
folded Protein and Rigid Macromolecular Cosolutes: Macromolecular Crowding and Protein
Stability Revisited. Biophys. J., 88(2):971–985.

[Minton, 2006] Minton, A. P. (2006). How can biochemical reactions within cells differ from those
in test tubes? J. Cell Sci., 119(pt14):2863–2869.

186



[Mittelbach and Porod, 1962] Mittelbach, P. and Porod, G. (1962). Zur Röntgenkleinwinkelstreu-
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Paulus, M., Tolan, M., and Winter, R. (2011a). Nonlinear pressure dependence of the interaction
potential of dense protein solutions. Phys. Rev. Lett., 106(17):178102.

[Schroer et al., 2016] Schroer, M. A., Schulz, F., Lehmkühler, F., Möller, J., Smith, A. J., Lange,
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[Tardieu et al., 2002] Tardieu, A., Bonneté, F., Finet, S., and Vivarès, D. (2002). Understanding
salt or PEG induced attractive interactions to crystallize biological macromolecules. Acta Cryst.
D, 58(10 II):1549–1553.

[Tardieu et al., 2001] Tardieu, A., Finet, S., and Bonneté, F. (2001). Structure of the macromolec-
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